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Abstract

:

Located in northern Peru, at the lowest segment of the Central Andes, the Bagua Basin contains a Campanian to Pleistocene sedimentary record that archives the local paleoenvironmental and tectonic history. We present new δ18O and δ13C signatures of pedogenic carbonate nodules from paleosols in the Campanian–Maastrichtian Fundo El Triunfo Formation and in the upper Eocene–middle Miocene Sambimera Formation to reconstruct the isotopic composition of paleo-meteoric water and the floristic biome. We compare these results to modern isotopic values from a newly obtained modern water transect to interpret the environmental evolution of this area and its relationship with the neighboring Eastern Cordillera. A ~2‰ δ18O depletion between the latest Cretaceous and the latest Eocene reflects a shift from a coastal to inland environment. A negative δ18O shift of ~3‰ from the middle Miocene to the present day reveals the establishment of the Eastern Cordillera as an orographic barrier for the moisture traveling westward, sometime after deposition of the top of the Sambimera Formation at ~13 Ma. A shift in the δ13C signature from ~−25‰ in the Campanian–Miocene deposits to ~−23‰ in modern–Holocene times suggests a change in biome from dominant C3 plants to a mixture of C3 and C4 plants. This environmental shift reflects both the late Miocene global C4 expansion and the transition to more arid conditions in the basin. The Campanian–middle Miocene environmental reconstruction of the Bagua Basin indicates a steady paleoelevation setting in the northernmost Central Andes during most of the Cenozoic and constrains the uplift of the Eastern Cordillera to the late Miocene–Pleistocene. This paleoelevation history contrasts with that of the Central Andean Plateau, which is characterized by two major episodes of surface uplift: early–middle Miocene and late Miocene–Pliocene. The contrasting modern topographic configuration of the Central Andean Plateau and the northernmost Central Andes gives rise to the question of what factors created such a dramatic difference in topographic evolution of the two regions that shared an overall common tectonic history. We discuss the possible factors responsible for this contrasting topographic configuration and suggest that the diachronous flat slab episodes are likely a major factor, resulting in greater shortening and crustal thickness and, ultimately, in earlier surface uplift episodes occurring in the Central Andean Plateau.
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1. Introduction


The northernmost termination of the Central Andes in northern Peru and southern Ecuador shares a similar latest Cretaceous through Cenozoic tectonic history with the rest of the Central Andes, yet their peak and mean surface topography sit at considerably lower elevations (Figure 1). The contrasting topographic expression between two segments of the Central Andes that share a similar tectonic history may be explained by a number of variables that control the magnitudes of shortening and magmatic addition. These variables include subduction angle, plate convergence velocity, precipitation, and erosional regimes [1,2,3,4]. To understand how the interplay of these factors impacts the geodynamic mechanisms that govern such contrasting topographic expressions, it is critical to constrain the elevation history of the northernmost Central Andes and compare it with that of the well-studied Central Andean Plateau, which has been extensively studied in the last few decades [5,6].



The tectonic history of the Central Andes has been studied at different latitudes through a number of techniques, including basin analysis, thermochronology, structural geology, and stable isotopes [5,6,7,8,9,10,11,12]. Episodes of shortening coupled with orogenic loading and flexural subsidence occurred roughly synchronously along the latitudinal extent of the Central Andes. Initial shortening and orogenic loading during the latest Cretaceous to earliest Cenozoic have been documented in the southern, central, and northern Central Andes [11,12,13,14,15,16,17,18,19]. Eocene to middle Miocene eastward advance of the deformation front resulted in the onset of shortening in the Eastern Cordillera at the latitudes of the Central Andean Plateau [9,12,20,21,22,23], as well as in increased shortening in the Western Cordillera of the northern Central Andes [7,8,11,13,24,25]. Finally, during the late Miocene to Pliocene a new orogenic episode caused deformation to propagate into the Subandean zone adjacent to Central Andean Plateau [9,26,27,28] and the onset of the deformation of the Eastern Cordillera and, subsequently, of the Subandean zone, in the northern Central Andes [7,8,11,13,24,25,29].



Stable isotopes, paleobotanical, and phylogenetic studies in the southern Central Andes, at the latitudes of the Central Andean Plateau, reveal punctuated changes in elevation during the middle Miocene to Pliocene. Two major uplift pulses contributed to the modern topographic configuration of the Central Andean Plateau [5]. An initial phase during the early to middle Miocene resulted in ~3–4 km of uplift in the Western and Eastern cordilleras [6,30,31,32]. The second major pulse took place in the late Miocene–Pliocene and was responsible for further uplift of the Western and Eastern cordilleras and for the rise of Altiplano province to its modern elevation [32,33,34,35,36,37]. In contrast, little is known about the elevation history of the relatively low northern Central Andes.
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Figure 1. Digital elevation model of the Central Andes showing the location of the Bagua Basin and the Central Andean Plateau. Polygons and swath topographic profiles highlight the contrasting morphology of the (A) northernmost Central Andes and (B,C) the Central Andean Plateau domains. Black line in the swath topographic profiles shows the mean elevation, and orange and purple lines show maximum and minimum elevation, respectively. Swath topographic profiles were constructed using the online tool to produce swath topographic profiles along curved geomorphic features by Hergarten, et al. (2014) [38]. Red square shows the location of Figure 6A. 
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Nested between the Western and Eastern cordilleras, in the northernmost segment of the Central Andes, the intermontane Bagua Basin contains the sedimentary record of the Late Cretaceous and Cenozoic growth of the mountain belt [25]. This paper presents oxygen and carbon stable isotope data from Upper Cretaceous and Cenozoic pedogenetic carbonate nodules from sedimentary units of the Bagua Basin to reconstruct paleo-meteoric water and paleo-flora compositions. Paleoclimate and paleoecological reconstructions are compared with the modern isotopic fingerprint of the basin, to investigate the elevation history of this atypical low elevated portion of the Andes. We look for a negative shift in the isotopic composition of paleo-meteoric water associated with the onset of the rain-shadow effect exerted by the growth of the Eastern Cordillera. Additionally, we explore how different factors influencing tectonic shortening rates might have played a role in shaping the contrasting topographic expressions of the northernmost termination of the Central Andes and the Central Andean Plateau.




2. Background


2.1. Geological Setting


The Central Andes extends from ~3° S to ~33° S along the western margin of the South American plate with a mean elevation of ~2500 m and mean maximum elevation of ~5000 m. The northern termination, between ~3° S and ~7° S, is atypically low with an average elevation of ~1000 m (Figure 1). There, the Bagua Basin sits at a mean elevation of 500 m and is flanked by the Eastern and Western cordilleras. At these latitudes the highest peaks of the Western and Eastern cordilleras barely reach 4000 m [39]. The Western Cordillera is composed of the Cretaceous to Cenozoic magmatic arcs, which intruded Paleozoic and Mesozoic metamorphic and sedimentary rocks that were folded and faulted in the Marañon Fold-Thrust Belt during early Andean orogenesis [8,13]. The Eastern Cordillera is composed of blocks of Paleozoic through Cenozoic rocks uplifted as a result of the inversion of the Permo-Triassic extensional system since the middle Miocene [11,25,40].



In the latest Cretaceous, the tectonic regime in the northernmost Central Andes shifted from dominantly extensional to contractional, resulting in the onset of the Andean orogeny [11]. Three Late Cretaceous–Cenozoic orogenic episodes have been documented in this region [13,41]. An initial pulse of shortening during the latest Cretaceous is characterized by the onset of deformation in the Marañon Fold-Thrust Belt in the Western Cordillera. A second orogenic episode during the Eocene–middle Miocene resulted in the eastward propagation of the deformation front, causing further deformation in the Marañon Fold-Thrust Belt and ultimately capturing the Bagua Basin. A final orogenic episode during the late Miocene–Pliocene was characterized by further migration of the deformation front to the east, causing the inversion of the extensional Permo-Triassic system, resulting in initial deformation of the Eastern Cordillera and subsequent thin skin deformation on the Subandean zone [7,8,11,13,25] (Figure 2).




2.2. Climate and Ecology


The modern climate of the Bagua Basin is hot and dry with marked rainfall seasonality. High and low average temperatures are 32 °C and 20 °C, respectively, while precipitation is ~800 mm/year with most of the rainfall occurring during the wet season October–May [42,43,44]. Tropical dry forest is the prevailing biome in the landscape of the basin [45,46,47]. This precipitation regime and biome composition contrasts with that of the eastern slope of the Eastern Cordillera at the same latitude and altitude (Figure 3). There, the climate is characterized by temperatures and rainfall seasonality similar to that of the Bagua Basin, while precipitation is ~3000 mm/year [42,43,44], and the biome composition is dominated by tropical moist forest [45,46,47]. These contrasting climatic and ecological conditions are the result of the rain-shadow effect exerted by the Eastern Cordillera that serves as a barrier for the low-level warm and moist trade winds travelling from the east, thereby causing its adiabatic cooling and subsequent precipitation on the eastern slope of the orogen [42,48,49]. The moisture that precipitates in this region originates in the Atlantic Ocean, is transported to the west by the trade winds that converge in the Intertropical Convergence Zone [50], and it is largely affected by the evapotranspiration of vegetation during its ~4000 km traverse over the Amazon forest [51].




2.3. Basin Evolution and Stratigraphy


The Bagua Basin contains a protracted sedimentary record of the Late Cretaceous and Cenozoic tectonic history of the northernmost Central Andes [25]. Onset of shortening in the latest Cretaceous resulted in the development of a foreland basin as a response to the tectonic load of the nascent orogen. Deposits related to this shortening event are chronicled in the middle Campanian–Maastrichtian Fundo El Triunfo Formation, which contains the distal foredeep sedimentary deposits of a meandering fluvial system. Sedimentation in the distal foredeep continued during the Paleocene–earliest Eocene with the braided fluvial deposits of the Rentema Formation. During the Eocene–middle Miocene, the deformation front advanced eastward, causing a progressive increase in subsidence rates in the Bagua Basin. The Eocene Cajaruro Formation was deposited in a fluvio-lacustrine system in a middle foredeep setting, and the upper Eocene–Oligocene lower Sambimera Formation represents a meandering fluvial system in a proximal foredeep setting. The deformation front continued to migrate to the east, capturing the Bagua Basin in the middle Miocene. At that time, the upper Sambimera Formation was deposited in a wedge top setting. An erosive boundary separates the Sambimera Formation from the San Antonio Formation. This boundary records the final transit of the deformation front eastward of the basin. The upper Miocene–Pliocene San Antonio Formation contains the deposits of a fluvio-lacustrine system active in an intermontane setting that resulted from the initial uplift of the Eastern Cordillera. The Pleistocene conglomerates of the Tamborapa Formation and Holocene sandy and gravely deposits, cap the sedimentary succession. Details of the Campanian–Pliocene evolution of the foreland Bagua Basin are discussed in Moreno, et al. (2020) [25].



Paleosols in the Bagua Basin


Paleosols occur in the middle Campanian–Maastrichtian Fundo El Triunfo Formation and in the upper Eocene–middle Miocene Sambimera Formation. In the Fundo El Triunfo Formation, paleosols occur in the upper part of the up-to-20-m-thick bodies of stacked mudstone beds that represent flood plain deposits. The paleosols are red, massive, fine grained, and contain root traces in their upper part. Toward the base their color fades to mottled purple-grey, and the grain size is coarser. Pedogenic carbonate nodules are incipient, reaching a few millimeters in size, and occurring at ~70–100 cm from the top of the paleosol (Figure 4).



Paleosols in the Sambimera Formation occur throughout the thickness of the unit (~1600 m) in floodplain intervals. Paleosols show strong color and texture change across the pedogenic profile from red, clay-sized and massive at the top, fading to light red to light grey mottled in the middle part, and to light grey with coarser grain (silt to sand) and crude laminations at the base. They preserve root traces in the upper part, and pedogenic carbonate nodules toward the middle part between ~70 cm and 1.5 m from the top. The size of carbonate nodules varies from millimeters up to a few centimeters for well-developed nodules (Figure 4).






3. Materials and Methods


As rain-out occurs, the oxygen isotopic composition of water in air masses evolves following Rayleigh distillation where the heavy oxygen (18O) is preferentially removed from the air mass and the light oxygen (16O) is retained [52]. Other factors including evapotranspiration and mixing of air masses can influence the oxygen isotopic composition of water in the air mass [53]. In the modern northern Central Andes, precipitation is derived from water vapor originating in the Atlantic Ocean and transported westward by the trade winds that converge in the intertropical convergence zone, with minimal air mass mixing over this atmospheric pathway [49,54,55,56]. On the other hand, recycling of enriched precipitation via evapotranspiration along the transit over the Amazon Forest affects the oxygen isotopic composition of the water vapor by reducing the net depletion of 18O [51,53,57]. Modern data and models suggest a total depletion of the oxygen isotopic composition of atmospheric water vapor of only ~3.5‰ during its ~4000 km long travel past the Amazon Forest [46]. In western tropical South America, larger changes in the oxygen isotopic composition of the vapor mass occur when the air mass reaches the Andes. As the airmass ascends over the Andes, it cools through adiabatic expansion, resulting in condensation and precipitation [51,58,59]. In this manner, the rain-shadow effect exerted by the Andes is reflected in the oxygen isotopic composition of the meteoric water on the windward and leeward sides of the orogen [50,51,59]. The oxygen isotopic composition of meteoric water can be archived in authigenic and biogenic minerals. If these minerals are preserved in the sedimentary record and are not subjected to deep burial diagenesis, then past environmental conditions can be reconstructed [33,60,61,62].



The isotopic composition of carbon in terrestrial environments is dominantly determined by the ratio of C3 to C4 plants in the landscape [63]. C3 and C4 use different photosynthetic pathways, which is ultimately reflected in their carbon isotopic composition. C3 plants are mostly trees and shrubs and have a carbon isotopic composition between −22‰ and −32‰, with an average of −27‰. C4 plants are mostly grasses and have an isotopic signature between −10‰ and −15‰ with an average of −12‰. C4 plants appeared in the geological record in the early Miocene [64], but only expanded globally around 8 to 6 Ma. C4 plants are well-adapted to climates with dry conditions and/or low atmospheric CO2 concentrations [63,65,66,67,68,69].



Pedogenic carbonate nodules are formed in climates with seasonal precipitation and are produced by the interaction of the soil-respired carbon dioxide (CO2), meteoric water (H2O), and free calcium cations (Ca+) in the soil. Soil CO2, produced by plant respiration and the break-down of organic matter in the soil, is converted to bicarbonate (HCO3−) through interaction with meteoric water (H2O). During the dry season, water loss through evaporation and plant root absorption drives calcium carbonate (CaCO3) precipitation in the soil. Because calcium carbonate uses the meteoric water and the soil-respired CO2 to precipitate, it preserves the isotopic composition of oxygen from meteoric water (δ18O) and of carbon from respired soil carbon dioxide (δ13C) and can therefore be used to assess past environmental and ecological conditions [33,63,70,71].



To reconstruct the oxygen isotopic composition of meteoric water archived in pedogenic carbonates, the fractionation between soil water and pedogenic calcite has to be taken in account. This relationship is affected by seasonality and is temperature dependent. In climates with strong seasonality, the oxygen isotopic composition of calcite may be biased to more positive values given that mineral precipitation takes place as the soil is drying out. To minimize the evaporation artifact, pedogenic carbonates were sampled as deep as possible in the soil profile, at a minimum depth of 60 cm below the top of the paleosol. The relation between the water–calcite fractionation and temperature have been empirically established by Kim and O’Neil (1997) [72] in the equation:


  1000 × ln  α  Calcite −  H 2  O   = 18.03  (    10  3  ×  T  − 1    )  − 32.42  



(1)




where α is the fractionation factor between calcite and water, and T is the temperature of fractionation in degrees Kelvin. Assuming soil temperature, we use this equation to reconstruct the δ18O values of meteoric water that infiltrated the soil. Similarly, to reconstruct the isotopic composition of plants growing in the soil, it is necessary to account for the fractionation between soil-respired CO2 and pedogenic calcite. This fractionation is temperature dependent based on the equation:


  1000 × ln  α    CO  2  −  H 2  O   = − 2.4612 +  (  7.6663 ×   10  3  ×  T  − 1    )  −  (  2.9880 ×   10  6  ×  T  − 2    )   



(2)




where α is the fractionation factor between calcite and water, and T is the temperature of fractionation in degrees Kelvin [73]. Additionally, an enrichment of 4.4‰ due to CO2 diffusion in the soil has to be accounted for [63]. We assumed a temperature of 30 °C for calcite precipitation based on clumped isotope temperatures achieved for carbonate precipitation in Miocene deposits of southern Peru [36]. According to equations (1) and (2) above and using 30 °C for the calcite precipitation temperature, the enrichment factor between the δ18O of meteoric water (δ18Omw) and pedogenic calcite (δ18Opc) is ~−27.1‰, and between the δ13C of soil-respired CO2 (δ13Co) and pedogenic calcite (δ13Cpc) is ~−9.7‰ plus ~−4.4‰ due to diffusion (total fractionation = −14.1%).



Paleosols were identified in the field on the base of sedimentological features, such as grain size and color change with depth, root traces, mottling, and presence of pedogenic carbonate nodules. Pedogenic carbonate nodules were sampled at ~60 cm below the top of the paleosol to minimize evaporation bias on the δ18Omw value and the effects of diffusion of atmospheric CO2 on the δ13Cpc value.



To achieve the modern isotopic signature of meteoric water and vegetation in the Bagua Basin, water from small creeks, rainfall, and the dominant vegetation were sampled. Additionally, pedogenic carbonate nodules from one modern-Holocene soil (Figure 5) and the calcareous shell of two large modern terrestrial snails were collected. Meteoric water samples were taken from creeks in a longitudinal transect including the Western Cordillera, the Bagua Basin, and the Eastern Cordillera. Creeks with small catchment areas close to their headwaters were preferentially sampled to minimize the catchment size and elevation range of source waters. Additionally, one sample from rainfall in the basin was analyzed. Modern vegetation samples were collected from 10 of the most common shrubs and grasses in the Bagua Basin to obtain the carbon isotopic signature of the prevailing flora.



Samples were prepared and analyzed at the SIREAL (Stable Isotope Ratios in the Environment Analytical Laboratory) at the University of Rochester. Isotopic results for oxygen and carbon are reported with respect to VSMOW (Vienna Standard Mean Ocean Water) and VPDB (Vienna Pee Dee Belemnite) respectively.



Pedogenic carbonate nodules and calcareous shells were crushed to powder using a manual porcelain mortar and then pretreated with 30% oxygen peroxide to avoid organic carbon traces. The δ18Opc and δ13Cpc were measured from CO2 that evolved from carbonate samples during reaction with 103% H3PO4. The δ18O and δ13C analyses were carried out using a Finnigan Delta plus XP CF-IRMS in continuous flow mode coupled with a Gas Bench II peripheral device (both manufactured by Thermo Fisher Scientific, Waltham, MA, USA) and ratio determinations were based on the analysis of internal crayola, prang, and thermo chalk standards within the analytical session. SIREAL internal standards are calibrated using international standards, NBS−18, NBS−19, and L-SVEC.



Plant leaves were dried in an oven at 60 °C for 24 h, pulverized using a Wig-L-Bug grinder, combusted at 980 °C using a Zero Blank Autosampler and an Elemental Combustion System 4010 Elemental Analyzer (both manufactured Costech, Milan, Italy), and analyzed on the Finnigan Delta plus XP CF-IRMS in continuous-flow mode. Results were normalized using three internal laboratory standards, SRM 8539, SRM 8542, and SRM 8541.



Water samples were analyzed using a Liquid Water Isotope Analyzer 24d (manufactured by Los Gatos Research, Mountain View, CA, USA). with a GC-PAL autosampler (manufactured by PAL, Zwingen, Switzerland). Analyses were normalized using two in-house standards, calibrated to Vienna Standard Mean Ocean Water (VSMOW) and Vienna Standard Light Antarctic Precipitation (VSLAP).




4. Results


4.1. Modern δ18O and δ13C


The δ18Omw values from rivers and creeks vary from ~−6.3‰ in the Subandean zone and eastern slope of the Eastern Cordillera, to ~−7.6‰ in the Bagua Basin, and ~−9‰ along the eastern slope of the Western Cordillera. Hydrogen isotopic compositions from these samples follow a similar trend, with average values of ~−38‰ in the Subandean zone and eastern slope of the Eastern Cordillera, ~−50‰ in the Bagua Basin, and ~−60‰ along the eastern slope of the Western Cordillera (Table 1).



The δ18Opc value recovered from pedogenic carbonates from a modern soil is −5.5‰; δ18Omw value reconstructed from these carbonates is −3.2‰ (Figure 5 and Table 2). Similarly, the δ18O values obtained from two ~10-cm-long modern snail shells collected in the basin yielded bulk values of −4.2‰; the δ18Omw value reconstructed from these shells is −1.9‰ (Table 2).



The carbon isotopic composition of modern plants yielded a mean δ13Co value of ~−28‰ for shrubs and ~−13‰ for grasses (Table 3). The carbon isotopic composition from pedogenic carbonate nodules recovered from a modern-Holocene soil yielded a δ13Cpc value of −8.4‰ (Table 2). The carbon isotopic composition of soil-respired CO2 calculated from this value yields a δ13C of −23‰.




4.2. Fundo El Triunfo and Sambimera Formations δ18O and δ13C


The δ18Omw values reconstructed from pedogenic carbonates collected from paleosols of the Fundo El Triunfo Formation yielded a mean δ18O value of −2.7‰ ± 0.7 (Figure 2 and Table 4). Oxygen isotopic composition of meteoric water reconstructed from pedogenic carbonates collected from paleosols of the Sambimera Formation yielded a mean δ18O value of −4.6‰ ± 0.8 (Figure 2 and Table 4).



Pedogenic carbonates from paleosols of the Fundo El Triunfo and Sambimera formations show mean δ13Cpc values of −11.3‰ and −11.2‰ respectively (Figure 2 and Table 4). The carbon isotopic composition of soil-respired CO2 was reconstructed considering a fractionation of −9.7‰ between soil CO2 and calcite during pedogenic carbonate precipitation together with a fractionation of −4.4‰ of soil CO2 through diffusion to the atmosphere [63]. Carbon isotopic composition of soil-respired CO2 yielded δ13C means of −25.3‰ and −25.2‰ for the Fundo El Triunfo and the Sambimera formations, respectively.





5. Interpretation


5.1. Modern δ18O and δ13C


The trend toward more negative δ18Omw values from rivers and creeks from the Subandean zone, to the Bagua Basin, and to the eastern slope of the Western Cordillera, reflects the rain-shadow effect exerted by the Eastern Cordillera, which receives the more enriched rainfall on its eastern slope, while the Bagua Basin and the eastern slope of the Western Cordillera show the more depleted rainfall (Figure 6 and Table 1).



The meteoric water lines constructed for the Eastern Cordillera and for the Bagua Basin-eastern slope of the Western Cordillera have slopes of 7.26 and 6.54, respectively (Figure 6). The different slopes between these two meteoric water lines are the result of the contrasting climatic conditions between these regions resulting from the Eastern Cordillera as a barrier for the westward traveling Atlantic moisture. While the slope of ~8 for the meteoric water line for the Eastern Cordillera suggests high humidity conditions during rainfall events, the lower slope of the Bagua Basin eastern slope of the Western Cordillera likely reflects drier conditions and non-equilibrium evaporation of rainfall and surface waters [53,74]. One sample of water collected during a rainfall event in the dry season showed oxygen and hydrogen isotopic compositions of −1.1‰ and 9.0‰, respectively. This result suggests strong evaporation during dry season precipitation due to low humidity, highlighting the aridity of this region (Table 1).



δ18O values obtained from modern pedogenic carbonates and modern snail shells are significantly more positive than δ18Omw values from small creeks in the basin. This suggests strong evaporation of soil and surface water in the basin during the long dry season.



The δ13C values obtained from modern plants and modern pedogenic carbonates reflect the floristic composition of the prevailing biome in the Bagua Basin, which is comprised of a mix of C3 shrubs and some C4 grasses.




5.2. Fundo El Triunfo and Sambimera Formations δ18O and δ13C


Oxygen isotopic composition of meteoric water reconstructed from pedogenic carbonates collected from paleosols of the Campanian Fundo El Triunfo Formation suggest that these paleosols were formed in an environment relatively proximal to the source of moisture where the water vapor had not experienced significant 18O depletion prior to precipitation. The δ18Omw values reconstructed from pedogenic carbonates collected from paleosols of the uppermost Eocene–middle Miocene Sambimera Formation suggest a more distal environment of deposition (relative to the source of moisture) compared to Fundo El Triunfo Formation. However, when compared with the oxygen isotopic composition of modern meteoric water of the Bagua Basin, the Sambimera Formation received less depleted precipitation, with δ18Omw values more positive by ~3‰.



Pedogenic carbonates from paleosols of the Fundo El Triunfo and Sambimera formations δ13Cpc values suggest that from the Campanian and up to the middle Miocene, the floristic landscape of the Bagua Basin was dominated by C3 trees and shrubs with open to semi-open canopy.





6. Discussion: Paleogeography of the Northernmost Central Andes


During the Campanian, the Fundo El Triunfo Formation was deposited in a meandering fluvial system in the distal foredeep of a foreland basin associated with a juvenile Andean orogen [25]. Coeval sedimentary units from neighboring basins in the east were deposited in shallow marine environments, revealing the existence of an epicontinental sea in the western Amazon basin during the latest Cretaceous [75,76]. Oxygen isotopic composition of meteoric water reconstructed from pedogenic carbonates from paleosols in the Fundo El Triunfo Formation exhibit relatively enriched values, suggesting a proximal moisture source. We suggest that the eastern epicontinental sea was the primary moisture source for the precipitation falling in Bagua Basin during the Campanian (Figure 2).



The more depleted oxygen isotopic composition reconstructed from the uppermost Eocene-middle Miocene Sambimera Formation suggest the retreat of the epicontinental sea, and the deposition of this unit in an inland environment that has been described as a meandering to braided fluvial system in the proximal foredeep and wedge-top settings of a foreland basin coupled with the Andean orogen (Figure 2) [25]. Interestingly, the oxygen isotopic composition of meteoric water from small rivers and creeks in the modern wedge-top Subandean zone is similar to that reconstructed from the Sambimera Formation pedogenic carbonates, suggesting similar environmental conditions. When compared to modern δ18Omw values from small rivers and creeks in the Bagua Basin, the δ18Omw values reconstructed from pedogenic carbonates from the Sambimera Formation are significantly more positive, suggesting that until the middle Miocene the precipitation in Bagua Basin was less depleted in 18O compared to modern times.



The carbon isotopic composition of plants and soil-respired CO2 reconstructed from pedogenic carbonates from the Fundo El Triunfo and Sambimera formations are significantly more negative than modern values obtained from a modern-Holocene soil and modern plants collected in the basin. This difference partially reflects the late Miocene global expansion of C4 plants [67], but may also reflect the more arid conditions that prevail today. These more arid conditions, favorable for C4 plants, are likely the result of the uplift of the Eastern Cordillera and generation of a rain-shadow in the Bagua Basin.



Together, these results suggest that the uplift of the Eastern Cordillera took place after deposition of the Sambimera Formation, as it is the main factor controlling the increased distillation of the precipitation falling in the Bagua Basin today. This interpretation is in line with previous studies conducted on the Bagua Basin and in the northern Central Andes. Thermochronological analysis ~150 km south of Bagua Basin bracket was carried out on the initial exhumation of the Eastern Cordillera to the middle to late Miocene [7]. Additionally, detrital zircon provenance analysis conducted in the Cenozoic units of the Bagua Basin revealed contrasting detrital zircon age spectra between the Sambimera and the overlying San Antonio formations [25]. The detrital zircon age spectra from the Sambimera Formation is dominated by syn-depositional zircons derived from an active volcanic arc and by Paleozoic zircons derived from the metamorphic basement, which crops out in the Western Cordillera. Conversely, the San Antonio Formation detrital zircon age spectra suggest recycling of zircons from underlying Cenozoic units that are uplifted and eroded in the Eastern Cordillera domain [25]. Stable isotopes analyses in this study together with previous studies of sedimentary provenance suggest that the Eastern Cordillera became a topographic high after deposition of the Sambimera Formation. Unfortunately, due to a lack of pedogenic carbonates in younger formations, our record does not resolve whether modern elevations were achieved during the late Miocene, while the San Antonio Formation was deposited, or later during Pliocene–Pleistocene times.




7. Potential Drivers of the Contrasting Elevation Histories of the Northernmost Central Andes and the Central Andean Plateau


Crustal shortening and associated thickening may result in the removal of mantle lithosphere and/or lower crustal flow that drive punctuated episodes of surface uplift [77,78,79,80]. These processes have been used to explain the modern topography of large high-elevation, low-relief plateaus such as the Colorado Plateau, the Tibetan Plateau, and the Central Andean Plateau [70,81,82,83,84,85,86,87,88]. The modern crustal thickness of the Central Andes has been studied through seismic imaging and density models [89,90]. These studies show changes in crustal thickness between the relatively wide Central Andean Plateau (crustal thickness ~70 km) and underneath the narrow northernmost Central Andes (crustal thickness ~40 km). If a critical crustal thickness is required to trigger middle–lower crust flow and removal of mantle lithosphere, then the shortening histories of mountain belts are important for understanding contrasting elevation histories within an orogen.



Along-strike differences in total shortening can be then considered the primary factor controlling the contrasting crustal thickness and elevation between the Central Andean Plateau and the northernmost Central Andes. Several factors may influence shortening magnitude including plate velocity, subduction angle, and precipitation regimes [1,2,3,4]. Below we present a short review on the shortening estimates of the Central Andean Plateau and the northernmost Central Andes. Then, we discuss the historical contrasts between first-order factors controlling shortening magnitudes in both regions.



7.1. Shortening Estimates


The shortening history in the Central Andean Plateau has been studied through structural geology and thermochronology modeling. The estimates of shortening at these latitudes vary from ~200 km up to ~350 km [9,91,92,93,94,95,96,97,98] and correspond to up to 40% shortening [9,98].



Shortening in the northern Central Andes spanning the Eastern Cordillera and Subandean zone has been estimated based on a 500-km-long structural cross section located ~150 km south of the Bagua Basin [7]. Other studies have calculated shortening amount in the Subandean zone [24,29,99,100], Bagua Basin [101], and Marañon Fold-Thrust belt [102]. Eude, et al. (2015) [7] calculated 142 km (equivalent to 28%) of shortening in their balanced cross section spanning the Eastern Cordillera and Subandean zone. The shortening estimates for the Sub-Andean Zone of the northern Central Andes vary from 11 km in the Santiago Basin (equivalent to 13.5%) to 101 km (equivalent to 51%) in the Pachitea Basin [99], 70 km in the Huallaga Basin (equivalent to ~14%), and 76 km in the Moyabamba Basin (equivalent to ~12%) [29]. Baca Alvarez (2014) calculated 47 km (equivalent to 38%) of shortening for the Bagua Basin, which is located in the Eastern Cordillera morphotectonic province. Scherrenberg, et al. (2014) [102] calculated shortening amounts in the Marañon Fold-Thrust belt ranging from 22 to 32 km (equivalent to 27% to 41% respectively). The large differences in shortening between basin scale sections can be explained by stratigraphic variations, such as the presence or absence of good detachment levels, and/or the role of inherited structures, such as the Cenozoic reactivation of the Mesozoic rift in the Bagua Basin.



Combining shortening estimates for the adjacent morphotectonic provinces (i.e., Marañon Fold-Thrust belt, Eastern Cordillera, and Sub-Andean zone), the greatest minimum-estimated shortening for the northern Central Andes is ~174 km (Figure 7). Critically, this suggests that the total amount of shortening in the Central Andean Plateau exceeds that of the northern Central Andes by up to 175 km, consistent with twice as much shortening in the Central Andean Plateau. Furthermore, combined shortening estimates for the Bagua and Santiago basins, located at similar latitudes, account for only 58 km. Adding this shortening to the maximum shortening calculated in the Marañon Fold-Thrust belt of 32 km amounts to only 90 km of shortening in this northernmost segment of the Central Andes with lowest topographic expression (Figure 7).




7.2. Overriding Plate Velocity


The last 170 million years of velocity of the South American plate has been investigated using kinematic global plate tectonic models along with geological records preserved in the continental crust [103,104]. The velocity of the overriding plate is a driving mechanism for plate coupling that varies in time and that ultimately controls the tectonic regime. However, plate convergence angle and rates have low variability along a given plate boundary, and so they might have little influence on coeval, along strike variations in the morphotectonic configuration of the margin itself [103]. Indeed, trench normal, absolute velocities of the South American plate during the Late Cretaceous and Cenozoic are fairly similar for the northernmost Central Andes and the Central Andean Plateau [104] (Figure 7), being characterized by positive values that are in line with the overall contractional Andean regime.




7.3. Subduction Angle: Slab Dip


Slab dip exerts significant control on the tectonic regime, regulating the degree of magmatic addition, interplate coupling, and hence, rates of shortening [103,105]. Shallower slab dips promote interplate coupling and contractional tectonic regimes. Steeper slab dips result in lower interplate coupling, allowing for slab rollback and extensional tectonics regimes [103]. The slab dip history in a plate boundary can be reconstructed by tracing the magmatic arc extent at different times and/or using seismic tomography [1,105,106,107,108]. The Late Cretaceous through Cenozoic slab dip histories of the northernmost Central Andes and Central Andean Plateau are marked by diachronous episodes of flat slab subduction (Figure 8). Cessation of magmatic activity and increased deformation and crustal thickening in the Eastern Cordillera record a middle Eocene–early Miocene flat slab subduction episode in the Central Andean Plateau [1,109,110]. Crustal thickness estimates suggest significant increases across this period [19]. In contrast, during this time frame, the northernmost Central Andes experienced extensive magmatic activity, suggesting normal subduction [25]. A period of reduced volcanism spanning the late Cretaceous to early Eocene was reported for the northernmost Central Andes, although this episode does not seem to coexist either with a major advance in the deformation front or with increased rates of shortening [25]. Whether this episode corresponds with a flat slab subduction event remains elusive. Flat slab subduction in the northernmost segment of the Central Andes started sometime in the late Miocene and has been associated with the subduction of the Inca lost plateau and the Nazca Ridge (Figure 8) [105,111,112,113]. The late Miocene–Pliocene in the northernmost Central Andes is characterized by the propagation of the deformation front to the east, resulting in increasing shortening rates in the Eastern Cordillera and Sub-Andean domains [7,24,25,29]. Large shortening rates and earlier crustal thickening in the Central Andean Plateau documented for the middle Eocene–early Miocene [9,114] correspond with a protracted phase of flat slab subduction in that region. In contrast, flat slab subduction and increased shortening rates have only been active since ca. 15–11 Ma in northernmost Central Andes (e.g., Rosenbaum et al., 2005; Hampel et al., 2002), which has not yet driven large crustal thickening. In this manner, the differing slab dip histories and, in particular, the diachronous passage of the flat slab subduction episodes in the Central Andean Plateau and the northernmost Central Andes, might be largely responsible for the contrasting topographic configuration between both of these Andean segments.




7.4. Precipitation Regimes


Precipitation-induced erosion is a first-order factor controlling exhumation and shortening rates in orogenic belts [115,116]. According to critical wedge theory, as erosion reduces the taper of the wedge, internal shortening provides a mechanism to rebuild the taper [117,118,119]. Since at least middle Miocene, precipitation in the Central Andes has been characterized by strong orographic rainfall in the eastern slope of the Andean belt [56,71,120,121]. Paleoclimate simulations for times when the Andes were 50% of their modern elevation predict precipitation rates for the latitudes of the Central Andean Plateau that are higher than those of the northernmost Central Andes [54,121]. The main driver for changes in the precipitation regime predicted by paleoclimatic simulations is the elevation gain in the Andean belt. According to the elevation history of the Central Andes previously discussed, the Central Andean Plateau formed an orographic barrier since early Miocene time, promoting large orographic rainfall rates on the lee side of the range that, in turn, induced erosion, ultimately driving internal shortening in the orogenic wedge. A less-intense precipitation regime in the lower northernmost Central Andes associated with minimal erosion might have enabled the eastward propagation of the deformation front without major internal shortening in the orogen. These potential differences in the Neogene precipitation regimes of the Central Andean Plateau and the northernmost Central Andes may have contributed to the contrasting shortening history between the two regions.





8. Conclusions


During Campanian–Paleocene times, the environmental conditions of the Bagua Basin were characterized by a C3-dominated biome in a near-coastal setting along an epicontinental sea. By the late Eocene, the environment evolved to more interior conditions with the prevalence of a C3 vegetation. Such conditions persisted in the basin up until at least the middle Miocene. Sometime after ~13 Ma, the Eastern Cordillera developed as an orographic barrier for the moist air traveling westward from the Atlantic Ocean, driving a shift to drier environmental conditions in the newly formed intermontane basin. At present, the Bagua Basin is characterized by a C3–C4 mixed biome in a dry, intermontane setting.



New stable isotope results shed light on the elevation history of the Eastern Cordillera. Stable isotopes results in this study suggest the establishment of the Eastern Cordillera as an orographic barrier for the moist low-level Amazonian jet sometime after ~13 Ma. U-Pb zircon provenance analysis from the Sambimera and San Antonio formations [25] reveals the establishment of the Eastern Cordillera as a drainage divide beginning as early as the middle Miocene (i.e., ~11 Ma), but the precise timing of the establishment of the current relief of Eastern Cordillera orographic barrier remains unresolved.



We suggest that the contrasting topographic expression and crustal thickness of the northernmost Central Andes and the Central Andean Plateau is the result of the differences in the shortening history of these two Central Andean segments. The diachroneity of flat slab subduction episodes is inferred to be the major factor responsible for their different shortening histories. While the Central Andean Plateau reached its peak rates of shortening during the middle Eocene–early Miocene flat slab subduction episode, the northernmost Central Andes only started experiencing flat slab subduction in the late Miocene and its shortening rates have increased since then. The northernmost Central Andes, therefore, serve as a potential analogue for a juvenile Central Andean Plateau, with the intermontane Bagua Basin as the equivalent of the Altiplano Basin before it was uplifted to its high elevation position.
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Figure 2. Generalized stratigraphic section of the Campanian to Pliocene sedimentary succession in Bagua Basin. Age constraints are maximum depositional ages from zircon U-Pb geochrononology from Moreno, et al. (2020) [25]. Panels in the left shown from left to right, tectonic and foreland basin setting, historical de-compacted sediment accumulation curve [25], and δ18Omw and δ13Co results for the Fundo El Triunfo and Sambimera formations. Blue and green dashed vertical lines indicate the average modern signature for δ18Omw and δ13Co calculated as the arithmetic mean of the δ18O values of the water samples collected in the Bagua Basin and of the δ13C of the plants collected in the Bagua Basin respectively. Analytical errors (1 sigma) are smaller than ±0.1 for δ18O and smaller than ±0.06 for δ13C. Abbreviations: FT Fm = Funfo El Triunfo Formation; Rt Fm = Rentema Formation. 
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Figure 3. Photographs showing the contrasting landscape between (A) the eastern slope of the Eastern Cordillera and the (B) Bagua Basin at the same latitude. 
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Figure 4. Paleosols photographs from the Fundo El Triunfo Formation (A,B) and the Sambimera Formation (C–F). 
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Figure 5. Modern Holocene deposits from where pedogenic carbonates were collected and analyzed to achieve the modern isotopic fingerprint of meteoric water and soil-respired CO2 in the Bagua Basin. White star shows where the pedogenic carbonates were sampled. 
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Figure 6. (A) Digital elevation model of the Bagua Basin and neighboring Western and Eastern cordilleras showing the location of meteoric water samples (blue and red dots). (B) Swath topographic profile across the area depicted in panel A, showing the δ18O values for the meteoric water samples analyzed along with their location along the transect. (C) Meteoric water lines plotted for the meteoric water samples from the eastern slope of the Eastern Cordillera and Subandean zone (red) and from the Bagua Basin and eastern slope of the Western Cordillera (blue). One sample collected from the Marañon River (labeled on figure) is not considered in the meteoric water line slope calculation. 
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Figure 7. (A) Digital elevation model of the Central Andes and relevant morphotectonic features. (B) Retro-arc shortening estimations for the Central Andes, adapted from Horton (2018) [103]. References in figure are: (1) Gil Rodriguez et al., (2001) [99], (2) Baca Alvarez (2004) [101], (3) Calderon et al., (2017) [29], (4) Eude et al., (2015) [7], (5) Scherrenberg et al., (2014) [102], (6) Baby et al., (1997) [93], (7) Roeder (1988) [94], (8) Roeder and Chamberlain (1995) [95], (9) McQuarrie et al., (2008) [9], (10) Sheffels (1990) [97], (11) McQuarrie (2002) [96], (12) Anderson et al., (2017) [98], (13) Kley (1996) [91], and (14) Kley et al., (1997) [92]. Blue bars represent shortening estimates of combined Eastern Cordillera and Subandean zone; red bars represent shortening estimates for only the Subandean zone; green bars represent shortening estimations for the Western Cordillera (i.e., Marañon fold-thrust belt); and black bars represent shortening estimation for the Bagua Basin. 
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Figure 8. Comparison of the tectonic history and major orogenic events between the Central Andean Plateau (red) and the northernmost Central Andes (blue). References in figure are: (1) Maloney et al., (2013) [104], (2) George et al., (2019) [11], (3) Mégard (1984) [13], (4) Moreno et al., (2020) [25], (5) Eude et al., (2015) [7], (6) Hermoza et al., (2005) [24], (7) Calderon et al., (2017) [29], (8) Scherrenberg et al., (2014) [102], (9) Arriagada et al., (2006) [14], (10) Díaz (1977) [16], (11) Haschke and Gunther (2003) [17], (12) Mpodozis et al., (2005) [15], (13) Scheuber and Reutter (1992) [18], (14) Coutand et al., (2001) [20], (15) DeCelles et al., (2011) [22], (16) DeCelles and Horton (2003) [21], (17) Gillis et al., (2006) [23], (18) McQuarrie et al., (2008) [9], (19) McQuarrie et al., (2005) [10], (20) Echavarria et al., (2003) [26], (21) Lease et al., (2016) [28], (22) Uba et al., (2009) [27], (23) Gutscher et al., (1999) [111], (24) Gutscher et al., (2000) [105], (25) James and Sacks (1999) [109], (26) Ramos and Folguera (2009) [1], (27) this work, (28) Garzione et al., (2014) [32], (29) Leier et al., (2013) [31], (30) Saylor and Horton (2014) [30], (31) Sundell et al., (2019) [6], (32) Bershaw et al., (2010) [33], (33) Garzione et al., (2006) [34], (34) Ghosh et al., (2006) [35], (35) Graham et al., (2001) [37], and (36) Kar et al., (2016) [36]. 






Figure 8. Comparison of the tectonic history and major orogenic events between the Central Andean Plateau (red) and the northernmost Central Andes (blue). References in figure are: (1) Maloney et al., (2013) [104], (2) George et al., (2019) [11], (3) Mégard (1984) [13], (4) Moreno et al., (2020) [25], (5) Eude et al., (2015) [7], (6) Hermoza et al., (2005) [24], (7) Calderon et al., (2017) [29], (8) Scherrenberg et al., (2014) [102], (9) Arriagada et al., (2006) [14], (10) Díaz (1977) [16], (11) Haschke and Gunther (2003) [17], (12) Mpodozis et al., (2005) [15], (13) Scheuber and Reutter (1992) [18], (14) Coutand et al., (2001) [20], (15) DeCelles et al., (2011) [22], (16) DeCelles and Horton (2003) [21], (17) Gillis et al., (2006) [23], (18) McQuarrie et al., (2008) [9], (19) McQuarrie et al., (2005) [10], (20) Echavarria et al., (2003) [26], (21) Lease et al., (2016) [28], (22) Uba et al., (2009) [27], (23) Gutscher et al., (1999) [111], (24) Gutscher et al., (2000) [105], (25) James and Sacks (1999) [109], (26) Ramos and Folguera (2009) [1], (27) this work, (28) Garzione et al., (2014) [32], (29) Leier et al., (2013) [31], (30) Saylor and Horton (2014) [30], (31) Sundell et al., (2019) [6], (32) Bershaw et al., (2010) [33], (33) Garzione et al., (2006) [34], (34) Ghosh et al., (2006) [35], (35) Graham et al., (2001) [37], and (36) Kar et al., (2016) [36].



[image: Geosciences 12 00242 g008]







[image: Table] 





Table 1. δ18Omw and δDmw values for sample streams and rivers.
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Location

	
ID

	
Latitude

	
Longitude

	
Elevation

	
δDmw‰ (VSMOW)

	
δ18Omw‰ (VSMOW)






	
Eastern Cordillera

	
14BB01w

	
−5.2945

	
−78.3909

	
708

	
−42.8

	
−7.0




	
14BB02w

	
−5.2956

	
−78.3807

	
677

	
−41.3

	
−6.9




	
14BB03w

	
−5.2956

	
−78.3807

	
677

	
−44.9

	
−7.3




	
14BB04w

	
−5.2905

	
−78.3840

	
727

	
−38.8

	
−6.8




	
14BB05w

	
−5.3045

	
−78.4278

	
338

	
−40.6

	
−6.8




	
14BB06w

	
−5.3628

	
−78.4513

	
345

	
−39.7

	
−6.7




	
14BB07w

	
−5.4028

	
−78.4486

	
358

	
−40.1

	
−6.2




	
14BB09w

	
−5.4279

	
−78.4550

	
341

	
−44.4

	
−7.0




	
16BG60w

	
−5.2990

	
−78.4247

	
375

	
−39.9

	
−6.1




	
16BG61w

	
−5.2836

	
−78.3865

	
795

	
−39.3

	
−6.4




	
16BG64w

	
−5.3931

	
−78.4496

	
354

	
−37.0

	
−6.6




	
FM1601

	
−4.7467

	
−78.1237

	
253

	
−33.1

	
−5.9




	
FM1602

	
−4.9802

	
−78.2273

	
441

	
−18.5

	
−4.0




	
FM1603

	
−4.6114

	
−77.7141

	
211

	
−29.0

	
−4.9




	
FM1604

	
−5.2406

	
−78.3611

	
368

	
−33.5

	
−5.7




	
FM1605

	
−5.2808

	
−78.3761

	
840

	
−38.6

	
−6.6




	
14BB08w 1

	
−5.4078

	
−78.4531

	
335

	
−72.9

	
−10.4




	
Bagua Basin

	
14BB10w

	
−5.4690

	
−78.5119

	
398

	
−54.5

	
−8.5




	
14BB11w

	
−5.5604

	
−78.6861

	
441

	
−49.0

	
−7.4




	
16BG42w

	
−5.7253

	
−78.3147

	
855

	
−49.8

	
−7.7




	
16BG43w

	
−5.7253

	
−78.3147

	
855

	
−46.5

	
−7.1




	
16BG45w

	
−5.7207

	
−78.2739

	
1012

	
−54.6

	
−8.2




	
16BG46w

	
−5.7277

	
−78.3451

	
697

	
−50.1

	
−8.2




	
16BG49w

	
−5.6041

	
−78.4208

	
998

	
−48.8

	
−7.3




	
16BG50w

	
−5.6030

	
−78.3987

	
1500

	
−52.6

	
−8.0




	
16BG52w

	
−5.6071

	
−78.4422

	
767

	
−45.5

	
−7.2




	
16BG59w

	
−5.7777

	
−78.3934

	
471

	
−44.8

	
−6.2




	
16BG67w 2

	
−5.6363

	
−78.5298

	
434

	
9.0

	
−1.1




	
Western Cordillera

	
14BB12w

	
−5.8870

	
−78.8277

	
565

	
−61.6

	
−8.9




	
14BB13w

	
−6.0102

	
−78.8586

	
659

	
−60.0

	
−8.8




	
14BB14w

	
−6.0205

	
−79.0055

	
811

	
−59.8

	
−9.0




	
14BB15w

	
−6.0066

	
−79.1643

	
934

	
−59.5

	
−9.0




	
14BB16w

	
−5.9517

	
−79.2310

	
1007

	
−64.1

	
−9.4




	
14BB17w

	
−5.8000

	
−79.3739

	
1194

	
−65.9

	
−9.7




	
14BB18w

	
−5.7867

	
−79.4279

	
1302

	
−50.4

	
−7.0








1 sample collected from the Marañon River; 2 sample collected from rainfall.
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Table 2. δ13C and δ18O values for modern carbonates sampled in the Bagua basin.
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	Sample
	δ13C‰ (VPDB)
	δ18O‰ (VPDB)
	δ18Omw‰ (VSMOW)
	δ13Co‰ (VPDB)
	Type





	16BG40c
	−8.4
	−5.5
	−3.2
	−23.0
	Pedogenic carbonate



	14BB52C
	−8.9
	−4.2
	−1.9
	−23.5
	Snail carbonate shell



	14BB01CB
	−11.1
	−4.2
	−1.9
	−25.8
	Snail carbonate shell







Analytical errors 1 sigma on δ18O = ±0.1 and δ13C = ±0.06.
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Table 3. δ13Co values for modern plants samples in the Bagua Basin.






Table 3. δ13Co values for modern plants samples in the Bagua Basin.





	Sample
	δ13C‰ (VPDB)
	Type





	16BG10p
	−30.2
	Bush



	16BG03p
	−29.5
	Bush



	16BG01p
	−28.3
	Bush



	16BG02p
	−27.1
	Bush



	16BG11p
	−26.9
	Bush



	16BG12p
	−25.8
	Bush



	16BG06p
	−13.8
	Grass



	16BG08p
	−13.5
	Grass



	16BG14p
	−12.8
	Grass



	Arithmetic mean
	−23.1
	-
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Table 4. δ13C and δ18O values for the pedogenic carbonates samples from the Fundo El Triunfo and Sambimera formations.






Table 4. δ13C and δ18O values for the pedogenic carbonates samples from the Fundo El Triunfo and Sambimera formations.





	
Formation

	
Strat Meter

	
Sample

	
δ13Cpc‰ (VPDB)

	
δ18Opc‰ (VPDB)

	
δ18Omw‰ (VSMOW)

	
δ13Co‰ (VPDB)






	
Fundo El Triunfo Fm

	
7

	
14FT32c

	
−10.8

	
−6.9

	
−3.6

	
−24.7




	
8

	
14FT35c

	
−9.7

	
−6.9

	
−3.6

	
−23.7




	
9

	
14FT53c

	
−10.1

	
−6.1

	
−2.8

	
−24.0




	
12

	
14FT08c

	
−11.8

	
−5.6

	
−2.3

	
−25.7




	
15

	
14FT12c

	
−12.4

	
−6.4

	
−3.1

	
−26.3




	
16

	
14FT14c

	
−11.2

	
−5.8

	
−2.5

	
−25.1




	
17

	
14FT15c

	
−11.1

	
−5.5

	
−2.2

	
−25.0




	
32

	
15BB45c

	
−12.5

	
−5.8

	
−2.5

	
−26.5




	
55

	
15BB47c

	
−12.4

	
−4.7

	
−1.4

	
−26.3




	
Lower Sambimera Fm

	
678

	
15BB58c

	
−10.2

	
−8.5

	
−5.3

	
−24.1




	
850

	
14SM41c

	
−10.2

	
−9.0

	
−5.7

	
−24.1




	
851

	
14SM43c

	
−10.4

	
−8.8

	
−5.6

	
−24.3




	
855

	
14SM47c

	
−10.2

	
−9.4

	
−6.1

	
−24.2




	
900

	
15BB75c

	
−8.4

	
−7.8

	
−4.5

	
−22.4




	
1073

	
16BG09c

	
−11.4

	
−8.4

	
−5.1

	
−25.4




	
1075

	
16BG08c

	
−11.2

	
−8.4

	
−5.1

	
−25.1




	
1085

	
16BG10c

	
−10.9

	
−7.7

	
−4.4

	
−24.8




	
1089

	
16BG11c

	
−11.2

	
−7.5

	
−4.2

	
−25.1




	
1255

	
14SM22c

	
−10.5

	
−8.5

	
−5.2

	
−24.4




	
1275

	
16BG14c

	
−10.9

	
−8.1

	
−4.8

	
−24.8




	
1370

	
15BB71c

	
−12.2

	
−7.1

	
−3.8

	
−26.2




	
1578

	
16BG21c

	
−10.9

	
−7.9

	
−4.6

	
−24.8




	
1666

	
16BG24c

	
−10.8

	
−7.0

	
−3.7

	
−24.8




	
Upper Sambimera Fm

	
1868

	
15BB01c

	
−11.9

	
−7.7

	
−4.4

	
−25.8




	
1880

	
15BB06c

	
−9.0

	
−9.3

	
−6.0

	
−23.0




	
1897

	
15BB08c

	
−12.0

	
−7.4

	
−4.2

	
−25.9




	
1922

	
15BB10c

	
−13.0

	
−7.2

	
−3.9

	
−27.0




	
1947

	
15BB17c

	
−13.1

	
−6.7

	
−3.4

	
−27.0




	
2007

	
15BB16c

	
−11.6

	
−7.8

	
−4.5

	
−25.6




	
2027

	
15BB15c

	
−11.6

	
−7.2

	
−3.9

	
−25.6




	
2044

	
15BB14c

	
−12.3

	
−8.1

	
−4.8

	
−26.2




	
2050

	
15BB24c

	
−11.0

	
−10.2

	
−7.0

	
−25.0




	
2064

	
15BB28c

	
−11.7

	
−7.3

	
−4.1

	
−25.7




	
2082

	
15BB27c

	
−11.3

	
−7.8

	
−4.5

	
−25.2




	
2101

	
15BB31c

	
−13.9

	
−6.7

	
−3.4

	
−27.8




	
2140

	
15BB32c

	
−11.3

	
−7.1

	
−3.8

	
−25.2




	
2164

	
15BB37c

	
−10.6

	
−7.2

	
−3.9

	
−24.6




	
2169

	
16BG30c

	
−12.1

	
−7.3

	
−4.0

	
−26.0




	
2175

	
16BG31c

	
−11.0

	
−8.9

	
−5.6

	
−25.0




	
2235

	
16BG37C

	
−10.8

	
−7.9

	
−4.6

	
−24.7




	
2250

	
14SM20c

	
−11.5

	
−8.2

	
−4.9

	
−25.4








Analytical errors (1 sigma) on δ18O = ±0.1 and δ13C = ±0.06.
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