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ABSTRACT 

RUSSELL W. MAPES: Past and present provenance of the Amazon River 
(Under the direction of Drew S. Coleman) 

 

In its modern configuration, the Amazon River is well suited to test the assumptions 

upon which sediment provenance techniques rely. The scale of the system coupled with harsh 

weathering conditions and diverse geology allow for direct observation of sedimentary 

response to transport and environmental processes. Over 3,200 new U/Pb detrital zircon ages 

for fourteen Amazon River samples indicate that long-distance transport of zircon age 

populations is possible. In the western catchment, zircon ages are dominantly Phanerozoic, 

reflecting Andean sources. As sand progresses downstream, the presence of Proterozoic 

grains increases indicating Amazon Craton input, but even in the lowermost river reaches, 

3000+ km from the Andes, ~30% of zircons are Phanerozoic. In spite of long transport 

distances, age spectra are heterogeneous suggesting that the technique is not a reliable 

quantitative assessment tool. Comparison of zircon provenance to other indicators shows that 

signals can vary widely for sediment derived in the same catchment. Specifically, techniques 

that rely upon chemically labile minerals are biased toward areas of physical weathering and 

high sediment output, whereas techniques that rely upon stable minerals areas are biased 

toward areas of chemical weathering and low sediment output. In the Amazon, the rate at 

which sediment is transported has a strong influence on the ultimate provenance signal; high 

transport rate yields source similar results while slowly transported sediment is sensitive 

toward weathering conditions. When exploring provenance of ancient deposits, multiple 
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indicators with different weathering responses should be used to create more complete 

sedimentary histories. 

Previous drainage configurations have directed detritus to various locations across 

Amazonia. Comparison of zircon ages for modern sand to ages and sedimentologic data for 

Miocene and Cretaceous deposits details the occurrence of continent-scale drainage 

reorganization. As Gondwana split during the Late Cretaceous, drainage was directed west 

from a rift-shoulder near the Amazon mouth. During the Miocene, after rifting had ceased 

and as Andean uplift rates were at a maximum, drainage was split into two sub-basins 

separated by the Purus Arch. Once the Miocene Andean foreland basin was overfilled and 

the Purus Arch was overtopped, the modern Amazon River system was established during or 

after the latest Miocene. 
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CHAPTER 1 

INTRODUCTION 

Formation of fluvial sediment is a complex process that is sensitive to geologic, 

climatic, and geographic factors. Sediment composition, although primarily a function of 

source rock composition, can be strongly altered by surface processes that occur during 

liberation and transport. In cold and dry environments where chemical weathering rates are 

low (Millot et al., 2003), bulk sediment compositions are similar to the source rocks from 

which they were derived (Nesbit and Young, 1996; Potter et al., 2001). In hot and wet 

environments where chemical weathering and secondary mineralization are common, source 

rocks are broken down and constituents are dispersed unevenly into the dissolved, suspended, 

and bedloads (Savage and Potter, 1991). As such, the environmental conditions that existed 

prior to deposition must be considered when attempting to connect sedimentary rocks with 

their detrital sources.  

The foremost goal of provenance analysis is to understand the total range of sources 

that contributed sediment to a deposit and the relative importance of each. Many frequently 

used provenance techniques, like relative clast abundance and bulk sediment geochemistry 

(Potter, 1978; Dickinson and Suczek, 1979; Bhatia, 1983; Blatt, 1985), yield results that only 

qualitatively identify source rock tectonic setting but give valuable insights into 

predepositional weathering conditions. More direct source associations can be made 



using bulk sediment isotopic methods (e.g. Goldstein et al., 1984; McLennan et al., 1993) 

and single grain geochronologic and isotopic techniques (e.g. Bernet et al., 2004; Haines et 

al., 2004) but these approaches do not give information on synsedimentation weathering 

conditions. Because degree of chemical weathering has such a strong influence on 

provenance interpretations, calibration of common techniques and comparison of results 

obtained via different methods is necessary to move the provenance methods toward the 

ultimate objective: quantitative analysis. 

As a result of recent advances in fast microsampling techniques that have led to 

creation of large detrital datasets and sweeping conclusions about sediment sources, a push 

has been made toward understanding provenance results in a more quantitative sense (Weltje 

and von Eynatten, 2004). The most common calibration method has been direct application 

to modern sedimentary systems. To this end, many studies have been carried out in a variety 

of sedimentary, climatic, and geographic settings to evaluate the processes that create and 

alter provenance signals for specific techniques (e.g. Basu, 1976; Potter, 1986; Arribas et al., 

2000; Svendsen et al., 2007). An area that has not received enough attention is comparison of 

results from a range of techniques on a single large sedimentary system. 

The Amazon River is well suited for study of modern sediment provenance. The Amazon 

occupies the largest drainage basin on Earth at ~6 x 106 km2 (Archer, 2005) and delivers over 

6.3 x 1012 m3/yr of dissolved, suspended, and bedload sediment to the Atlantic Ocean 

(Meade, 1996). The Amazon’s >6,500 km length ranks second globally (Sioli, 1984). 

Weathering conditions in the Amazon drainage basin change from dominantly physical in the 

high Andes Mountains to dominantly chemical as the river travels ~5,000 km across lowland 

Amazonia. Geologically, the layout of the Amazon drainage is the best suited of any large 
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river system on Earth to test the reliability of sediment provenance techniques (Figure 1.1). 

The far western edge of the catchment exposes dominantly Phanerozoic igneous and 

metamorphic basement rocks, whereas the central and eastern reaches of the river expose 

basement rocks of Precambrian age leading to distinctive provenance signatures that are 

relatable to geography. 

This dissertation includes three stand-alone chapters that deal with provenance of 

sediment from the Amazon River and its precursors. The first chapter (Chapter 2) addresses 

the apparent disparity between limited observations of zircon age population behavior in 

modern sedimentary systems, which suggest populations do not travel far from their sources, 

and studies focused on ancient deposits that interpret cross-continent transport of dominate 

age populations is possible. Because of the geologic layout of the Amazon drainage and 

orientation of the river itself, Andean zircons are used to estimate how far detrital age 

populations can travel. Furthermore, complete zircon age distributions for Amazon sands are 

used to address how age spectra compare to the total range of possible source ages to 

examine if detrital zircon provenance is a useful tool for quantitative provenance analysis. 

The second chapter (Chapter 3) focuses on similarities and differences between new 

Nd-isotope and detrital zircon age spectra collected from the same sand samples and a large 

petrographic, geochemical, and isotopic dataset complied from numerous literature sources 

that focused on different aspects of Amazon River sediment provenance. When results are 

compared with one another, distinct differences in how each technique responds to source 

rock composition, weathering conditions, and transport style and distance become apparent. 

This analysis also suggests that in situations where a holistic understanding of sediment 
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Figure 1.1- Global layout of igneous and metamorphic rocks and large fluvial systems 
(Bouysse, 2000). 
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provenance is desired, multiple provenance techniques that are sensitive to different source 

compositions and weathering phenomena should be employed. 

The final chapter (Chapter 4) compares age spectra for detrital zircons from four 

Miocene-Cretaceous sandstones of lowland Amazonia to spectra for nearby modern Amazon 

sands. Dramatic differences in zircon age spectra coupled with sedimentologic data confirm 

the idea that a wholesale drainage inversion occurred in Amazonia since the late Cretaceous. 

Examination of Amazon River sediment indicates that geology, climate, and geography 

are the primary factors that shape provenance signal, but also that other factors contribute to 

the signals revealed by each technique. Comparison of techniques highlights the observation 

that under the same environmental conditions, broadly similar methods can yield very 

different provenance signals. Results of Nd-isotopic and detrital zircon analysis of modern 

sand indicate that secondary factors like bedload sediment mixing and/or hydrodynamic 

fraction leave deposits inhomogeneous so that quantitative analysis of single sand samples is 

not possible. Finally, comparison of modern Amazon River detrital zircon age spectra to 

spectra from ancient deposits indicates that large fluvial systems can reorganize quickly and 

that provenance signals may be inherited from previous drainage configurations. These 

observations illustrate the complexity of sediment provenance analysis and underscore the 

need for a broad view of the system that existed when interpreting provenance data from 

rocks that have lost their sedimentary and tectonic context. 
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CHAPTER 2 

STRENGTHS AND LIMITATIONS OF ZIRCON AS A PROVENANCE INDICATOR: A 
BASIN-WIDE STUDY OF THE AMAZON RIVER 

Abstract 

New U/Pb detrital zircon ages for samples collected along the length of the Amazon 

River indicate that long distance transport of zircon age populations is possible in the fluvial 

setting. Tributary and mainstem detrital zircon ages are dominantly Phanerozoic in the 

western part of the catchment, reflecting Andean sources. Increases in the proportion of Neo- 

and Mesoproterozoic zircon age populations occur as the river travels east over the similarly 

aged Amazon craton; however, even in the lowermost reaches the fluvial Amazon, ~30% of 

zircons analyzed yielded Phanerozoic ages that are 3000+ km displaced from their original 

sources. Qualitatively, Amazon River detrital zircon ages reflect the range of zircon sources 

present in the drainage basin. Surprisingly though, in spite of long transport distances, the 

zircon provenance signal is non-homogeneous, even for samples collected in close proximity. 

These results indicate that zircons are poorly mixed within the bedload and suggest that 

single detrital zircon samples do not provide a basin-integrated provenance signal and thus, 

should not be used to estimate relative source region zircon contribution. 

Introduction 

The advent of high precision, short analytical time geochonologic techniques has led 

to a dramatic increase in the number of studies that employ U-Pb detrital 



 

zircon geochronology. Acquisition of large datasets has revolutionized provenance and 

stratigraphic analysis and has led to technique broadening and maturation. A surprising 

outcome of several studies focused on deposits of various ages from northern and western 

North America is that significant proportions of zircon age distributions (~50%) appear to 

have been transported thousands of kilometers in fluvial systems from what is now eastern 

North America (Rainbird et al., 1992; Riggs et al., 1996; Dickinson and Gehrels, 2003; Rahl 

et al., 2003; Wright and Wyld, 2003). Interpretations of long distance fluvial transport are not 

restricted to North America; Prokoplev et al. (2008) described evidence of a continent-scale 

fluvial system that persisted on the Siberian craton from Pennsylvanian-Jurassic time. 

However, since such long distance transport of zircon age populations has never been 

observed in any modern system restraint has been urged when making far-reaching source 

interpretations (Bassett, 2000). 

In response to the rapid proliferation of large detrital zircon data sets, significant work 

has been done to ensure results of zircon provenance studies are unbiased and reproducible. 

Sircombe and Stern (2002) suggested changes to commonly used magnetic separation 

techniques to limit the possibility of biasing populations. Dodson et al. (1988), Vermeesch 

(2004), and Andersen (2005) presented statistical strategies for selecting appropriate number 

of grains to analyze per sample. Nemchin and Cawood (2005) discussed U-Pb specific issues 

that commonly affect data quality like 206Pb/238U-207Pb/206Pb age cutoffs and acceptable 

discordance levels. Single and multi-dimensional data visualization techniques were 

discussed (Sircombe, 2000; 2004; 2006; Vermeesch, 2005), statistical methods were 

developed to separate age spectra into individual components (Sambridge and Compston, 

1994), and approaches were proposed for statistical comparison of multiple age distributions 
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(Berry et al., 1998; Sircombe, 1999; Sircombe and Hazelton, 2004).  

In addition to analytical and theoretical appraisals, the assumption of 

outcrop/local/regional age spectrum homogeneity has been evaluated for ancient deposits. 

DeGraaff-Surpless et al. (2003) analyzed zircons from the Cretaceous Methow Basin of the 

southern Canadian Cordillera. They found that age spectrum homogeneity was dependent on 

depositional environment; changes in age spectra for turbiditic deposits occurred in a 

systematic and predictable way, whereas fluvial age spectra were heterogeneous and changed 

unpredictably. Similarly, Sircombe et al. (2001) evaluated field-sampling strategies and 

found that the likelihood of missing important age populations was high if only a single 

sample was analyzed. 

In contrast, few systematic studies have examined detrital zircon transport in modern 

sedimentary environments. Pell et al. (1997) compared expected age distributions for 

basement terranes to age spectra for Quaternary sands of the Australian Continental 

Dunefield. They found most windblown sands had multiple source areas, up to 850 km 

distant, but speculated that recent eolian transport distances were minor and concluded that 

most transport occurred in ancient fluvial and/or shallow marine environments. Sircombe 

(1999) evaluated age spectra for modern beach sands along the east coast of Australia and 

found that age were similar to local basement ages. However, Sircombe (1999) did suggest 

that in certain cases a ‘favorable sedimentary pathway’ could have greater control over 

provenance than source proximity. 

In the fluvial environment, studies that have applied detrital zircon U-Pb techniques 

to modern sediment typically analyze only a single sample from a given system (Goldstein et 

al., 1997; Eriksson et al. 2003; Admidon et al., 2005; Campbell et al., 2005; Iizuka et al., 
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2005; Fletcher et al., 2007). Studies that have analyzed multiple samples from the same river 

have found that significant differences exist between samples (Bodet and Schärer, 2000; 

Rino et al., 2004; Stewart et al., 2008). Only two systematic studies have evaluated behavior 

of detrital zircon age populations along modern rivers with known geologic and geomorphic 

characteristics. Link et al. (2005) found zircon point sources are most useful for establishing 

sediment sources for the Snake River in the northwestern USA and that provenance can be 

difficult to establish when multiple age populations of similar magnitude are present. They 

concluded that Middle Snake River age spectra effectively identified each of significant 

geologic age domains present in the drainage but because of sampling strategy and catchment 

geometry, they were not able to evaluate how spectra are modified during long distance 

transport. Detrital zircon U-Pb age spectra for five samples spaced along the length of the 

Frankland River in Australia show the proportion of Archean grains derived from the upper 

catchment decreases markedly from 100% where the river flows across Archean basement 

rocks to only 25% near the river mouth, suggesting detrital zircons are concentrated close to 

their sources Cawood et al. (1999). 

The discrepancy between limited existing data for modern systems, which suggest 

detrital zircon is concentrated near its source and interpretations of ancient systems, which 

require long-distance transport of dominant age populations, highlights the need for further 

study of zircon transport dynamics. To adequately test the possibility of long-distance zircon 

transport in a modern system, catchment geometry must be organized such that a young 

tracer-population exists only in the headwaters so that zircon reworking does not disturb the 

primary zircon age signal. In this contribution, we address two distinct but interrelated 
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questions: how far and in what proportion can zircons be moved during fluvial transport; and 

how well do individual samples represent regional provenance? 

Setting 

The Amazon River provides the ideal study site. It is more than 6,500 km long (Sioli, 

1984) and provides up to 5000 km of transcontinental transport (Domínguez, 2004) in flow 

that is both uniform and steady on long time and length scales. River gradient east of the 

Andes is very low, ranging from 1.5-4 cm/km for the ~2500 km stretch between Iquitos, Peru 

and the start of the Amazon estuary (Figure 2.1; Birkett et al., 2002; LeFavour and Alsdorf, 

2005). In general, the upper Amazon, known as the Solimões River in Brazil, receives 

sediment from tributaries that drain the high relief Andes and Andean foreland. The lower 

Amazon, below the Negro River confluence, receives Andean derived sediment from the 

upper Amazon and Madeira Rivers as well as material from tributaries that drain low relief, 

highly-weathered rocks of the Amazon Craton (Figure 2.1). The lower 800 km of the 

Amazon, east of Óbidos, Brazil, is tidally influenced with spring tidal range up to 6 m near 

the river mouth (Vital et al., 1998; Archer, 2005). 

The Andean headwaters provide Phanerozoic-aged zircons that are scarcely present 

elsewhere in the basin (Jenks, 1954; Sébrier and Soler, 1991; Atherton and Petford, 1996; 

Schenk et al., 1997; Cobbing, 1999; Schobbenhaus, and Bellizza, 2001). Exposed granitoids, 

which are as young as ~3 Ma, and similarly aged volcanic cover rocks (Sébrier, and Soler, 

1991; Petford et al., 1996; Cobbing, 1999; Campbell et al., 2001), provide young zircons to 

the Amazon system that can be tracked. East of the Andean highlands, the Amazon flows 

across the Amazon Craton, which consists of Archean to Mesoproterozoic igneous and 

metamorphic terranes that generally increase in age downstream (Figure 2.1; de Oliveira, 
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Figure 2.1- The Amazon River and its major tributaries. Map includes sample localities and 
geochronologic age provinces of northern South America (Cordani et al., 2000; Costa et al., 
2000; Hearn et al., 2000; Schobbenhaus, and Bellizza, 2001). Ages provided for basement 
provinces indicate dominate isotopic domain ages; parenthetical appendants indicate 
youngest rock ages within domain (Tassinari et al., 2000). Unshaded areas are covered by 
sedimentary rocks primarily of Mesozoic or Cenozoic age (Hearn et al., 2000).
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1956; Trendall et al., 1998; Tassinari et al., 2000; Costa et al., 2001; Santos et al., 2002). 

Deep late Proterozoic-recent sedimentary basins (Mosmann et al., 1987; Cunha et al., 1994; 

Feijó et al., 1994) overlie the basement and represent potential reworked zircon sources 

where exposed (Tassinari et al., 2000). The Amazon can thus be represented (crudely but 

effectively) as a two-component provenance system, with young source rocks restricted to 

the headwaters and a mainstem dominated by Precambrian basement exposures. 

Methods 

Samples of active sand were collected along the Amazon/Solimões River system 

from the eastern Andes in Ecuador to the onset of tidewater near Santarém, Brazil (Figure 

2.1). Sampling occurred at low flow when fluvial bars were emergent. Care was taken to 

avoid localities where modern fluvial deposits could be confused with ancient deposits or 

areas of human activity. From each locality, approximately 10 kg of bulk sediment was 

collected. 

All sand samples were unconsolidated. Visual inspection showed that the 

overwhelming majority of sand grains were monomineralic quartz with no appreciable 

weathering rind or coating. Bulk-sediment grain-size analysis was carried out on a 

representative aliquot using the procedures of Folk (1965). Approximately 500 g of bulk sand 

was split and dried for geochronology. Heavy minerals were separated using heavy liquids 

(MEI, ρ = 3.3 g/cm3); no hydrodynamic separation was conducted. Separation using a Frantz 

magnetic barrier separator was carried out at very low current (≤0.75 A, 10˚ front and side 

tilt) to remove the most magnetically susceptible heavy minerals without separating zircons 

into groups (Sircombe and Stern, 2002). Zircons were then concentrated in non-magnetic 

heavy mineral separates by removal of non-zircon grains. Zircon concentrates were then 
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moved en masse and placed in rows on adhesive strips, which were later incorporated into 

epoxy discs. Disc surfaces were polished in several steps, first by hand using fine wet/dry 

sandpaper (800, 1000, 2000 grit), then by machine-assisted diamond polishing (6, 1 µm 

particles) to expose fresh zircon cross-sections. Prior to analysis, the length and width of each 

grain was measured using software included with the mass-spectrometer. 

Zircon U-Pb geochronology was conducted by laser ablation multicollector 

inductively coupled plasma mass spectrometry (LA-MC-ICPMS) at the University of Texas 

at Austin. Analytical methods are described in Appendix A. Age spectra for preferred ages 

are plotted using the algorithms of Sircombe (2000). Analyses with 2σ error ellipses that do 

not cross concordia or are >30% discordant (DeCelles et al., 2007) are reported but not 

included in figures or probability density curves used for interpretation. For ages younger 

than 0.9 Ga, 206Pb/238U ages are used; otherwise 207Pb/206Pb (Sircombe and Hazelton, 2004) 

are used. To compare distributions, the Kolmogorov-Smirnov non-parametric test of 

statistical equivalence is employed (Berry et al., 2001). The test procedure is modified 

slightly from the common technique (Press et al., 1986) so that cumulative probability 

functions used to calculate the test value included analytical uncertainties similar to the 

procedure of Fletcher et al. (2007). 

Basin wide geology and geography for display and area calculations utilize 

Geographic Information Systems shapefiles of Schobbenhaus and Bellizza (2001). Drainage 

basin boundaries for area calculations were created using the Seamless Shuttle Radar 

Topography Mission (SRTM) "Finished" 3 Arc Second (~90 meter) digital elevation models 

available from U.S. Geological Survey, EROS Data Center, Sioux Falls, SD. 
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Results 

We measured 3274 new U-Pb zircon grain ages and sizes (Appendix A) for fourteen 

Amazon mainstem and tributary sand samples (Figure 2.1; Appendix B). Tributary samples 

were collected from: (1) an Andean tributary, the Aguarico River in Ecuador, (2) a large 

Andean foreland tributary, the Purus River, and (3) a large lowland cratonal tributary, the Rio 

Negro (Figure 2.1). All mainstem samples (samples #3-15; Figure 2.1) are very fine to 

medium grained, moderately to well sorted sands (Table 2.1). Between 52 and 193 individual 

analyses are presented per sample (Figure 2.2). Predictable changes are visible in major age 

population as the river moves from the Andes to the Atlantic, however age distributions are 

highly variable even within short distances where sediment sources have not appreciably 

changed. To simplify source comparisons, probability density curves have been divided into 

bins that correspond to large-scale northern South American geochronologic provinces and 

plotted against longitude, which is a proxy for river transport distance (Figure 2.3). Bin 

proportion precision, evaluated by bootstrapping subdistributions from a large dataset 

composed of all concordant mainstem zircon age analyses (Appendix C), indicates that major 

changes in age bin proportions are related to actual changes in sample age spectra (Figure 

2.3). 

Andean Aguarico River zircons yielded a single Phanerozoic age mode with only 

minor Precambrian zircon present (Figure 2.2). Age spectra for upper Amazon sand (samples 

#2-10) are dominated by a mid-late Phanerozoic and a Mesoproterozoic mode. Multiple 

subordinate populations exist in several samples including a late Cretaceous/Cenozoic 

population, a late-Cambrian/Neoproterozoic population, and very minor late 

Mesoproterozoic and Paleoproterozoic populations. Compared to upstream samples, lower 
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Figure 2.2- Probability density diagrams showing U-Pb zircon age distributions for modern 
Amazon River sands. Locality numbers on individual plots correspond to numbered samples 
on Figures 2.1 and 2.3. Ages for locality #16 of Rino et al. (2004) are estimated from the 
published histogram. 
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Figure 2.3- Downstream change in zircon age distribution along the Amazon River. Samples 
are sequenced west to east. Sample numbers along the top of the plot and age subdivisions 
are keyed to figure 2.1. Labels within the plot indicate location of major confluences. 
Proportions were calculated using probability density curves, error bars show uncertainties 
estimated using bootsrap methods (Appendix C). Filled points on plot show age distributions 
for tributary sands (Purus and Negro Rivers) and Amazon mouth sample (Rino et al., 2004). 
The overall pattern shows an increase in old zircons (>1.8 Ga) at the expense of the young 
population (<543 Ma). Between sample localities #2 and #14, changes occur abruptly in a 
non-predictable manner. Major tributaries do not appear to disrupt age spectra to a significant 
extent. 
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Amazon age spectra (samples #11-14) are more dispersed and minor populations are more 

frequently present. Although the mid-late Phanerozoic and Mesoproterozoic modes are still 

dominant, modal magnitudes are generally less and variances are larger (Figure 2.2). As 

such, Paleoproterozoic and older zircon grains constitute a more significant proportion of 

lower Amazon age spectra than upstream.  

The age distribution for Purus River sand (sample #17), like upper Amazon sand, is 

dominated by mid-Phanerozoic and Mesoproterozoic age modes. In contrast to upper 

Amazon samples, more Neo- and Paleoproterozoic zircons are present. Negro River sand, 

collected 150 river km from the Amazon confluence (locality #18), includes minor 

Phanerozoic and Neoproterozoic zircon but is dominated by Mesoproterozoic and 

Paleoproterozoic zircon populations. A second Negro River sand, collected only 10 km from 

the Amazon confluence (locality #19), includes a large Phanerozoic age mode as well as 

several significant Meso- and Paleoproterozoic populations. Because of proximity to the 

confluence and similarity to nearby Amazon River age spectra, it is likely that ages in this 

sand show the influence of meander-plain sediment mixing and do not reflect the primary, 

Negro River, age signature. 

Estuarine Amazon River sand (locality #15) collected near the onset of tidal influence 

is devoid of any dominant age population (Figure 2.2). The sand lacks the significant middle-

late Phanerozoic age mode present in all other fluvial samples and includes a significant 

Neoproterozoic population that is present only a minor population in other samples. Near the 

Amazon mouth, Rino et al. (2004) analyzed 369 zircon grains and found only a single 

Phanerozoic grain. Their distribution included minor Neo- and Mesoproterozoic age modes 
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and was dominated by Paleoproterozoic and Archean zircon grains, ages scarcely present 

upstream. 

Discussion 

Zircon age spectra are a catchment-wide product of several factors. The principal 

control on detrital age spectra is areal extent of a particular zircon age population within a 

drainage. Rock composition is also an important factor, Moecher and Samson (2006) contend 

that in extreme cases, Zr enriched terranes can contribute such an abundance of zircon that 

they effectively overwhelm age other age signals. Finally, source area denudation rate 

strongly influences regional zircon contribution. Since zircon is highly refractory under a 

range of surface weathering conditions (Fedo et al., 2003), the majority of zircon present in 

the source remains intact during and after sedimentation (Speer, 1982). Taken together, 

zircon presence and regional denudation rate can be used to calculate idealized detrital zircon 

source yield (kg Myr-1 km-2) with the relationship, 

 

! 

Yield = [Zr]
WR
*
mm

zircon

mm
Zr

* ER* "
WR

 (1) 

where [Zr]WR is the whole rock Zr concentration in ppm, mmzircon is the molar mass of zircon 

in g/mol, mmZr is the molar mass of Zr in g/mol, ER is the erosion rate in km/Myr, and ρWR is 

the bulk rock density in kg/m3 (Figure 2.4). This relationship assumes all source rock Zr is 

partitioned into zircon and is transferred into the clastic load. 

Utilizing this approach as well as measured data from northern South America 

(Stallard, 1985; Roddaz et al., 2005; Georoc Expert Databases, http://georoc.mpch-

mainz.gwdg.de/ [accessed July 2008]), Andean sources are predicted to contribute ~10x 

more zircon than either lowland exposed craton areas or lowland sedimentary deposits 
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Figure 2.4- Idealized zircon yield for the most common rock types of the Amazon drainage 
basin. Andean areas contribute ~10x more zircon per unit area than rocks of lowland 
Amazonia. Yield curves were calculated assuming all Zr is partitioned into zircon and 
constant rock density (2.75 g/cm3). Means and standard deviations used to calculate kernels 
for Zr content and weathering rates were taken from Stallard (1985), and calculated from 
data presented in Roddaz et al., (2005), and large data compilations available as Georoc 
Expert Databases (http://georoc.mpch-mainz.gwdg.de/ [accessed July 2008]).
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(Figure 2.4). Extrapolating these relationships across the entire area of the Amazon drainage, 

approximately 80% of zircon collected at the Amazon mouth are predicted to have been 

transported from the Andes, shield areas should contribute ~5% and lowland sedimentary 

rocks should contribute the ~15%. 

Zircon provenance fidelity 

In the simplest case, all age populations present in a drainage would be represented in 

detrital age spectra in similar abundance. For the Aguarico River comparison is 

straightforward because of its limited size and well known geology. Upstream of the sample 

locality, the 3,500 km2 drainage exposes approximately 2% Precambrian basement, 40% 

Mesozoic and 12% Cenozoic igneous rock, 3% Paleozoic and Mesozoic metamorphic rock, 

and 40% Mesozoic and 3% Cenozoic sedimentary rock (Schobbenhaus and Bellizza, 2001). 

Cenozoic and Mesozoic zircons dominate detrital zircon ages, consistent with basin geology. 

Precambrian zircons grains make up 10% of the age distribution, which slightly over 

represents the presence primary sources of that age within the catchment, however, 

Precambrian grains are probably greatly underrepresented if metamorphic and sedimentary 

rocks, which likely contain abundant recycled Precambrian zircons (Chew et al., 2007; 

Martin-Gombojav and Winkler, 2008), are considered. This indicates that age spectra are not 

simple area integrated mixtures and that factors other than presence contribute to formation 

of detrital zircon age spectra. 

As Andean tributaries flow east and gradient decreases, direct comparison of age 

spectra to basement geology becomes difficult because primary zircon age populations are 

mixed with floodplain deposits that have complex and uncertain age distributions. At Leticia, 

Colombia (locality #2), the drainage area sampled reaches 9 x 105 km2, 60% of which is 
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covered by Cenozoic sedimentary deposits (Schobbenhaus and Bellizza, 2001). Interestingly, 

although Phanerozoic igneous rocks make up just ~10% of the drainage area at Leticia and 

only ~4% near the Negro confluence (locality #10); grains of that age constitute 24-67% of 

the total age probability in the stretch. In contrast, early Mesoproterozoic zircons (~1.1 Ga) 

constitute a dominate population in upper Amazon samples while exposure of 

Mesoproterozoic basement rocks is rare (Miscovic and Schaltegger, 2008). Mesoproterozoic 

grains could potentially have been derived from Andean Paleozoic metamorphic rocks; 

however, if that were the case, a significant Neoproterozoic age population would also be 

expected (Chew et al., 2007). Although ages found in upper Amazon samples are consistent 

with basement ages found upstream, population proportions cannot be explained by source 

exposure. Also, despite gross similarities between upper Amazon samples, changes between 

samples do not occur in a predictable manner (Figure 2.3). Minor modes present in several 

samples are not present in others and significant and unexplained changes in modal 

proportions of major age populations occur.  

Age spectra for sand colleted on the lower Amazon River are characterized by an 

increase in the proportion of Precambrian grains, mostly older than 1.5 Ga. This change is 

consistent with addition of sand from cratonal tributaries like the Negro River (Figure 2.2).  

At the onset of tidal influence, the proportion of Phanerozoic age probability, which 

is ≥24% for all fluvial samples, falls to 12% (locality #15), and the proportion 

Neoproterozoic and early Mesoproterozoic and older detrital grains increases compared to 

strictly fluvial samples. Similarly, Rino et al. (2004) found sand that contained <1% 

Phanerozoic zircon near the Amazon mouth (locality #16) although their sample was 

collected near the mouth of the Vila Nova ou Anauerapucu River and could represent ages of 
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locally derived sand (Figure 2.1; Tassinari et al., 2000). At the present time, Amazon Estuary 

detrital zircon data are inadequate to understand why Andean zircon ages disappear from 

estuarine age spectra. 

Similarity of age spectra 

Differences between mainstem samples are not an artifact of sampling during data 

collection but reflect real population differences among sand samples. Samples collected in 

close proximity are expected to give similar results if sediment is well mixed. The 

Kolmogorov-Smirnov test (Press et al., 1986; Fletcher et al., 2007) successfully rejects the 

hypothesis of age spectrum equivalency at a 95% level of confidence for all but two 

consecutive upper Amazon samples, indicating that mixing is poor for age spectra in that 

river reach or spectra are changed via addition of externally derived zircon (Table 2.2). For 

the lower Amazon, equivalency could not be rejected for four consecutive samples, 

suggesting that better mixing occurs or that addition new zircon with unique ages is minimal 

in that stretch. Comparison of mainstem samples with similar grain size does not indicate that 

poor spectral mixing is related to grain size sorting. 

Basin-wide trends 

Although estimating zircon source yield based on presence has merit in drainages 

with well-known geology like those studied by Cawood et al. (2003) and Link et al. (2005), 

observation of age spectra from Amazon sub-catchments shows that for large drainages, a 

basin-wide zircon budget is difficult to construct. Adding complexity to the task is the fact 

that sedimentation across the majority of Amazonia is a transport-limited process, and 

substantial deposition and recycling occurs on the floodplain (Mertes et al., 1996; Dunne et 
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al., 1998). Because few detrital zircon age analyses exist for Amazonian sedimentary and 

metasedimentary rocks, and active floodplain aggradation occurring, there is little reason to 

expect Amazon River detrital zircon age spectra to proportionally reflect the ages and erosion 

rates found throughout the drainage. In spite of the complexity of zircon transport in the 

Amazon, it is possible to observe obvious trends that exist between sample localities and to 

comment on the importance of several processes that are expected to alter age spectra along 

the course of the river. 

Assuming individual age spectra are regionally representative, which is likely a poor 

assumption, the most abrupt changes occur near the Andean Front and within the estuary 

(Figure 2.3). The decrease in the proportion of Phanerozoic grains proximal to the Andes can 

be explained by the dramatic increase in drainage area and diversity of basement rock types 

between localities #1 and #2. Although Aguarico ages generally confirm the geology of its 

catchment, they characterize only a small region of the Amazonian Andes. The age spectrum 

for the Leticia, Colombia sand, is consistent with derivation from a mixture of Phanerozoic 

Andean igneous rocks and high-grade metamorphic rocks of Peru and Ecuador (Chew et al., 

2007; Miscovic and Schaltegger, 2008). The change that appears to occur in the Amazon 

Estuary is yet to be explained. 

Between the Andes and the Amazon estuary (localities #2-14), age spectra change 

surprisingly little. The proportion of Phanerozoic grains ranges from 24-67% and shows a 

weak decline with longitude, the proportion of 900-1800 Ga grains ranges from 24-59%, and 

the proportion of 543-900 Ma and >1800 Ma grains are below 20%. Although dramatic 

swings in relative proportions occur, such as the 39% increase in the proportion of 

Phanerozoic grains in the 80 km between localities #6 and #7, they do not define trends. In 
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fact, for sand collected near Óbidos (locality #14), 3000 km+ distant from Andean source 

rocks, the proportion of uniquely Andean age probability remains at ~30%. If the presence of 

Precambrian grains in Andean rocks are taken into account, the proportion of Andean derived 

grains could be as high as ~90% if the Leticia sand is taken as the ‘total’ Andean age 

signature. When these results are compared to those for the smaller Frankland River 

(Cawood et al., 2003), commonalities appear. Amazon and Frankland River age spectra are 

dominated by grain ages of the highest relief areas within their drainages. In the Amazon 

Basin, the greatest relief exists in the Andes, whereas in the Frankland catchment the 

dominant age population present at the river mouth outcrops mid-system where a significant 

increase in river gradient occurs. 

Why do age spectra change away from source? 

Destruction 

Zircon is one of the most stable minerals in sedimentary systems (Kalsbeek, 1967), 

especially at sizes typically utilized for geochronology (Poldervaart, 1955). Its hardness (7.5) 

and imperfect or poor cleavage (Deer et al., 1992) make it more resistant to abrasion than 

most other minerals although destruction of less resistant metamict grains has been suggested 

as a mechanism to preferentially destroy zircons from high-U sources and concentrate low- 

to moderate-U zircons (Fedo et al., 2003). Undoubtedly, some abrasion does occur during 

transport, as evidenced by broken and rounded zircon grains in Amazon sediments. Therefore 

as transport distance increases, an overall decrease in zircon grain size should occur.  

Assessing metamict/high-U grain loss is difficult using the techniques employed in 

this study as no U concentration measurements were made. However, assessing grain size as 

a function of transport distance is possible. Phanerozoic zircons in upper Amazon sands are 
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generally larger and than lower Amazon zircons (Figure 2.5) although median zircon size 

correlates positively with median sand size (Table 2.2) so comparisons of zircon size from 

different host-sand sizes is tenuous. Comparison of four fine-grained sands (samples 

#7,8,14,15) that span 1,000 river km show a constant decrease in median Phanerozoic zircon 

size. In spite of notable differences in zircon size between sand samples, a general zircon size 

decrease with transport distance is noted. Therefore, it seems possible that long distance 

transport could preferentially remove far-traveled age populations and preferentially enriches 

age spectra with more proximal source signatures but this process appears to have a minor 

affect an Amazon age spectra. 

Dilution 

Lowland areas with no Andean fluvial links contribute ~70% of the water discharged 

at the Amazon mouth (Gibbs, 1967; Meade, 1994) indicating that a considerable amount of 

the total Amazon sediment output may be cratonally derived. However, only 5-20% of 

Amazon suspended sediment is believed to come from the Amazonian lowlands (Gibbs 

1967; Meade, 1994). For lower Amazon bedload sediment, composition and detrital quartz 

morphology suggest an increased proportion of cratonal detritus (Franzinelli and Potter, 

1985; McDainel, 1998), which is corroborated by the increase in the proportion of 

Mesoproterozoic and older zircon grains as the system progresses eastward (Figure 2.3). In 

the simplest case, large tributaries with distinctive age signatures should act as point sources 

and notable changes should occur in mainstem age spectra; however, no major changes 

appear to occur below large confluences (Figure 2.3). Although age spectra change between 

headwaters and tidewater, the Andean age signature in not significantly diluted as the river 

crosses lowland Amazonia. 
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Figure 2.5- Box and whisker plot of grain dimensions for Phanerozoic Amazon mainstem 
zircons. Red lines in box indicate sample median, lower and upper box edges show the 25 
and 75 percentiles, respectively, and whiskers include all data points that are not considered 
sample outiers (denoted by red crosses; see Martinez and Martinez, 2002). Grain area is the 
calculated product of width and length. Upper Amazon zircon grains are generally larger and 
have wider size ranges than lower Amazon grains; however, changes in zircon size do not 
occur predictably. 
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Aggradation/sequestration/placer formation 

Both temporary storage and basin subsidence can act to sequester zircon grains at 

intermediate locations for long periods of time. Both storage and sequestration occur on a 

large scale in the Amazon basin. In fact, most of the material eroded from the Andes is 

deposited in the sub-Andean sedimentary basin and reworked in rapidly changing foreland 

and lowland river systems (Irion et al., 1995). Johnsson and Meade (1990) documented 

sediment recycling by meandering at Macuapanim Island, Brazil, that reentrained floodplain 

sediment ranging in age between 6 and 125 ka. Räsänen et al. (1987) estimated that in local 

areas of subsidence within the Andean foreland, Quaternary deposit thickness exceeds 1,500 

m. 

When sediment is lost to aggradation, it is reasonable to assume that the coarsest 

and/or densest material is preferentially sequestered in proximal locations. Placer formation 

is common in stable cratonic-settings where depositional energies are high enough for 

sediment reworking (Robb, 2005) and zircon is one of the most common placer minerals 

(Force, 1991). Hypothetically, temporary sequestration coupled with foreland subsidence 

could cause Andean derived zircon grains to be preferentially deposited in western Amazonia 

and downstream Amazon age spectra to be biased toward cratonal ages. It is difficult to 

assess how large a role placer formation and riverbed aggradation play in changing zircon 

age spectra for the Amazon. Andean derived zircon grains are likely lost to the process at a 

higher rate that grains derived directly from the craton; however, enough uniquely Andean 

grains are present along the fluvial Amazon to identify the Andes as a significant zircon 

contributor. 
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Temporary storage/Cannibalism? 

Since 66%+ of the Earth’s surface is covered by sedimentary deposits (Blatt, 1992) 

and large rivers tend to traverse wide alluvial plains prior to reaching base level, sediment 

recycling is inevitable and can occur on a very large scale. The Amazon Basin is no 

exception; Cenozoic sedimentary deposits underly >50% of the catchment and a large 

proportion of active sediment is recycled. Dunne et al. (1998) estimated that annual input 

into the Brazilian Amazon is >100% output at the onset of the Amazon estuary and that net 

accumulation occurs on the floodplain. This means that a great deal of Andean derived 

sediment spends time in storage on the floodplain and that detrital zircon age spectra could 

deviate from those expected from solely primary zircon sources. Quantifying the ratio of 

first-cycle zircon to reworked grains in a sample is difficult and more sophisticated 

techniques, such as geo/thermochronologic double dating (e.g. Campbell et al., 2005) may be 

better suited to answer this question; however, preliminary conclusions may be drawn from 

our data. 

Detrital zircon data for three poor-moderately consolidated formations with unique 

age spectra that crop out along the banks of the lower Amazon allow for observation of the 

affects of floodplain recycling. Age spectra for the areally restricted Miocene Iranduba and 

Novo Remanso formations and the extensive Late Cretaceous Alter do Chão Formation 

(Mapes , this text) are uniformly Early Proterozoic detrital and dissimilar to any observed age 

spectra for the mainstem Amazon (Mapes, this text). Even after ~1000 km of flow that is 

sometimes in direct contact and always in close proximity to these deposits, the Early 

Proterozoic zircon age population remains minor in Amazon age spectra. Although Miocene 

and Cretaceous deposits are not a perfect analogue for recent floodplain sediments because of 
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their slightly higher degree of consolidation, addition of these deposits to active river 

sediment seems to have little affect on Amazon age spectra. 

How thorough is mixing? 

Local age spectrum similarity has never been directly evaluated for modern sediment 

but DeGraaff-Surpless et al. (2003) suggested that thorough mixing is not a safe assumption 

in fluvial deposits. If bedload homogenization is a normal phenomenon, Amazon River 

sediment should be well mixed because of long transport distance and duration and because 

flow is relatively constant year-round. Significant differences exist between samples 

collected in close proximity to one another (Table 2.3) suggesting poor sediment mixing 

(Figure 2.2). Comparison of individual sample spectra to a composite mainstem age 

distribution (samples #2-15; Table 2.3) reveals that thirteen mainstem samples are 

statistically different from the composite dataset, indicating that they do not represent a 

homogeneous background population. Although age modes do correlate with the source rock 

ages, modal magnitudes do not reflect catchment outcrop proportion or relative sediment 

contribution. Until local controls on detrital zircon population transport are better understood 

in a range of sedimentary environments (e.g. Lawrence, 2008), we suggest that age spectra 

modal magnitudes continue to be used as a qualitative measure of source contribution. 

Conclusions 

Age spectra for Amazon River sand record the range of sources that exist within the 

drainage basin in a qualitative sense and prove that long-distance fluvial transport of detrital 

zircon populations is possible. Zircons with uniquely Andean ages make up ~30% of the total 

age spectrum in sand collected at the onset of the Amazon estuary, 3000+ km displaced from 
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their igneous/high-grade metamorphic sources after transport in what is close to the worst-

case scenario in terms of harshness of chemical weathering, sediment trapping on highly-

vegetated banks, and aggradation in an active foreland basin. The actual proportion of 

Andean derived grains is likely larger, possibly as high as 90%, if Precambrian grains 

recycled from Andean sedimentary and metasedimentary rocks are considered. Furthermore, 

it does not appear that destruction, aggradation, dilution, or recycling have a significant effect 

on altering the primary, Andean age signature. These results indicate that the major control 

on zircon age spectra is relative stream gradient: areas with higher relief contribute the most 

zircon. Significant differences between age spectra, even for samples collected in close 

proximity, indicate that sediment mixing in the fluvial environment is not thorough enough to 

yield a characteristic and uniform age signal and therefore, age population proportions should 

not be used to quantitatively assess catchment geology or geography. 
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CHAPTER 3 

PROVENANCE FIDELITY: AN EXAMPLE FROM THE MODERN AMAZON 
RIVER 

Abstract 

A major pitfall of sediment provenance analysis is that it is often difficult to 

distinguish primary source signatures from those created by chemical alteration. Comparison 

of results for several techniques suggests that for modern Amazon River sediment, transport 

and weathering occur at different rates for specific portions of the clastic load. Whereas 

chemically labile minerals such as feldspars, micas, and amphiboles are common in sediment 

derived from areas dominated by physical weathering and high sediment output, clay 

minerals, quartz, and zircon are concentrated in catchments with strong chemical weathering 

and low sediment output. Provenance indicators that focus on suspended sediment best 

describe weathering conditions and rocks from high-relief source regions. Proxies that utilize 

bedload material do a better job at describing weathering conditions and rocks from low-

relief source areas. The difference appears to be related to the amount of time detritus spends 

in transport across the Amazonian lowlands; most suspended sediment is transported and 

deposited before it can be fully altered by chemical processes whereas bedload sediment 

travels more slowly and is strongly altered by chemical weathering. These results indicate 

that when possible, multiple provenance indicators with different responses to chemical 

weathering should be used to create a more complete source rock picture and weathering 

history when studying sedimentary rocks.  



 

Introduction 

Provenance studies address phenomena that occur over a wide range of spatial and 

temporal scales; studies of modern fluvial systems commonly focus on small, upland 

catchments where detritus can be linked directly to source rocks (e.g. Amidon et al., 2005; 

Ruhl and Hodges, 2005; Lease et al., 2007) whereas studies of ancient deposits commonly 

attempt to describe the history of sediment derived in large catchments that may have 

included multiple distinct source regions. In many cases, a primary goal of provenance 

investigation is identification of source connections that have been lost due to drainage 

reorganization, erosion, or tectonic displacement (e.g. Dickinson and Gerhels, 2003; Goodge 

et al., 2004; Prokoplev et al., 2008). A number of techniques are used to establish sediment 

provenance and each has inherent strengths and weaknesses. 

When comparing interpretations from studies that have employed different 

techniques, it is important to understand which proxy was used and how it responds under a 

range of conditions. For instance, modal sand composition provenance uses relative mineral 

abundances and other petrographic criteria to infer sand source (Dickinson and Suczek, 

1979). These techniques work well for first-cycle unaltered sediments but in ancient deposits 

where climate change, tectonic rearrangement, and post-depositional alteration have 

occurred; interpretations become less certain (Blatt et al., 1972; Potter, 1978; Franzanelli and 

Potter, 1983; Basu, 1985). Bulk sediment geochemical and isotopic techniques provide 

provenance averages that are weighted over entire drainage basins; as a result, they may be 

poor for identifying minor sources. Single mineral or mineral suite analysis is conducted on 

minerals that contain precise source information but unless a large number of grains is 

analyzed, significant detrital populations can go undetected (Vermeesch, 2004; Andersen, 
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2005). Detrital quartz and zircon are resistant to weathering so they are able to give long-

term provenance information that may have survived through multiple sedimentary cycles 

(Pettijohn et al., 1972) and as a result, can be biased toward reworked sedimentary sources. 

In contrast, feldspar, mica, and other minerals, which are generally unstable under surface 

and diagenetic conditions, are commonly assumed to be first-cycle (Helmold, 1985; Haines 

et al., 2004; Gutiérrez-Alonso et al., 2005) and derived from localities of low chemical 

weathering rate or high gradient and transport rate (Dickinson, 1985). Thus, whereas some 

provenance indicators may be biased toward the area that provides the most detritus, others 

are weighted toward basin-wide geology or previous drainage configurations. 

In addition to source composition and weathering, transport mechanism and rate play 

a major role in shaping sediment composition. Transport rates for suspended sediments are 

much higher than those for the bedload (Nordin, 1985). Similarly, empirical evidence shows 

that within the bedload, grain size and average grain density differences can lead to variable 

transport rates (Trask, 1952; Poldervaart, 1955; Clemens and Komar, 1988). Thus, potential 

technique shortcomings must be understood when selecting appropriate provenance 

indicators.  

Because a sizable petrographic, geochemical, and isotopic dataset has been created 

for modern Amazon River sediment, it is well suited for comparing the results of different 

provenance techniques. This paper focuses on the similarities and differences between 

several common provenance proxies and discusses which techniques are most useful at 

describing source rock relationships and weathering conditions that exist across the Amazon 

Basin. Henceforth, it will be necessary to discuss active sediments, ancient sediments, and 

sedimentary rocks. In general, discussion focuses on processes that occur on clastic sediment 
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prior to lithification and/or diagenesis; therefore, material is referred to as sediment 

independent of current state.  

The Amazon River 

At over 6 x 106 km2, the Amazon River system is the largest drainage basin in the 

world (Archer, 2005) with river discharge on the order of 6.3 x 1012 m3/yr (Meade, 1996). 

Because the catchment straddles the equator, maximum discharge is only 2-4x minimum 

(Meade et al., 1991). The Amazon delivers 1.1-1.3 x 109 tons/yr of suspended sediment to 

the Atlantic Ocean (Meade, 1994) with bedload sediment yield estimated to be 1-6% of 

suspended sediment output (Posada and Nordin, 1992; Dunne et al., 1998). Gibbs (1967) 

estimated that 82% of suspended sediment discharged at the Amazon mouth is Andes derived 

but more recent estimates have increased the proportion to 90-95% (Meade, 1994). 

Physiographically, the Amazon basin is extremely varied (Figure 3.1). The Andes, 

which are largely above 3,000 m elevation, make up approximately 12% of the basin area, 

the Andean foreland makes up approximately 25%, shield areas, predominantly below 600 m 

elevation, make up 25%, and lowland sedimentary deposits comprise the remaining drainage 

area. East of the Andes, the Amazon has low gradient; a series of structural arches breaks the 

river into gradient domains that range from 1-4 cm/km (Mertes et al., 1996; LeFavour and 

Alsdorf, 2005). 

The geology of the basin is also diverse (Figure 3.1). The Amazonian Andes are made 

up predominantly of Paleozoic and Mesozoic metasedimentary rocks that are intruded by 

Mesozoic and younger plutonic rocks and blanketed by Late Cretaceous and Cenozoic 

volcanic cover (Feninger, 1982; Cobbing, 1985; Benavides-Cáceres, 1999; Petford et al., 

1996; Chew et al., 2007). The northern Andean foreland system is composed mainly of 
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Figure 3.1- Generalized geology of the Amazon basin and surrounding areas. Note that 
young Andean rocks are only present at the headwaters of the drainage and that Precambrian 
basement rocks are present downstream. Sedimentary rocks of the lowlands and 
metamorphic and sedimentary rocks of the Andes have been stripped away. After Cordani et 
al. (2000), Costa et al. (2001), and Schobbenhaus and Bellizza (2001). 
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Miocene and younger clastic deposits derived largely from Andean erosion (Roddaz et al., 

2005; Räsänen et al., 1995, Hovikoski et al., 2005). East of the Andes, several southeast-

northwest trending Archean-Mesoproterozoic basement provinces compose the Amazon 

Craton (Figure 3.1; Teixeira et al., 1989; Tassinari et al., 2000). The Amazon River 

mainstem runs along the axis of a late Precambrian aulacogen (Szatmarim, 1983; Burke and 

Lytwyn, 1993) filled by Neoproterozoic to recent sedimentary deposits and mafic volcanics 

(Figure 3.1; Milani and Tomaz Filho, 2000).  

The Amazon Basin can be separated into three weathering/geologic domains: (1) The 

high Andes, dominated by physical weathering processes and high sediment output (~900 

t/km2/yr; Irion, 1991) and where the majority of Phanerozoic igneous and metamorphic rocks 

exist. Climate varies within the Amazonian Andes: local glacial and arid environments exist 

but conditions are generally warm and wet (Figure 3.2). (2) The Andean foreland region is 

composed mainly of early to mid-Cenozoic, poorly lithified Andean-derived sediments 

(Roddaz et al., 2005) that have been subjected to intense chemical weathering and are 

currently undergoing fluvial reworking. (3) The Amazonian lowlands, which make up the 

largest area of the drainage are characterized by a tropical climate and wide expanses of 

highly chemically weathered Precambrian igneous and metamorphic rocks and Precambrian-

Quaternary sedimentary deposits (Schobbenhaus and Bellizza, 2001) with low sediment 

output (~10 t/km2 yr-1; Irion, 1991). The configuration of the Amazon Basin is ideal to test 

the soundness and usefulness of several provenance techniques because each geologic end-

member case (young volcanic-arc rocks/ancient cratonal rocks) is also separated in terms of 

dominant weathering style. 

51



 

 
 
 
 
 
 
 

 
Figure 3.2- Average climatic conditions of northern South America. Color scale shows mean 
annual temperature. The Amazon basin (shown by red polygon) is characterized by hot and 
wet conditions. Contours show mean annual precipitation. Data from NOAA Observing 
Systems Architecture (NOSA). 
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Methods and Results  

New Nd-isotope data were collected for seven widely spaced, active-channel sands 

from the mainstem Amazon River between the Andean foreland and the Amazon Estuary. In 

addition, data were collected for one sample from the Aquarico River, an Ecuadorian Andean 

tributary, a sample from the Madeira River, an Andean sourced river that traverses the 

Andean foreland and Amazon craton prior to joining the Amazon, and one sample from the 

Negro River, a large cratonal tributary (Figure 3.1). Bulk-sand samples were collected during 

low flow from emergent river bars between the Andes and the Amazon estuary. Sand 

samples were crushed to a powder using an alumina ceramic shatterbox. Powders were 

dissolved and samarium and neodymium were separated by cation exchange 

chromatographic column chemistry. Analysis was carried out by thermal ionization mass 

spectrometry at the University of North Carolina at Chapel Hill following the procedure of 

Kylander-Clark et al. (2005). Results are reported in table 3.1 and data are further described 

in Nagy (2008). For nine of the same samples, detrital zircon ages were also collected 

(Figure 3.1; Mapes, this text). 

In addition to new data, a large geochemical, isotopic, and mineralogic database for 

Amazon River bedload and suspended sediment was created (Table 3.2). All data used were 

collected from bulk-sediment samples unless otherwise required by the particular provenance 

technique. Sampled material includes active sediment, recent floodplain deposits, and 

subaqueous delta and fan deposits. All samples presented are late Pleistocene in age or 

younger and although weathering zones may have locally reorganized since the late 

Pleistocene (Anhuf et al., 2006), no noticeable temporal distinction is apparent in the data 

and information is regarded equally. 
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Table 3.1- Results of Nd-isotope analysis of Amazon River sand. 

Sample- 
River 

Longitude 
(W) 

Latitude 
(S) 

Sm 
(ppm) 

Nd 
(ppm) 143Nd/144Nd 147Sm/144Nd εNd 

TDM 
(Ga) 

1- Aguarico 77.3057 0.0486 5.483 28.988 0.512498 ± 0.000017 0.1143 ± 0.0009 -2.73 0.84 
2- Amazon 69.9490 4.1519 5.029 25.156 0.512355 ± 0.000018 0.1209 ± 0.0012 -5.52 1.13 
3- Solimões 64.7815 3.2208 2.847 14.861 0.512385 ± 0.000008 0.1158 ± 0.0008 -4.94 1.03 
4- Solimões 62.8996 3.9256 5.192 25.940 0.512242 ± 0.000013 0.1210 ± 0.0007 -7.73 1.36 
5- Solimões 62.2238 3.7891 5.283 27.239 0.512246 ± 0.000008 0.1172 ± 0.0010 -7.64 1.26 
6- Negro 61.0622 2.4352 0.525 2.900 0.511694 ± 0.000010 0.1094 ± 0.0008 -18.42 1.97 
7- Solimões 60.3076 3.2979 5.011 24.953 0.512245 ± 0.000007 0.1214 ± 0.0013 -7.67 1.36 
8- Madeira 58.3740 3.1599 2.624 12.878 0.512229 ± 0.000009 01232 ± 0.0010 -7.97 1.38 
9- Amazon 56.3744 2.2836 4.778 24.775 0.512122 ± 0.000023 0.1166 ± 0.0013 -10.07 1.47 
10- Amazon 54.3715 2.4326 4.075 22.320 0.512190 ± 0.000035 0.1104 ± 0.0023 -8.73 1.26 

Nd data normalized to 146Nd/144Nd = 0.7219 
Epsilon-Nd calculated assuming 143Nd/144Nd = 0.512638. 
Depleted mantle model ages (TDM) calculated using the method of DePaolo (1981).
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Table 3.2- Comparison of source interpretations results for several provenance indicator on 
modern and recent Amazon river sediment. 

Technique Location Provenance Interpretation References 
Suspended Load 
Petrography Entire basin ~82% of the suspended sediment discharged by 

the Amazon is Andean derived 
Gibbs, 1967; Irion, 1983; Martinelli 
et al., 1993; Meade, 1994; 
Michalopoulos and Aller, 1995; 
Vital et al., 1999; Allard et al., 
1999; Guyot et al., 2007 

Major element 
geochemistry 

Amazon 
floodplain, 
and river 
mouth 

CIA indicates a dominantly cratonal source for 
river mouth sediment and Andean source for 
floodplain sediment; ICV indicates a highly 
weathered source 

Martin and Maybeck, 1979; 
Sholkovitz and Price, 1980; 
Stallard, 1985; Martinelli et al., 
1993; McDaniel, 1998; Elbaz-
Poulichet et al., 1999; Vital and 
Stattegger, 2000 

Trace element 
geochemistry 

Mainstem 
from Iquitos, 
to the river 
mouth 

Trace elements indicate a cratonal, highly 
weathered source; REE data are ambiguous 

Martin and Maybeck, 1979; 
Gordeev et al., 1985; Goldstein 
and Jacobsen, 1988; Nesbit et al., 
1990; Gaillardet et al., 1997; 
McDaniel, 1998; Vital and 
Stattegger, 2000; Gerard et al., 
2003; Roddaz et al., 2005 

Bulk sediment 
isotope 
geochemistry 

Lower 
Amazon  

All isotope systems point to dominantly Andean 
provenance 

McDaniel, 1998; Asmerom and 
Jacobsen, 1993; Gaillardet et al., 
1997; Allegre et al., 1996 

Bedload 
Petrography Entire basin Andean bulk sediments are characteristic of 

active continental source; foreland, lowland 
cratonal, and mouth bulk sediments indicate a 
dominantly highly weathered or recycled 
source; heavy minerals near the mouth 
indicate an Andean source 

Stein (1979); Sedimentation 
Seminar, 1981; Franzinelli and 
Potter, 1983; Johnsson and 
Meade, 1990; Potter and 
Franzinelli, 1985; DeCelles and 
Hertel, 1989; Johnsson et al., 
1990; Konhauser et al., 1994; 
McDaniel et al., 1997; McDaniel, 
1998; Vital et al., 1999; Rimington 
et al., 2000 

Major element 
geochemistry 

Entire basin Major element data are mixed; SiO2 content is 
high indicating a highly weathered or recycled 
source; K2O/Na2O, Al2O3/SiO2, indicate a 
mixed igneous and recycled/chemically 
weathered source. 

Franzinelli and Potter, 1985; 
Konhauser et al., 1994; McDaniel, 
1998; Vital and Stattegger, 2000 

Trace element 
geochemistry 

Madeira 
headwaters, 
middle-
Amazon  

Madeira foreland sediment is consistent with 
derivation from craton-like rocks, possibly 
reworked Andean metasediments; middle-
Amazon sediments have a mafic igneous 
signature; REE yield ambiguous results 

Basu et al., 1990; Konhauser et 
al., 1994; Vital and Stattegger, 
2000; McDaniel, 1998; Gerard et 
al., 2003 

Bulk sediment 
isotope 
geochemistry 

Entire basin Bulk sediment Nd-model ages and εNd become 
more craton-like downstream except for 
analyses taken from the Madeira headwaters 
which are similar to values at the Amazon 
mouth. Nd-isotope values for size splits 
suggest a range of cratonal sources. Sr- and 
Pb-isotopes yield ambiguous results.  

Goldstein et al., 1984; Basu et al., 
1990; McDaniel, 1998 

Single mineral 
geochronology 

Entire basin Amazon River zircon samples suggest mixed 
Andean and far western cratonal sources with 
little input from the eastern craton. Mouth 
zircon samples indicate an eastern cratonal 
source. All K-bearing minerals indicate near 
total derivation from the Andes 

McDaniel, 1998; Rino et al., 2004; 
Mapes, this text 
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Suspended sediment- Petrographic techniques 

Gibbs (1967) characterized Amazon basin suspended sediment concentration and 

composition. He found that Andean tributaries have high total suspended sediment 

concentrations with particle sizes ranging from <0.2 µm to >1000 µm composed of quartz, 

kaolinite, high-temperature mica, montmorillonite, feldspar, and chlorite, consistent with a 

dominantly physical weathering of igneous and metamorphic rocks. Cratonal river suspended 

sediment has a much narrower size range (0.2-6 µm) and lower total suspended sediment 

concentrations. Compositionally, intensely chemical weathered cratonal tributary sediment is 

dominated by kaolinite with only minor amounts of mica, quartz, and gibbsite. Gibbs (1967) 

found that the overall composition of the suspended sediment released into the Atlantic was 

slightly finer grained but has almost identical mineralogy to that of Andean tributaries and 

determined that 82% of the total suspended solids discharged by the Amazon are of Andean 

origin. 

Suspended sediment- Bulk-sample geochemical techniques 

Major element data for Amazon suspended sediment and recent mud deposits yield 

varied results. Geochemical indices sensitive to weathering conditions indicate that chemical 

weathering is strong. The chemical index of alteration 
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of Nesbitt and Young (1982) gives values of 79 ± 3 (1σ) for 17 samples of Amazon mouth 

mud, consistent with values published by Pettijohn (1975). These values are high when 

compared with unweathered granite values of ~50 or average shale (70-75) and are 

characteristic of fine-grained sediments that have undergone extreme chemical weathering 

(Nesbitt and Young, 1982). Amazon mouth CIA values are indistinguishable from lowland 
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tributary values (80 ± 4, n = 7) indicating a highly weathered, dominantly lowland source for 

Amazon suspended sediment. In contrast, recently deposited, fine-grained floodplain 

sediment collected from a 2,400 km stretch of the Amazon yield consistently lower values 

than mouth samples (Martinelli et al., 1993). Values for CIA, in general increase from ~60 in 

the most upstream sample to 78 in the most downstream sample. Index of compositional 

variability, 
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values (Cox et al., 1995) for Amazon suspended sediment change little as the river traverses 

the craton. Values of K2O/Al2O3 for mainstem samples (0.15 ± 0.03, n = 39) and for cratonal 

tributaries (0.13 ± 0.02, n = 8) indicate that clay minerals dominate the suspended load and a 

moderate to high degree of chemical weathering is characteristic of the sediment source area 

(Figure 3.3). 

Trace element ratios (Th/Sc, Th/U; McLennan et al., 1993) for Amazon suspended 

sediments are most consistent with a cratonal (average continental crust) or recycled 

sedimentary detrital source. Rare earth element (REE) values for fine-grained Amazon 

sediment display chondrite-normalized light-REE enrichment and flat heavy-REE trends 

with ubiquitous negative Eu anomalies (Eu/Eu* = 0.7 ± 0.1, n = 25; Figure 3.4). Compared to 

the North American shale composite (NASC; Gromet et al., 1984) values are generally 

enriched (1-10x). Cratonal tributary suspended sediment has similar chondrite normalized 

light-REE abundances and are slightly less enriched in heavy-REE (Figure 3.4). All trends 

are consistent with derivation from old upper continental crust or young volcanogenic crust 

(McLennan et al., 1993).  
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Figure 3.3- Major element ratios for Amazon River suspended sediment (Cox et al., 1995). 
Compositions do not change noticeably along the lower reaches of the Amazon River and 
reflect presence of immature clay and non-clay silicate minerals, indicating dominantly 
Andean provenance. 
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Figure 3.4- Chondrite normalized rare earth element diagram for Amazon River sediment. 
Rare earth element concentrations are higher for Amazon mainstem samples than for cratonal 
tributaries reflecting the higher abundance of Andean derived minerals. 
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Suspended sediment- Bulk-sample isotopic techniques 

A compilation of suspended sediment values for the major isotope systems (Nd, Sr, 

Pb) gives three to six values along the entire length of the Amazon, which are concentrated in 

the between the Negro River confluence and the Amazon mouth. For all major systems, 

mainstem Amazon values vary little with location but appear to show a shift toward more 

cratonal values with distance from the Andes that correspond to introduction of detritus from 

cratonal tributaries. For example, in the Nd-system three Amazon suspended sediment 

analyses have εNd values between -8.3 and -10.2 and Nd-model ages (DePaolo, 1981) ranging 

from 1.3-to 1.6 Ga, the furthest downstream yielding the lowest and oldest values 

respectively. Cratonal tributaries contribute sediment in much lower abundance (Meade, 

1994) with εNd values between -11.6 and -21.9 and Nd-model ages from 1.6-2.0 Ga, which 

likely accounts for the downstream decrease in εNd and increase in model age (Figure 3.5). 

Fine-grained deposits of the Amazon delta and fan have Nd-model ages around 1.5 Ga. For 

the Sr-system, few data exist, but a slight increase in 87Sr/86Sr appears to occur between the 

Negro confluence and the river mouth, which is consistent with addition of cratonally derived 

suspended sediment. The isotopic signature of Amazon suspended sediment is dominantly 

Andean but ancient cratonal rocks, especially in the downstream reaches of the river, have a 

noticeable effect on isotopic composition. 

Bedload sediment- Petrographic techniques 

Franzinelli and Potter (1983) described active sediment for ninety-five samples from 

the mainstem Amazon and many of its tributaries. They found that Andean tributary sands 

were generally lithic arenites, similar to beach sands found on the South American Pacific 

coast (Potter, 1986). Sands of tributaries draining the Andean foreland and lowland craton 
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Figure 3.5- Neodymium depleted-mantle model ages and mean detrital zircon ages for bulk 
Amazon River sediment vs. sample longitude. Longitude roughly corresponds to river 
distance from the headwaters. Error bars on some bedload samples represent range of values 
gathered from grain size splits of bulk sands (Goldstein et al., 1984; McDaniel, 1998). 
Dashed vertical tie lines connect mean detrital zircon grain ages (Mapes, this text) to Nd-
model ages for bulk-sand analyzed from the same samples. Amazon Basin basement rock 
isotopic ratios and ages were taken from McCourt et al. (1984), Miller and Harris (1989), 
Soler and Rotach-Toulhoat. (1990), Petford et al. (1996), Restrepo-Pace et al. (1997), Kay et 
al. (1999), Macfarlane (1999), Ordonez Carmona and Pimental (2002), Egenhoff and 
Lucassen (2003), and Roddaz et al. (2005). 
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are generally sublithic or quartz arenites. They also found that quartz abundance increases 

downstream along the Amazon mainstem to the extent that sands become sublithic or quartz 

arenites near the river mouth indicating a mature, highly reworked or humid cratonic 

provenance for the entire basin. However, McDaniel (1998) points out that the abundance of 

both rounded and angular quartz attests to significant contribution of highly weathered 

material from both the craton and Andean foreland respectively. Franzinelli and Potter 

(1983) suggest that long-distance transport of sediment rich in labile minerals and rock 

fragments in a humid environment and short-term sedimentary storage can lead to formation 

of quartz arenites in first cycle sands. A case study conducted on recent Amazon deposits at 

Macuapanim Island, northwestern Brazil (Johnsson and Meade, 1990) agrees and further 

concludes that transformation of sands from lithic arenites or arkoses to quartz arenites can 

occur within floodplain sediments in less than 125 k.y. Franzanelli and Potter (1983) point 

out that mica content decreases rapidly once sand leaves the Andes and feldspar content 

remains relatively constant (~3%) along the entire length of the Amazon. They also note that 

sands of low relief, chemical weathering dominated, cratonal drainages are characterized by 

coarse quartz grains that are similar in size and shape to igneous and metamorphic quartz of 

cratonal source rocks. 

Stein (1979) studied Amazon River heavy minerals and found that Andean rivers are 

dominated by hornblende and epidote ± hypersthene. Cratonal rivers contain negligible labile 

heavy minerals, indicating conditions of intense chemical weathering. Vital et al. (1999) state 

that zircon content does not increase downstream and that epidote and hornblende content are 

high near the Amazon mouth, consistent with derivation from Andean source rocks. Zircon-

tourmaline-rutile indices (Hubert, 1962) are low for Amazon mouth sands (7-15) when 
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compared to cratonal tributaries (49-68) indicating that Andean sources dominate heavy 

mineral composition (Vital et al., 1999). 

Bedload sediment- Bulk-sample geochemical techniques 

Bedload bulk-sediment chemical composition is useful for understanding both 

sediment source tectonic environment and synsedimentation weathering conditions. In 

general, Amazon bedload material is enriched in SiO2 relative to potential source rocks, 

indicating a high degree of chemical weathering or sediment recycling. However, other 

indicators of chemical weathering and/or sediment recycling (e.g. K2O/Na2O and 

Al2O3/SiO2) are highly variable and suggest a range of possible tectonic environments for 

sediment sources (Roser and Korsch, 1986). 

Madeira River Th/U ratios (Bhatia and Crook, 1986) are consistent with a mixed 

primitive-arc/cratonal source whereas Amazon sands collected above the Madeira confluence 

suggest a dominantly primitive arc source. Madeira River headwaters sand have Th/Co 

(Cullers et al., 1988) that are consistent with a dominantly granitic/cratonal source whereas 

Amazon sands suggest a more primitive, mafic-igneous source. Rare earth elements in 

Amazon River sand are slightly less enriched than in suspended sediments but display similar 

patterns and Eu anomalies (Eu/Eu* = 0.63 ± 0.06). Mainstem Amazon chondrite-normalized 

REE trends are similar to those for cratonal tributaries only more enriched (Figure 3.4). 

Bedload sediment- Bulk-sample isotopic techniques 

The Nd system is the best-represented isotopic system for Amazon River bedload 

sediment (Figure 3.5). For Andean tributary and mainstem sand of the upper Amazon 

drainage, εNd and Nd-model ages change eastward, from -2.7 to -10.0 and 0.84 to 1.44 Ga 
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respectively, indicating that sand has dominantly Andean sources proximal to the Andes and 

an increased abundance of cratonal detritus downstream. In contrast, Nd-data for sand 

collected from Andean tributaries of the Madeira River (εNd = -10.1 ± 1.5, TDM = 1.46 ± 0.10 

Ga, 1σ, n = 20; Basu et al., 1990) are similar to values of the western Amazon Craton and 

lack any appreciable geographic trend. Bulk Amazon mouth and Pleistocene fan sands 

analyzed by McDaniel (1998; -8.7 and 1.54 Ga) and Goldstein et al. (1984; -9.2 and 1.36 Ga) 

are similar to Madeira headwaters sands but also appear to extend the trend toward increasing 

model age of Amazon mainstem sand. In addition to bulk-sediment Nd-isotope values, 

Goldstein et al. (1984) and McDaniel (1998) presented Nd-analyses for bedload sediment 

grain size fractions and found that individual fractions from single samples yielded highly 

varied results (Figure 3.5). For example, one sample for which eight size splits were analyzed 

gave model ages between 1.43 Ga and 2.03 Ga, a range almost equal to the entire range for 

bulk-sands across the drainage basin. The oldest model ages in that sample were restricted to 

the coarse-silt size fraction (62.5-31.25 µm), suggesting that heavy minerals concentrated 

that size split were recording a more cratonal provenance. 

Only Basu et al. (1990) studied Sr-isotopes for bedload sediment in the Amazon 

Basin in the headwaters of the Madeira River. Their results for twenty analyses are very 

consistent (87Sr/86Sr = 0.720 ± 0.003) suggesting derivation of detritus from the western 

Brazilian Shield with little to no indication of sediment input from juvenile Andean rocks 

(Harmon et al., 1984; Beckinsdale et al., 1985; Soler and Rotach-Toulhoat, 1990; Ordonez 

Carmona and Pimental, 2002). This result is somewhat surprising because the samples from 

eastward flowing rivers were collected in locations located west of the easternmost exposure 
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of Precambrian basement rocks possibly suggesting reworking of material from older 

deposits.  

McDaniel (1998) presented whole rock Pb-isotope values for Amazon delta and fan 

sands. Bulk-sand Pb-ratios for three sands from two boreholes yielded similar results 

(206Pb/204Pb: 18.974-19.036, 207Pb/204Pb: 15.673-15.707, and 208Pb/204Pb: 38.91-39.01). 

Comparison to Pb-isotope ratios to ratios for Andean and cratonal rocks show that sands have 

unremarkable common-Pb ratios that lie in regions of significant overlap between potential 

sediment source regions (Harmon et al., 1984; Todsal, 1996; Tyrrell et al., 2006). 

Bedload sediment- Single grain geochronologic techniques 

McDaniel (1998) presented 40Ar/39Ar ages for 103 detrital feldspar, biotite, and 

hornblende grains from the modern Amazon delta and the Pleistocene fan (~25 ka). She 

found that 81% of the grains yielded ages younger than 250 Ma, consistent with derivation 

from Andean rocks. As for grains with cratonal ages, only five were found; three ~1.1 Ga 

aged feldspars and two feldspars with imprecise ages older than 1.5 Ga (Figure 3.6). In 

contrast, Rino et al. (2004) reported U-Pb and Pb-Pb ages for 369 single detrital zircons 

separated from a sample collected nearby at Santana Island, near Macapá, Brazil. Their two 

most significant age modes were centered at ~2.0 and ~2.6 Ga, a third, less significant mode 

was centered near 1.1 Ga. Unlike the feldspar, biotite and hornblende ages, 76% of the 

zircons analyzed were in the age range 2-3.5 Ga and only a single Phanerozoic-aged grain 

was identified. Detrital zircon data for fifteen samples collected on the Amazon mainstem 

between the Andean foreland and the Amazon Estuary (Mapes, this text) yielded very 

different results from the mouth zircon and the delta and fan feldspar, biotite, and 

hornblende. When results for all samples are combined (2003 grains), two major age peaks 
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Figure 3.6- Age spectra for single-grain geochronology of various minerals from active and 
recently deposited sediment samples from the Amazon River. Ages used for probability 
density curve of Amazon delta zircons were estimated from histograms provided by Rino et 
al. (2004). Labile K-bearing minerals yield dominantly Andean ages while detrital zircon 
grains yield mixed Andean and cratonal ages. 
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exist at ~250 Ma and ~1.1 Ga. In all, 82 % of the zircon collected on the continent yielded 

ages younger than 1.3 Ga. 

To allow direct comparison of detrital zircon ages (Mapes, this text) and Nd-model 

ages for the same samples, mean zircon age has been calculated (Figure 3.5). Mean zircon 

ages are consistently younger than Nd-model age and a positive relationship between the two 

exists (Figure 3.7) indicating that the techniques are recording similar sources. Both zircon 

mean age and Nd-model ages are oldest for the Negro River sample, consistent with its 

dominantly cratonal drainage area, and youngest for the Andean, Aguarico River sample, 

consistent with its catchment that lacks significant Precambrian source rocks (Schobbenhaus 

and Bellizza, 2001). 

Discussion 

Provenance fidelity- What is each technique recording? 

Several factors work together to produce sediment. Source geology has a strong 

influence on clastic sediment composition; since in its simplest form, provenance is a mass 

balance problem, sediment mineralogy and geochemistry can only be as diverse as they were 

in the source rocks. Depending on situation specifics though, source rock diversity can either 

simplify or complicate provenance interpretations. In some cases, simple source rock types 

lead to specific provenance interpretations (e.g. mafic igneous source) while in others, simple 

sources lead to ambiguous results (e.g. mature sandstone source). Likewise, lithologically 

diverse sources can yield a range of sediment compositions that can lead to highly averaged 

and vague results. 

Climate has a strong influence on sediment grain size and composition. Fluvio-glacial 

sediment ranges in size from coarse gravel to fine clay-sized detritus (Hoey, 2004) for most 
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Figure 3.7- Mean detrital zircon grain ages (Mapes, this text) vs. Nd-model ages collected 
from the same active Amazon River sands show a positive relationship indicating that they 
reflect similar provenance. 
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source rock types. Grain sizes of sediment produced in low-relief humid environments are 

directly relatable to source rock mineralogy and composition; weathered granites produce 

abundant clay size material (from weathering of feldspars, micas, and amphiboles) and 

abundant quartz rich sand with grain sizes equivalent to the grain size of the primary grains 

in the source rock (Potter and Franzinelli, 1985). Sediments formed in cold and dry climates, 

reflect the mineralogy of the parent rocks (Potter et al., 2001), whereas in humid climates, 

primary source minerals can undergo several phases of destruction and reconstitution. 

Duration of weathering and transport strongly affect sediment composition. 

Prolonged physical weathering can destroy large grains and as a result, increase the amount 

of fine material delivered by a sedimentary system. Prolonged exposure to chemical 

weathering can redistribute the chemistry of all but the most stable minerals. Mineral 

transformation rates are governed by the kinetics of specific weathering reactions and take 

place over widely different timescales (Formoso, 2006; Yokoyama and Matsukura, 2006). 

Transport distance, rate, and time spent in temporary storage determines how thoroughly 

chemical processes transform sediments. 

Finally, sediments are physically fractionated during sedimentation; particle size, 

specific gravity, and shape determine transport rates (Allen, 1985; Pye, 1994). Although 

sedimentary sorting primarily occurs as a result of transport strength, climate and source rock 

composition can play a large role in determining sediment particle size distribution and 

ultimately, post-transport homogeneity. Constituents of first cycle sediment in high 

latitude/elevation environments are separated predominantly based on physical 

characteristics. Since the bulk of detritus has similar physical properties (quartz, feldspar, 

lithic fragments), most sediment is chemically and mineralogically similar to its source rocks 
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regardless of grain size (Potter et al., 2001; Millot et al., 2003). In environments where 

chemical weathering dominates, sediments are first segregated chemically into dissolved 

material, fine-clays, and sand and then disbursed into the sedimentary system where it is 

segregated based on physical properties. The end result of chemical weathering followed by 

physical transport is well-sorted deposits with monotonous geochemistry. 

The discrepancy between interpretations gathered from Amazon suspended sediment 

and bedload provenance proxies is likely related to sediment transport rate and weathering 

susceptibility. Dosseto et al. (2006), using Uranium-series disequilibria techniques, found 

that the average time it takes for suspended sediment to travel from Andean source areas to 

the Madeira-Amazon confluence (>2000 km) is <20 kyr. Clay composition indicates that 

fine-grained suspended sediment traverses the basin in less time than is required to 

chemically transformation unstable minerals and as a result, give an ‘up to the moment’ view 

of sediment provenance from the dominant sediment source. In contrast, bedload transport 

rates are lower and transport times are well within the timeframes necessary to allow 

chemical weathering processes to take their course. For sands, temporary floodplain storage 

is a major factor and in short periods of time (<125 kyr; Johnsson and Meade, 1990) sands 

with diverse primary compositions can become quartz arenites (Savage and Potter, 1991). 

Sand grains stay in punctuated transport long enough to be transformed by chemical 

weathering processes and as a result appear to be more sensitive to weathering conditions 

after initial entrainment. 

For the modern Amazon basin three questions can now be discussed:  
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(1) What provenance techniques best describe the source of the bulk of river sediment? 

Suspended sediment mineralogy gives strong evidence that the vast majority of 

sediment discharged by the Amazon River comes from the Andes; suspended load minerals 

described at the river mouth are nearly identical to those described at the base of the Andes 

and they exist in similar proportions (Gibbs, 1967; Irion, 1984). In the bedload, detrital 

feldspar, biotite, and hornblende 40Ar/39Ar ages (McDaniel, 1998) near the river mouth point 

to dominantly Andean sources for Amazon sand; grain ages are tightly grouped and are of an 

age that is uniquely Andean. Amazon mouth heavy mineral abundances and zircon-

tourmaline-rutile indices (Vital et al., 1999) show that sand was once far more immature. 

Bulk isotope ratios for coarse- and fine-sediment and mean detrital zircon grain ages for 

samples collected from the fluvial Amazon River are consistent with derivation from the 

Andes and/or the western portion of the Amazon craton. 

(2) What provenance techniques best describe the geologic diversity of the Amazon Basin? 

Detrital zircon U/Pb ages do a good job at describing the range of possible source 

ages within the Amazon catchment. Taken together, Amazon River samples (Mapes, this 

text) and the mouth sample of Rino et al. (2004) fully describe the range of source ages that 

exist throughout the Amazon Basin (Figure 3.6). However, no single detrital zircon sample 

age spectrum proportionally describes the areal distribution of basement ages across the 

basin. 

71



 

(3) What provenance techniques best describe the dominant weathering conditions that exist 

in the Amazon Basin? 

Even though physical weathering processes are important in delivering sediment to 

Andean tributaries, the Amazonian Andes are predominantly humid and heavily forested. 

The dominant weathering style throughout the basin is chemical. Major element geochemical 

indices (CIA; Nesbit and Young, 1982 and ICV; Cox et al., 1995) do a good job of 

describing basin-wide weathering conditions. Mineralogical compositions and SiO2 

compositions for bedload sediments indicate a recycled sedimentary source or a high degree 

of chemically weathering on first-cycle sands. 

Application to the geologic record 

The large scale and harsh weathering conditions that characterize the Amazon Basin 

allow for physical and chemical processes to modify and segregate sediment to a degree 

possible few places on Earth. Currently existing provenance proxies do a good job at 

describing geologic diversity of the Amazon drainage but employing the entire range of 

techniques when studying ancient deposits would be time and cost prohibitive. Selection of 

particular provenance techniques must be made in the context of material available and 

desired results. For example, if information on dominant sediment contributing source areas 

is desired and sandstones are coupled with genetically related shales, bulk-sediment 

petrographic analysis of sandstone and shale could best describe the range of source rock-

types and the pre-depositional weathering conditions that existed in a paleo-drainage basin. 

For situations where only sand sized material is sampled, comparison of major constituent 

mineralogy to heavy-mineral weathering indices could provide similar information. If 
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information about specific and possibly minor sources is desired, then single mineral isotopic 

and geochronologic analysis and specific trace element indicators are best suited. 

How long will signatures survive? 

Chemical processes do not cease once sediment is deposited. Diagenesis can alter 

sediment as strongly as chemical weathering (McLennan et al., 1993; Cox et al., 2002). This 

means that for particles susceptible to alteration and recrystallization during diagenesis (e.g. 

clay minerals, lithic fragments, feldspars, and labile heavy minerals) important provenance 

indicators may be completely lost even after they have survived sedimentation. Chemical and 

isotopic compositions of fine-grained sediments that have undergone diagenesis are generally 

still useful as provenance proxies as reactions are typically isochemical (Blatt, 1985; Cox and 

Lowe, 1995). Because of the porous nature of many sands, addition and subtraction of 

chemical species can be an issue during diagenesis although compositions are commonly 

interpreted to represent pre-diagenetic conditions (Cox and Lowe, 1995). Minerals like 

quartz and zircon are stable almost indefinitely in sedimentary systems (Pettijohn et al., 

1972) making their physical and chemical characteristics reliable for provenance 

interpretation even after sediment has undergone extreme weathering and diagenesis. 

Conclusions 

Commonly used sediment provenance indicators yield dramatically different results 

for modern Amazon River sediment (Figure 3.8). In general, Amazon sediment provenance 

is dominantly Andean, mineralogical maturity of sediment is related to intense chemical 

weathering in a tropical climate. As immature first-cycle sands are transported away from the 

Andes, they mature, ultimately becoming quartz arenites prior to deposition near the river 
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Figure 3.8- Comparison of provenance results for modern Amazon River clastic sediment. 
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mouth. In contrast, suspended sediment compositions stay constant from the Andes to the 

Atlantic. Isotopic compositions tend to become more craton-like downstream indicating 

increased input of lowland derived detritus. 

All techniques do a poor job of characterizing the geology and areal relations of the 

entire drainage basin. Compositions are heavily biased towards areas that contribute the most 

sediment. Even though lowland areas constitute 7/8 of the basin area they contribute ~1/20 of 

the total sediment load. When interpreting results from ancient deposits it should be safe to 

assume that sedimentary signals from high relief areas of a drainage basin will overwhelm 

signals from areas of low relief regardless of areal extent. 

Of most use to future studies is the observation that high transport rates (possibly 101 

km/yr) make Amazon suspended sediments well suited to interpret Andean source rock 

compositions. Sand major constituent mineralogy and geochemistry appear to be better 

recorders of climate than source. They are transported at much lower rates (possibly <10-2 

km/yr) and as a result have mineralogies that are strongly affected by lowland chemical 

weathering. For the Amazon, provenance interpretations are strongest when coarse-grained 

sediments are linked to related fine-grained sediments. 
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CHAPTER 4 

LATE CRETACEOUS TO MODERN FLUVIAL EVOLUTION OF AMAZONIA AND 
SIGNIFICANCE OF THE PURUS ARCH 

Abstract 

Detrital zircon ages and sedimentologic data for siliciclastic deposits along the 

Amazon River suggest that since the Cretaceous, a continent-scale drainage inversion 

occurred. During the Late Cretaceous, drainage was directed west from an uplifted rift-

shoulder near the modern Amazon mouth. By the Miocene, northeastern South America had 

subsided and the Andes had uplifted enough to form two drainage sub-basins separated by 

the Purus Arch: an east-draining eastern fluvial basin and a restricted continental basin in 

western Amazonia. The drainage history of the western basin was complex but it appears that 

by late Miocene it was isolated. Once the continental basin was overfilled and the Purus Arch 

breached, the modern Amazon River system was established during or after the late Miocene. 

Introduction  

Few rivers on Earth rival the scale of the Amazon system. The Amazon drainage, the 

largest on earth at over 6 x 106 km2 (Sioli, 1984), covers over one third of the South America. 

At over 6,500 km in length (Hoorn, 2006a), the river ranks in the top two globally. Annual 

river discharge surpasses that the next largest river by ~5x (Meade, 1996) and constitutes 

about 20% of the global fresh water total (Callede et al., 2004). Annual sediment discharge 

ranks among the top three rivers at 1.1-1.3 x 109 tons (Meade, 1994). Biologically, Amazonia 



contain approximately half of the total tropical rain forest area on the planet (Whitmore, 

1998) and the region is home to some of the most diverse flora and fauna on Earth (Webb, 

1995; Patton et al. 2000; Bates, 2001). 

The scale and diversity of the modern Amazon River system owe themselves to a 

series of events that occurred across northern South America during and after the breakup of 

the Gondwana supercontinent. Rift related tectonism and Andean orogeny have had a 

profound effect on drainage patterns in the low-lying continental interior. Work by Hoorn 

(1995), Räsänen (1995), Roddaz et al. (2005), Hovikoski et al., (2006) and many others have 

led to an understanding of how the western portion of the Amazon River system evolved 

from mid-Miocene time (16-10 Ma) until the present. Their work details the existence of an 

expansive continental water body that formed in response to uplift of the Andes and that at 

times during its history likely had marine connections to the Caribbean, Pacific, and/or 

Southern Atlantic. Across the basin, study of Amazon Fan and proximal deep-sea deposits 

indicate that the first appearance of Andean derived sediments into the Atlantic occurred 

between 11 and 10 Ma (Dobson et al., 2001; Figueiredo et al., 2008). 

Acceptance of a single model for establishment modern Amazon system within the 

continental interior has been confounded by the remoteness and poor accessibility of the 

region. For example, Hoorn et al. (1995), and Wesselingh (2006) called for late Miocene 

establishment of the modern Amazon system after studying deposits in northwestern 

Amazonia. Roddaz et al. (2005) and Espurt et al. (2007) suggested that establishment of the 

modern Amazon system occurred no earlier than the Pliocene after studying deposits and 

structures in the Peruvian and Bolivian Andean foreland. Campbell et al. (2006) proposed 

formation of the modern Amazon system in the late Pliocene based on work in southwest 
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Amazonia, and Rossetti et al. (2005) suggested that east-directed fluvial transport through the 

Amazon trough did not commence until the late Pleistocene after studying deposits along the 

Brazilian Amazon trunk. General agreement exists that the Purus Arch (Figure 4.1), a low-

lying topographic barrier, separated drainage between western and eastern Amazonia prior to 

establishment of the modern Amazon (Costa, 1991; Potter, 1997), but no direct evidence has 

been found to support its existence. We collected sedimentologic and detrital zircon U-Pb 

grain ages for Cretaceous, Miocene, and recent sands on either side of the Purus Arch to 

evaluate fluvial connections that existed in the region and to evaluate the importance of the 

arch as a topographic barrier over the last ~100 Ma. 

Tectonic Setting 

Detrital zircon ages are useful sediment source indicators in Amazonia because of the 

predictable layout of geochronologic provinces across South America and because the river 

crosses those provinces at a high angle (Figure 4.1). Major zircon forming events occurred in 

the Amazon Craton during a series of Archean to Mesoproterozoic accretionary and orogenic 

episodes (Almeidia et al., 2000; Tassinari et al., 2000). At approximately 1.1 Ga, craton 

formation climaxed in the Sunsas Orogeny during final amalgamation of the supercontinent 

Rodinia (Cordani et al., 2000). Post-Sunsas time saw formation of passive margins on what 

are now the southern and eastern edges of the craton (Brito Neves and Cordani, 1991), which 

subsequently closed between 700 and 500 Ma during the Gondwana forming, Pan-African-

Braziliano Orogeny (Ramos, 1988; Alvarenga et al., 2000). 

Deposition of continental sediments into the Amazon rift basin commenced in the late 

Proterozoic during the late stages of the Pan-African-Braziliano Orogeny (Caputo, 1984; 

Brito Neves and Cordani, 1991). Three major cycles of Phanerozoic sedimentation occurred 
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Figure 4.1- Igneous and high-grade metamorphic rock age provinces of the Amazon fluvial 
basin and surrounding areas and distribution of widespread Cretaceous Amazonas and 
Solimões basin sedimentary rocks (Tassinari et al., 2000; Mosmann et al., 1987; Hoorn; 
1994; Schobbenhaus and Bellizza, 2001). Samples: a- Solimões Formation near Tefé, b-
modern river sand near Codajás, c- Novo Remanso and Iranduba formations near 
Manacapuru, d- modern river sand near Juruti, e- Alter do Chão Formation at Serra de 
Óbidos. 
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depositing up to 6000 m of sediment into the Amazon aulocogen (Cunha et al., 1994; Eiras et 

al., 1994; Mosmann et al., 1987). Several sedimentary basins separated by basement arches, 

each with a somewhat independent tectonic and sedimentary history, form the greater 

Amazon sedimentary basin (Figure 4.1; Brito Neves et al., 1984). 

After the Neoproterozoic, tectonic events that influenced zircon formation in western 

South American occurred independently of those to the east. Rifting of Rodina led to 

establishment of a passive margin along the western edge of the craton during the early 

Paleozoic (Ramos and Aleman, 2000). By late Ordovician, convergent tectonics were 

established along the entire length of the northern and central Andean margin (Chew et al., 

2007). From the Devonian to the early Triassic, a series of collisional events occurred in the 

northern Andes that juxtaposed Gondwana with Laurentia (Aleman and Ramos, 2000), while 

along the central Andean margin, subduction continued uninterrupted (Jaillard et al., 2000). 

Jurassic rifting and subsidence created the passive Caribbean margin and modified the 

northern Andes, reinitiating subduction along the entire chain (Ramos and Aleman, 2000). 

Accretion of oceanic terranes occurred in the Colombian and Ecuadorian Andes from the late 

Cretaceous to early Cenozoic (Aleman and Ramos, 2000).  

Events related to and following the breakup of Gondwana had the strongest influence 

on formation of the Amazon River system. Formation of the South American continent 

started in the Jurassic with opening of the South Atlantic (Macdonald et al., 2003) that 

accompanied renewed tectonism within the Amazon trough (Caputo, 1991, 1984; Costa et 

al., 2001, 2002). Opening of the central Atlantic occurred during the latest stages of rifting 

but by the late Aptian (~115 Ma), the Atlantic margin in the vicinity of the Amazon mouth 

had opened (Maisey, 2000). During the Cretaceous, the active Pacific margin was separated 
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from the Amazonian craton by a series of retroarc basins (Ramos and Aleman, 2000). 

Andean relief was minimal and localized; for example, the area that now makes up the 

Altiplano was at sea level until the early Paleocene (Gregory-Wodzicki, 2000). Foreland 

basin deposits in the central Andes (Horton et al., 2001) indicate that significant uplift had 

begun by the Eocene. Exhumation of the Colombian (Gómez et al., 2005) and Ecuadorian 

(Álava and Jaillard, 2005) Andes began in the late Cretaceous and continued into the Eocene 

but elevations throughout the northern and central Andes were probably less than 50% 

modern values into the mid-Miocene (Gregory-Wodzicki, 2000). A second, and more 

significant phase of Andean mountain building started at ~25 Ma and climaxed at ~10 Ma 

(Gregory-Wodzicki, 2000; Garizone et al., 2008).  

Surficial stratigraphy of the Amazon Trough 

Exposed sediments in the eastern Amazon trough are dominated by the fluvial late 

Cretaceous to Neogene Alter do Chão Formation (Figure 4.2; Cunha et al., 1994). Deposits 

are red to white, coarse- to medium-grained sands with interbedded quartz pebble 

conglomerate, claystone, siltstone, and shale intercalations. Thickness reaches 1,200 m in the 

far eastern Amazonas basin on the western flank of the Garupá Arch (Figure 4.2; Caputo, 

1984) and thins to a maximum 400-600 m thick in the central and western Amazonas basin 

and the Solimões basin (Mosmann et al., 1987). West of the Purus Arch, the Alter do Chão 

Formation disappears below the Solimões Formation.  

In the far-western Amazonas basin, two Miocene sandy deposits have recently been 

described along the eastern flank of the Purus Arch (Rozo et al., 2005; Abinader et al., 

2007). Both units overlie the Alter do Chão Formation and are covered by Quaternary 

sediments. The lower unit, termed the Iranduba Formation by Abinader et al., (2007) is 
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Figure 4.2- Generalized geology (Schobbenhaus and Bellizza, 2001) and paleoflow 
orientations for deposits along the central and eastern Amazon River. Measurements were 
taken on fluvial deposits (trough and tabular cross-beds) of the Iça and Alter do Chão 
formations and on distributary and deltaic deposits (longitudinal stratification and sigmoidal 
lobes) for the Solimões Formation. Lettered localities are detrital zircon samples; letters 
correspond to localities in figures 4.1 and 4.4. Numbered Localities: 1-Monte Alegre, 2-Alter 
do Chão, 3-Serra do Óbidos, 4-Serra de Parintins, 5-Serra do Pio, 6-Highway BR-174, 7-
Manaus 8-Manacapuru-Iranduba, 9-Coari, 10-Barro Alto. Detrital zircon sample localities 
labeled with letters as in figures 4.1 and 4.2. Number beside rose indicates measured bedform 
quantity. Cross-section modified from (Caputo, 1985). 
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composed of reddish, coarse-medium grained, poorly-sorted sand, with trough and planar 

cross-stratification and intercalations of clay and mud. The upper unit is characterized by 

white, coarse-grained, ferruginous, massive sandstone and fine-medium grained sandstone 

with subordinate mudstone bodies and has been correlated with the Miocene Novo Remanso 

Formation (Rozo et al. 2005). Locally, the unit shows heterolytic inclined cross stratification 

with layers of gray clay rich in organic detritus and middle to late Miocene palynomorphs 

(Dino et al., 2006). Abinader et al. (2007) interpreted both units as floodplain and/or fluvial-

channel deposits laid down in a meandering or anastomosing fluvial environment. 

Determining depositional timing on course-grained continental deposits is often 

problematic as biostratigraphic markers are often difficult to locate. However, weathering 

profiles developed across wide areas of eastern Amazonia allow for relative dating of 

deposits that otherwise lack age control. Bauxite deposits, which develop during prolonged 

periods of exposure, represent conspicuous horizons in rocks of eastern Amazonia and are 

generally restricted to pre-Eocene rocks (Truckenbrodt et al. 1991, Costa 1991). One such 

mature lateritic-bauxite profile is developed on the Alter do Chão Formation in the eastern 

Amazon trough (Figure 4.3; S1); particularly in the region surrounding Óbidos (Dennen & 

Norton 1977, Boulangé & Carvalho 1997 and Lucas 1997) indicating that the Alter do Chão 

Formation throughout the study area has a pre-Eocene depositional age, consistent with 

previous age estimates. Lateritic profiles developed on the Iranduba and Novo Remanso 

Formations lack bauxite (Figure 4.3; S3); such immature lateritic ferruginous crusts imply 

late Neogene formation (Costa, 1997) and indicate a middle to late Miocene depositional age 

for both units. 
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Figure 4.3- Stratigraphic columns and lateritic weathering profile correlation of exposed 
Cretaceous and Neogene deposits along the central and eastern Amazon River. Circled 
numbers next to columns correspond to localities in figures 4.2.
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The Solimões Formation unconformably overlies the Alter do Chão Formation over a 

wide area in the Solimões Basin (Wesselingh et al., 2006). The Solimões Formation is 

represented by grey to green, massive to laminated clays with lignite interbeds and fine-

coarse grained white sands (Caputo, 1984). Leguizamón Vega (2006) described four 

different facies of the unit in the eastern Solimões basin proximal to the Purus Arch; 

lacustrine prodelta, lacustrine delta front, delta plain, and meandering fluvial channel 

deposits. She suggests the deposits formed in a prograding fluvial/marginal lacustrine system 

that originated to the west and butted against the Purus Arch in the east. A late Miocene age 

is indicated for fine-grained facies of the Solimões Formation in the Coari region, adjacent to 

the Purus Arch, by presence of fossil pollen spore Echitricolorites spinosus (Superzone X 

sensu Muller et al., 1987) and confirmed by the presence of Echiperiporites akanthos, which 

does not reach the Pliocene epoch. Reworked mid-Miocene palynomorphs Crassoretitriletes 

vanraadshoovenii and Grimsdalea magnaclavata are also consistent with a late Miocene 

depositional age. 

Also in the Solimões Basin, the Plio/Pliestocene Iça Formation lies unconformably 

above the Solimões Formation (Figure 4.3). The Iça Formation is a fine-coarse grained, white 

to light reddish, poorly cross-bedded, feldpathic sandstone with secondarily argillite 

interpreted to be of fluvial origin (Rossetti et al., 2005). 

Unlike Neogene deposits of the Amazonas Basin, no lateritic profiles were developed 

in the Solimões or Iça Formations. The difference is likely explained by the separate 

subsidence histories of the Solimões and Amazonas basins. During the Neogene, the 

Solimões Basin subsided at a higher rate than the Amazonas Basin and as a result, deposits 

were not exposed long enough for laterite profiles to form.  
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Methods 

Samples were obtained from three localities that span over 650 km total distance 

(Figure 4.1). One Cretaceous, Alter do Chão Formation sample was obtained from riverbank 

deposits at Óbidos similar to those described above. One sand sample of the Miocene Novo 

Remanso Formation and a sample of Iranduba Formation sand were collected from the same 

locality at Manacapuru on the eastern flank of the Purus Arch. Finally, a single sample of the 

Miocene Solimões Formation was collected west of the Purus Arch, near Tefé, from fluvial 

point bar deposits. 

From each sample, zircons were separated from bulk sand using heavy methylene 

iodide (ρ = 3.2 g/cm3), minor magnetic separation, and hand picking. Care was taken to 

insure that selected zircons were representative of the entire zircon suite in terms of sizes, 

shapes, and colors. Analysis was conducted by laser-ablation inductively-coupled-plasma 

multi-collector mass-spectrometry at the University of Texas at Austin following the 

procedure of Mapes (this text). Ages used for provenance interpretation and presentation are 

concordant at the 2σ confidence level or have 206Pb/238U ages within 30% of their 207Pb/235U 

ages. Individual age modes and modal proportions for each distribution were explored using 

the deconvolution method of Sambridge and Compston (1994). 

Results 

Four hundred ninety four individual detrital zircon U-Pb ages for four different 

samples were collected (Appendix D; Figure 4.4). These results are compared to age spectra 

for active Amazon River sand samples collected close to sandstone sample localities (Mapes, 

this text) to evaluate temporal source relations. 
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Figure 4.4- Probability density diagrams of detrital zircon ages for modern fluvial sand and 
Cretaceous and Miocene sandstones from the Amazon basin. Samples are arranged from 
upstream to downstream. Sample designation as in figure 4.1. Samples (b) and (d) are from 
Mapes, (this text), localities # 7 and #14 respectively. 
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Over 70% of the detrital zircon ages for the Alter do Chão sample from Óbidos 

yielded ages between 2.0 and 2.3 Ga, ages that are typical of basement rocks to the north and 

east in the Maroni-Itacaiunas and Central Amazonian provinces of northeastern Brazil and 

the eastern Guyanas (Figures 4.1 and 4.4; Delor et al., 2003). Minor occurrence of older 

grains could be from Paleoproterozoic and Archean rocks in the central Amazon province 

and the three youngest analyses could have been derived from sparse post-orogenic igneous 

rocks described in the Maroni-Itacaiúnas province of Brazil (Tassinari et al., 2000). 

Therefore zircon grains from Alter do Chão deposits require no sedimentary connection with 

the western Amazonian Craton or the Andes during sedimentation. 

Detrital zircon grain ages for the Novo Remanso and Iranduba Formations are similar 

and appear to reflect the same sediment sources (Figure 4.4). Both age spectra display a 

single prominent age mode centered near 1.9 Ga suggesting that the dominant source area 

was nearby in the Ventuari-Tapajós province. Subordinate populations in both samples near 

1.7 Ga and grain ages as young as 1.4 Ga suggest that some detritus may have come from as 

far west as the adjacent Rio Negro-Juruena province that includes minor anorogenic 

intrusions as young as ~1.4 Ga (Tassinari et al., 2000). Like the Alter do Chão samples, 

Miocene sands collected at Manacapuru appear to require no far-traveled sediment source 

and could have been derived completely from local basement rocks. 

In contrast, the Solimões Formation age spectrum is composed of several age 

populations younger than 1.5 Ga (Figure 4.4). The youngest significant age mode is centered 

near 210 Ma, an age consistent with Andean derivation. Older age peaks that are well 

represented in the data are centered around 550 Ma, probably Braziliano related, 1110 Ma, 

typical ages for Sunsas rocks, and 1400 Ma, likely Rondonian-San Ignacio derived. In 
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addition to these populations a minor age peak exists around 1720 Ma. The Andean and 

cratonal ages in the Solimões Formation sample suggest the dominant sediment source was 

to the west of their present location and requires little contribution of sediment from lowland 

cratonal areas. 

Age spectra for modern sands indicate dominantly Andean provenance (Figure 4.4). 

The upstream sample yielded two dominant age modes near 250 and 1130 Ma. Zircon ages 

for the downstream sand are more uniformly distributed with several modes of similar 

magnitude between 0 and 2.0 Ga. Although diluted by cratonal zircon ages, Andean sourced 

zircon is still present as a significant age population. The similarity of the Solimões 

Formation age spectrum to modern sands suggests that they share related Andean source 

areas.  

Implications for basin development 

Alter do Chão deposition 

The final breakup of Gondwana and opening of the central Atlantic is recorded in 

sediments in a series of rift-related basins along the northeastern Brazil continental margin. 

Late Aptian (~115 Ma) deltaic, lacustrine, and eolian deposits to the east of the Gurupá Arch 

were deposited during early stages of rifting (Paz et al., 2005). By the early Albian (~110 

Ma), rifting was complete and deposits in coastal basins indicate a thoroughgoing marine 

connection had been established (Rossetti, 1996). In the continental Amazonas and Solimões 

basins, evidence for a period of erosion is shown by a significant unconformity that exists 

between Late Paleozoic deposits and the Albian-Cenomanian Alter do Chão Formation 

(Caputo, 1984; Cunha et al., 1994; Eiras et al., 1994). Cretaceous Marajó Basin rift-related 

sediments are separated from Amazonas Basin continental sediments by a narrow gap 
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centered on the Gurupá Arch (Caputo, 1984; Wanderley Filho et al., 2006; Paz et al., 2005), 

indicating that the area around the Amazon mouth was uplifted during the mid-Cretaceous. 

Furthermore, Costa et al. (2003) interpreted that Albian sicliciclastic sediments of the Marajó 

Basin were shed to eastward off of a rift-related Gurupá Arch horst. Inevitably, this uplift 

would have blocked fluvial transport across the arch and likely would have shed material off 

of its opposite flank, toward the west. 

Stratigraphic interpretations of uplift existence are corroborated by apatite fission 

track data from the eastern Central Brazilian Shield that indicate that 3-7 km of denudation 

took place after the mid-Paleozoic with the dominant phase occurring from ~130-60 Ma 

(Harman et al., 1998). A rift-related uplift that trended from the southeastern most Amazon 

Craton past the current Amazon mouth to the Guyana Highlands during the Cretaceous 

(Zonneveld, 1985; Potter, 1997), would have subjected rocks of the Central Amazonian and 

Maroni-Itacaiúnas geochronologic provinces to weathering and would have created drainage 

networks that fed the evolving rift basins to the east and filled shallow continental 

depressions to the west of the rift shoulder. Detrital zircon ages collected for the Alter do 

Chão Formation at Óbidos are consistent with a wholly eastern cratonal detrital source and 

require no sedimentary connection with the western Amazon Craton or the Andes. These 

results are also consistent with Caputo (1984) who interpreted the main sediment source for 

Alter do Chão sands to be basement rocks exposed near the modern Rio Xingu mouth. Paleo-

flow indicators (Figure 4.2), large conglomerate clasts, and stratigraphic data (Caputo, 1984; 

Mosmann et al., 1987; Cunha et al., 1994; Erias et al., 1994) suggest that Alter do Chão 

sediments were deposited in a high-energy, west-southwest directed fluvial system. 

Marginal-marine or lacustrine Alter do Chão facies near Manaus indicate that the system 
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energy had decreased and neared base level (Rossetti and Netto, 2006) (Figure 4.1) prior to 

reaching the western continental margin. Distal deposits now located high in the Andes 

suggest that the system may have emptied into a low-energy, underfilled retroarc foreland 

basin (Sempere 1995; Sempere et al., 1997). 

Cenozoic Amazonas Basin deposition 

In the Amazonas Basin, the period between the late Cretaceous and the mid-Cenozoic 

is poorly represented in the sedimentary record (Caputo, 1984; Cunha, 1994) suggesting 

continued subareal exposure (Rossetti, 2001). By the late Paleogene, the eastern margin of 

South America near the Amazon mouth had denuded and/or subsided to a level where the 

dominant control on sedimentation was eustatic. Three significant inundations and 

subsequent regressions occurred between the late Oligocene and the early Pleistocene that 

deposited sediments in marginal marine and shelf environments (Rossetti, 2001). 

Palynomorphs within the Novo Remanso Formation and weathering profiles throughout the 

mid-Cenozoic section around Manaus led Abinader et al. (2007) to correlate the Iranduba 

Formation with the Pirabas-Lower Barreiras Formations and the Novo Remanso Formation 

with the upper and middle portions of the Barreiras Formation that outcrop in the area of the 

Amazon estuary (Rossetti, 2001). The recognition of Cenozoic fluvial deposits in the 

Amazonas basin whose zircon sources appear to have been in the vicinity of the Purus Arch 

and the existence of correlative marginal marine and shelf sediments suggest that the eastern 

Amazon basin acted independent of the western Amazon basin during the Miocene. 

Furthermore, the detrital zircon age signature of mixed Rondonian-San Ignacio/Ventuari-

Tapajós ages instead of Ventuari-Tapajós/Central Amazonian ages for both the Iranduba and 

the Novo Remanso formations, southeast directed paleoflow indicators in the Novo Remanso 
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formation (Rozo et al., 2005), and the shared sedimentary/weathering history with deposits 

on the Atlantic margin suggest east directed fluvial transport on the eastern side of the Purus 

arch and sedimentary connection with the Atlantic coast during the Miocene. Therefore, we 

disagree with the model of Rossetti et al. (2005) that concludes the Purus Arch had ceased to 

be a significant topographic barrier prior to the Cretaceous and that fluvial transport across 

the western Amazonas basin was west directed into the Solimões basin until the late 

Pleistocene. Our data also indicate that establishment of the modern Amazon system could 

not have occurred prior to the Late Miocene. 

Cenozoic Solimões Basin deposition 

The Cenozoic evolution of the northern and central Andean foreland which led to 

development of the modern Amazon drainage is the result of complex interaction between 

Andean uplift (Garzione et al., 2008), overthrusting and isostatic and elastic readjustment of 

large areas of lowland Amazonia (McQuarrie et al., 2005; Roddaz et al., 2006a), discrete 

pulses of sedimentation (Roddaz et al., 2005a), and periods of erosion (Campbell et al., 

2006). The resulting sedimentary history, west of the Purus Arch, has apparently been 

variable between situations where the foreland acted as both a filled and overfilled basin 

(Catuneanu, 2004; Hoorn, 1994b, 2006; Roddaz et al., 2005), a relationship that led to 

drastically different sediment sources for different foreland regions throughout its Cenozoic 

history. 

Agreement exists that the Solimões Formation, called the Pebas Formation in Peru 

and Colombia (Hoorn, 2006b), is composed of marginal and shallow lacustrine deposits that 

represent eastward progradation of Andean derived sediment into a shallow, dominantly 

continental basin (Lutrubesse et al., 1987). Fossil diversity (Wesselingh et al., 2002; Vonhof 

102



 

et al., 2003) and apparent tidal facies (Räsänen et al., 1995; Hovikoski et al., 2005) suggest 

at least temporary connections with marine environs. The Solimões/Pebas system occupied a 

large lowland area adjacent to the Andean foreland (Figure 4.1; Hoorn, 1994b) and through 

its late Oligocene to late Miocene history (Wesselingh et al., 2002) may have had one or 

more outlets including the paleo-Caribbean near modern Lake Maracaibo (Hoorn et al., 

1995; Roddaz et al., 2006b), the Pacific through a gap in the developing Andes near 

Guayaquil (Potter, 1997; Campbell et al., 2006), or possibly even into the Paranan Seaway 

through Bolivia to the south (Hovikoski et al., 2005; Roddaz et al., 2006b). 

During the late Miocene in the eastern Solimões basin, the Andean derived Solimões 

Formation was deposited unconformably on Alter do Chão Formation (Eiras et al., 1994) 

against the western flank of the Purus Arch in an embayment between the Guyana and 

Guapore Shields. Solimões Formation zircon ages (Figure 4.4), facies interpretations 

(Leguizamón Vega, 2006), and east directed paleoflow measurements (Figure 4.2) indicate 

that during the late Miocene, even in the most distant and restricted sections of the 

Solimões/Pebas system, sand-sized Andean sediment was being transported uninterrupted 

more than 1,000 km across lowland Amazonia.  

Palynomorphs in the uppermost Solimões Formation deposits near the Purus Arch 

suggest they are younger than the upper Solimões Formation near Leticia, Colombia (Hoorn, 

1993). The occurrence of older deposits in the Pebas/Solimões system that record cratonal 

provenance like the Mariñame and Apaporis sands (Hoorn, 1994b; 2006) and the 

development of an Andean forebuldge, the Iquitos Arch (Figure 4.1) as early late-Miocene 

(Roddaz et al., 2005a; 2005b) suggest a complex history of basin subsidence/base-level 

change and deposition. However, the detrital zircon age spectra indicate that by the end of 
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the Miocene Andean sediment had reached even the most distal portions of the 

Solimões/Pebas basin and that widespread lacustrine areas had been replaced by dominantly 

fluvial environments. 

Sedimentation in western Amazonia was followed the basin-wide Ucayali 

peneplanation event that ended at ca. 9.0-9.5 Ma (Campbell et al., 2006). Denudation was 

more thorough proximal to the Andes and as a result the age of the exposed Solimões 

Formation generally youngs in an easterly direction. As in the Amazonas basin, our detrital 

zircon age data do not place any lower age limit on the time of fluvial overtopping of the 

Purus Arch however they do suggest that at the time of the onset of Ucayali peneplanation 

western Amazonia had become an isolated continental basin and that the nature of the 

Andean foreland was overfilled. 

Conclusions 

Detrital zircon grain ages and paleoflow measurements indicate the primary source of 

mid-Cretaceous, Alter do Chão Formation sediments was to the east in rocks of the Maroni-

Itacaiúnas and Central Amazonian geochronologic provinces uplifted as a result of 

Gondwana rifting. West directed transport carried sediment from northeastern South America 

through the Amazon trough possibly into an incipient retroarc foreland basin (Figure 4.5). By 

mid-Miocene time, the rift-shoulder had apparently subsided enough to initiate east directed 

flow off of the Purus Arch in the central portion of the modern Amazon drainage basin. 

Concurrently, in the western portion of the modern Amazon drainage basin, the Solimões 

Formation fluvial/marginal lacustrine system prograded eastward from the Andes, toward the 

Purus Arch. Sometime during or after the late Miocene the shallow foreland basin was 
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Figure 4.5- Proposed Cretaceous-modern drainage evolution of Amazonia. Cretaceous 
drainage of northern South America was west-directed off of an uplift created by rifting of 
Gondwana. Subsidence of the eastern continental margin and uplift of the Andean margin 
during the Cenozoic created two separate drainage sub-basins that were separated by the 
Purus Arch. Eventual overtopping of the arch created the modern Amazon drainage system 
during or after the late Miocene. 

105



 

overfilled, the Purus Arch was breached either by headward erosion from the east or fluvial 

downcutting from the west and the modern Amazon drainage was established. 
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APPENDIX A 

ANALYTICAL METHODS FOR U/PB GEOCHRONOLOGY 

Microsampling was accomplished using a LUV213 Nd-YAG laser with an operating 

wavelength of 213 nm; other laser parameters include a lasing frequency of 10 Hz, a beam 

diameter of 30 µm, and laser fluence around 50 J/cm2. Helium was used as the carrier gas 

with argon added before the torch as a make-up gas. Isotope measurements were made using 

a GVI IsoProbe multicollector, magnetic-sector ICP-MS. 238U, 207Pb, and 206Pb were 

measured simultaneously on Faraday cups using 1011, 1012 and 1011 ohm amplifiers, 

respectively, while 204(Pb+Hg), and 202Hg were also simultaneously measured on 

channeltrons in ion-counting mode. Twenty one-second measurements were collected for 

each analysis. Individual analyses lasted approximately 2 minutes. Three on-peak 

background measurements were averaged for blocks of five zircons run in quick succession 

or after analytical stoppages. Uranium background integrations were run with the laser off 

while Pb background integrations were run while ablating a young, in-house zircon standard, 

UT-1, that contains no measurable Pb. Ablation pits were typically ~15 microns in depth. 

Progressive Pb/U fractionation during the course of an analysis was ubiquitous; this 

phenomenon is thought to increase with laser pit depth (Chang et al., 2006). As a result, 

interelement fractionation was assumed to occur in a linear manner and the initial 206Pb/238U 

was calculated by regression of 206Pb/238U versus time (Figure A.1). Uncertainties reported 

for Pb/U values are based on confidence limits for linear regression. Because 



changes in isotope fractionation were minimal during short runs, 207Pb/206Pb is assumed to be 

normally distributed and the reported values are means of all cycles where ratios did not 

depart significantly from trends. Problematic data associated with mid-run sample loss, 

analysis of mounting medium, transition to mineral zones of different ages, or other 

unforeseen problems were not included in sample means. A common-Pb correction was not 

applied when 206Pb/204Pb >5000, ratios were corrected using the Stacey and Kramers (1975) 

Pb-model. Instrumental drift and drift in systematic fractionation were corrected using an in-

house zircon standard S97-19 (1086 Ma). Five to ten zircon standards were analyzed prior to 

and after analysis of unknown grains and corrections were made assuming linear drift during 

each analytical session. Correction quality was assessed by analyzing the zircon standard 

Temora 2 (417 Ma; Black et al., 2004). In all cases, calculated ages compared well to the 

published age (Appendix B). 

Stated uncertainties for all 207Pb/206Pb analyses displayed in probability density 

curves (Figure 1.2) and used to calculate relative input from northern South American 

basement provinces (Figure 1.3) are analytical. Measured error estimates for 206Pb/238U are 

replaced when internal analytical precision exceeds external precision. External precision is 

taken as the standard deviation of the 206Pb/238U age for over 160 individual analyses of 

standard Temora 2 (35 Ma). Probability density curve are normalized to the number of 

analyses per sample to allow direct comparison of modal magnitudes. 
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Figure A.1- Example of a single LA-ICP-MS zircon analysis. a) Sample signal, note the lag 
time between turning the laser on and the maximim signal strength and the signal decay with 
time. b) U/Pb ratio measurments. Negativly sloping trends are a result of U-Pb fractionation 
during sampling, U/Pb ratio calculated as intercept at laser start time. c) 207Pb/206Pb ratios are 
calculated assuming Pb-Pb fractionation is negligible. 
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APPENDIX B 

LA-ICP-MS U-PB AND PB-PB AGES AND SIZE MEASUREMENTS FOR ZIRCONS 
FROM SANDS OF THE AMAZON RIVER DRAINAGE BASIN. 
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APPENDIX C 

AGE BIN SENSITIVITY ANALYSIS 

Sensitivity of the binning technique used to the estimate relative contribution of major 

source regions in northern South America (Figure 1.3) was tested using bootstrap analysis. 

For each sample size (n) presented, 1,000 synthetic distributions were randomly sampled 

from an artificial distribution composed of all mainstem zircon analyses gathered between 

Leticia, Colombia and Santarém, Brazil. This approach was selected to simulate the 

complexity of the actual distribution of Amazon River zircon age distributions. Synthetic age 

distributions were then split into age bins that corresponded to regional geochronologic age 

provinces and bin proportions were calculated. Bin proportion sensitivity was estimated by 

calculating the standard deviation of all synthetic bin proportion estimates. Figure C.1 shows 

the estimated precision for the least and greatest sample sizes presented. 



 
 
 
 
 

 
Figure C.1- Results of bootstrap sensitivity analysis for source region age bin precision. 
Standard deviations for bootstrap distributions were used to approximate precision of age 
bins presented in Figure 3 (Chapter 2). Sample sizes shown represent the largest and smallest 
sample sizes presented for modern sand samples. 
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APPENDIX D 

LA-ICP-MS U/PB  AND PB/PB AGES FOR DETRITAL ZIRCONS FROM 
SILICICLASTIC DEPOSITS OF THE AMAZON BASIN 

206Pb/238U  ± 2σ 207Pb/235U  ± 2σ 207Pb/206Pb  ± 2σ 
Corr. 
Coef.‡ 

206Pb/238U 
Age (Ma)  ± 2σ 

207Pb/206Pb 
Age (Ma)§  ± 2σ 

a. Solimões Formation near Tefé (3.4004˚S, 64.6156˚W)† 

0.0290 0.0047 0.093 0.010 0.0234 0.0044 0.361 184 30   

0.149 0.033 0.83 0.12 0.0402 0.0046 0.928 895 183   

0.0222 0.0054 0.11 0.01 0.036 0.010 0.219 142 34   

0.0294 0.0055 0.160 0.017 0.0394 0.0066 0.680 187 34   

0.0268 0.0036 0.159 0.016 0.0430 0.0046 0.770 171 22   

0.095 0.014 0.672 0.077 0.0515 0.0026 0.914 584 84 261 117 

0.0438 0.0061 0.287 0.030 0.0476 0.0015 0.886 276 38 81 73 

0.020 0.013 0.126 0.018 0.046 0.055   127 84   

0.0547 0.0076 0.381 0.040 0.0505 0.0016 0.899 343 46 217 75 

0.0463 0.0064 0.322 0.033 0.0505 0.0014 0.894 292 40 216 66 

0.149 0.028 1.42 0.20 0.0693 0.0022 0.965 896 158 907 65 

0.0291 0.0039 0.201 0.020 0.0501 0.0020 0.749 185 24 199 93 

0.082 0.013 0.670 0.075 0.0594 0.0030 0.889 507 75 583 111 

0.095 0.014 0.822 0.094 0.0627 0.0042 0.863 585 82 699 143 

0.0198 0.0039 0.142 0.015 0.0518 0.0014 0.820 127 25 275 62 

0.151 0.023 1.59 0.22 0.0761 0.0020 0.961 907 127 1097 53 

0.143 0.025 1.46 0.20 0.0745 0.0021 0.964 859 144 1055 56 

0.141 0.027 1.45 0.19 0.0747 0.0032 0.946 851 153 1060 87 

0.0273 0.0038 0.202 0.020 0.0537 0.0019 0.767 174 24 357 79 

0.147 0.026 1.56 0.22 0.0767 0.0042 0.929 885 146 1112 110 

0.059 0.010 0.484 0.051 0.0591 0.0027 0.874 372 62 570 101 

0.0300 0.0036 0.224 0.022 0.0542 0.0023 0.689 190 22 380 95 

0.151 0.031 1.61 0.26 0.0777 0.0048 0.934 904 176 1140 122 

0.082 0.013 0.723 0.080 0.0637 0.0021 0.925 510 77 731 71 

0.133 0.027 1.37 0.18 0.0748 0.0021 0.966 802 156 1063 55 

0.0164 0.0029 0.120 0.012 0.0529 0.0024 0.549 105 18 324 102 

0.153 0.030 1.69 0.24 0.0802 0.0021 0.969 918 168 1201 52 

0.143 0.024 1.54 0.21 0.0783 0.0023 0.958 859 136 1155 58 

0.145 0.024 1.59 0.22 0.0795 0.0025 0.954 872 136 1186 63 

0.143 0.025 1.58 0.21 0.0798 0.0035 0.937 864 139 1193 88 

0.146 0.021 1.63 0.22 0.0807 0.0025 0.950 879 120 1214 61 

0.126 0.020 1.32 0.17 0.0759 0.0021 0.953 766 114 1093 56 
0.138 0.020 1.50 0.20 0.0788 0.0021 0.956 831 115 1168 52 
0.096 0.016 0.91 0.10 0.0691 0.0021 0.941 589 94 903 61 
0.131 0.031 1.40 0.18 0.0775 0.0021 0.969 796 175 1133 53 
0.129 0.024 1.37 0.17 0.0771 0.0024 0.954 780 136 1124 63 
0.142 0.023 1.58 0.21 0.0806 0.0021 0.960 858 130 1211 52 
0.142 0.034 1.58 0.21 0.0809 0.0027 0.964 857 193 1218 65 



 

0.0165 0.0022 0.12 0.01 0.0546 0.0036 0.762 105 14 394 148 
0.138 0.023 1.53 0.20 0.0804 0.0025 0.953 833 132 1206 61 
0.125 0.019 1.33 0.17 0.0772 0.0022 0.948 758 107 1127 57 
0.095 0.015 0.92 0.11 0.0705 0.0024 0.927 586 89 943 71 
0.0299 0.0043 0.237 0.024 0.0575 0.0070 0.766 190 27 509 268 
0.153 0.034 1.81 0.26 0.0855 0.0029 0.962 920 189 1327 65 
0.157 0.032 1.90 0.31 0.0877 0.0038 0.949 942 179 1376 84 
0.153 0.031 1.83 0.26 0.0866 0.0034 0.951 917 171 1352 76 
0.086 0.012 0.828 0.092 0.0697 0.0024 0.907 532 69 921 72 
0.127 0.054 1.39 0.19 0.0796 0.0024 0.977 769 308 1187 60 
0.105 0.024 1.08 0.13 0.0747 0.0024 0.953 642 139 1059 65 
0.133 0.032 1.51 0.20 0.0823 0.0022 0.968 805 181 1253 53 
0.149 0.033 1.80 0.28 0.0875 0.0024 0.969 896 187 1371 52 
0.045 0.006 0.384 0.039 0.0621 0.0031 0.778 283 40 678 106 
0.052 0.017 0.456 0.050 0.064 0.019 0.692 325 105 737 639 
0.139 0.021 1.64 0.22 0.0856 0.0043 0.913 841 119 1328 97 
0.153 0.034 1.89 0.30 0.0895 0.0024 0.969 918 189 1416 51 
0.133 0.022 1.55 0.20 0.0842 0.0067 0.868 808 125 1297 154 
0.097 0.015 1.03 0.12 0.0767 0.0027 0.921 597 90 1114 71 
0.036 0.005 0.307 0.031 0.0626 0.0017 0.834 225 29 694 57 
0.147 0.028 1.86 0.29 0.0919 0.0027 0.959 882 159 1465 55 
0.138 0.023 1.71 0.22 0.0896 0.0028 0.946 834 128 1416 60 
0.081 0.010 0.835 0.093 0.0747 0.0020 0.912 503 60 1059 55 
0.143 0.022 1.87 0.26 0.0943 0.0031 0.940 864 125 1515 63 
0.136 0.026 1.72 0.22 0.0919 0.0076 0.872 820 147 1464 158 
0.0488 0.0081 0.454 0.048 0.0675 0.0039 0.773 307 50 854 121 
0.0331 0.0057 0.292 0.029 0.0640 0.0022 0.821 210 36 742 72 
0.0265 0.0043 0.232 0.023 0.0636 0.0063 0.784 169 27 730 210 
0.122 0.022 1.51 0.19 0.0899 0.0041 0.918 740 126 1423 88 
0.159 0.039 2.26 0.37 0.1031 0.0034 0.962 951 215 1681 60 
0.168 0.047 2.51 0.44 0.1084 0.0049 0.955 999 260 1772 82 
0.0279 0.0042 0.250 0.025 0.0651 0.0038 0.526 177 26 776 121 
0.0312 0.0043 0.283 0.028 0.0660 0.0048 0.866 198 27 806 151 
0.078 0.015 0.854 0.094 0.0789 0.0042 0.870 487 88 1170 106 

0.055 0.010 0.558 0.059 0.0732 0.0079 0.607 347 62 1020 220 

0.166 0.035 2.58 0.44 0.113 0.011 0.871 989 195 1841 173 
0.0373 0.0054 0.358 0.036 0.0697 0.0053 0.464 236 33 918 157 
0.0384 0.0053 0.371 0.038 0.0701 0.0071 0.849 243 33 932 208 
0.156 0.035 2.39 0.39 0.1114 0.0032 0.961 932 194 1823 52 
0.0119 0.0040 0.106 0.011 0.065 0.020   76 26 765 649 
0.086 0.016 1.04 0.12 0.0879 0.0029 0.918 533 92 1380 63 
0.0090 0.0009 0.0815 0.0078 0.0659 0.0067 0.225 58 6 804 212 
0.147 0.052 2.37 0.38 0.1166 0.0075 0.936 886 291 1905 115 
0.148 0.038 2.39 0.33 0.1174 0.0054 0.938 887 214 1917 82 
0.0239 0.0051 0.235 0.024 0.071 0.012 0.575 152 32 967 354 
0.233 0.045 5.61 0.96 0.1743 0.0049 0.955 1352 236 2600 47 
0.0322 0.0049 0.339 0.034 0.0764 0.0064 0.850 204 30 1105 168 
0.0286 0.0036 0.301 0.030 0.0762 0.0054 0.857 182 22 1100 141 
0.144 0.022 2.51 0.34 0.1265 0.0071 0.866 866 124 2050 99 
0.29 0.10 10.7 2.0 0.2636 0.0073 0.971 1664 514 3268 43 
0.0334 0.0053 0.380 0.038 0.083 0.012 0.742 212 33 1258 294 
0.0444 0.0087 0.535 0.055 0.0873 0.0057 0.684 280 54 1367 126 
0.125 0.029 2.22 0.28 0.129 0.013 0.809 761 169 2079 176 
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0.0644 0.0085 0.861 0.092 0.0970 0.0094 0.918 402 52 1566 181 
0.00719 0.00093 0.076 0.007 0.0765 0.0036 0.604 46 6 1107 93 
0.0236 0.0052 0.275 0.028 0.084 0.011 0.687 151 33 1302 252 
0.095 0.014 1.57 0.18 0.1204 0.0043 0.869 583 81 1963 64 
0.0554 0.0083 0.787 0.082 0.1030 0.0063 0.638 348 51 1678 114 
0.266 0.066 12.9 2.3 0.353 0.014 0.917 1519 337 3720 59 
0.0043 0.0052 0.0495 0.0070 0.08 0.12   28 33 1287 2698 
0.169 0.039 5.50 0.96 0.236 0.021 0.768 1006 213 3093 144 
0.0572 0.0078 0.96 0.10 0.1216 0.0075 0.516 359 47 1980 110 
0.055 0.012 0.99 0.10 0.130 0.015 0.883 347 72 2092 207 
0.0278 0.0041 0.452 0.045 0.118 0.015 0.743 177 25 1926 221 
0.0276 0.0068 0.511 0.051 0.134 0.026 0.588 176 43 2155 338 
0.041 0.011 0.912 0.093 0.163 0.043 0.629 257 71 2485 446 
c. Novo Remanso near Manacapuru (3.3076˚S, 60.5331˚W)† 
0.330 0.079 4.64 0.98 0.1021 0.0068 0.963 1838 382 1663 124 
0.361 0.047 6.00 0.79 0.1204 0.0032 0.972 1988 220 1963 47 
0.273 0.061 4.01 0.73 0.1063 0.0029 0.980 1558 308 1738 50 
0.297 0.012 4.68 0.21 0.1143 0.0028 0.903 1676 60 1870 45 
0.299 0.022 4.80 0.39 0.1164 0.0043 0.921 1686 111 1902 66 
0.301 0.016 4.86 0.28 0.1172 0.0030 0.925 1696 81 1914 45 
0.272 0.062 4.05 0.74 0.1080 0.0028 0.980 1553 315 1765 48 
0.296 0.084 4.73 0.91 0.1160 0.0030 0.984 1671 417 1896 47 
0.296 0.084 4.73 0.91 0.1160 0.0030 0.984 1671 417 1896 47 
0.308 0.085 5.13 1.03 0.1208 0.0033 0.984 1730 419 1969 48 
0.283 0.075 4.52 0.84 0.1157 0.0030 0.983 1607 379 1891 47 
0.271 0.011 4.19 0.19 0.1120 0.0028 0.893 1548 55 1832 45 
0.2445 0.0085 3.54 0.14 0.1050 0.0026 0.872 1410 44 1713 46 
0.204 0.011 2.66 0.16 0.0944 0.0028 0.893 1199 59 1516 57 
0.202 0.016 2.60 0.21 0.0937 0.0026 0.929 1184 84 1501 53 
0.229 0.047 3.25 0.55 0.1029 0.0027 0.976 1329 248 1677 48 
0.264 0.034 4.23 0.55 0.1163 0.0032 0.961 1511 173 1900 49 
0.220 0.011 3.08 0.16 0.1014 0.0025 0.900 1282 56 1651 46 
0.219 0.040 3.06 0.51 0.1012 0.0027 0.972 1277 212 1647 49 
0.267 0.019 4.36 0.33 0.1186 0.0032 0.932 1525 98 1935 48 
0.329 0.073 6.6 1.4 0.1464 0.0044 0.975 1835 353 2304 52 
0.253 0.071 4.05 0.71 0.1160 0.0031 0.981 1455 367 1896 48 
0.318 0.036 6.27 0.84 0.143 0.012 0.863 1778 176 2266 146 
0.2421 0.0091 3.79 0.16 0.1135 0.0029 0.871 1397 47 1856 45 
0.1752 0.0069 2.22 0.10 0.0919 0.0025 0.849 1041 38 1465 51 
0.237 0.051 3.66 0.63 0.1121 0.0030 0.975 1369 264 1833 48 
0.244 0.011 3.88 0.18 0.1151 0.0029 0.886 1410 54 1882 46 
0.2573 0.0087 4.29 0.17 0.1208 0.0032 0.850 1476 45 1969 47 
0.254 0.016 4.19 0.33 0.1198 0.0073 0.814 1458 83 1953 108 
0.264 0.060 4.50 0.81 0.1238 0.0033 0.977 1509 305 2012 47 
0.250 0.057 4.10 0.71 0.1190 0.0031 0.977 1437 293 1941 47 
0.241 0.014 3.88 0.23 0.1168 0.0029 0.911 1390 70 1908 45 
0.242 0.045 3.92 0.68 0.1176 0.0031 0.971 1395 236 1921 48 
0.219 0.044 3.32 0.55 0.1101 0.0029 0.972 1274 232 1801 48 
0.2192 0.0091 3.34 0.15 0.1106 0.0029 0.867 1278 48 1809 48 
0.249 0.026 4.21 0.45 0.1226 0.0036 0.943 1433 134 1994 52 
0.2020 0.0069 2.92 0.12 0.1049 0.0030 0.815 1186 37 1712 53 
0.231 0.023 3.68 0.38 0.1159 0.0051 0.908 1337 119 1894 79 
0.245 0.048 4.11 0.71 0.1216 0.0033 0.971 1412 246 1980 48 
0.242 0.013 4.02 0.22 0.1205 0.0031 0.899 1396 65 1964 46 
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0.2309 0.0080 3.72 0.15 0.1169 0.0031 0.841 1339 42 1909 47 
0.2088 0.0090 3.13 0.15 0.1086 0.0028 0.871 1223 48 1776 47 
0.237 0.057 3.91 0.67 0.1195 0.0032 0.976 1372 297 1949 47 
0.2170 0.0076 3.34 0.13 0.1117 0.0028 0.848 1266 40 1827 46 
0.2331 0.0080 3.80 0.15 0.1183 0.0031 0.842 1351 42 1930 46 
0.230 0.010 3.73 0.18 0.1172 0.0030 0.880 1337 54 1914 46 
0.2276 0.0071 3.68 0.14 0.1173 0.0029 0.830 1322 37 1915 45 
0.236 0.013 3.94 0.23 0.1214 0.0031 0.901 1364 67 1976 46 
0.223 0.043 3.57 0.60 0.1163 0.0031 0.970 1297 227 1900 48 
0.221 0.052 3.51 0.60 0.1155 0.0032 0.974 1286 276 1888 50 
0.223 0.017 3.57 0.27 0.1163 0.0029 0.927 1296 87 1900 45 
0.223 0.068 3.59 0.60 0.1169 0.0032 0.979 1297 358 1909 50 
0.2200 0.0071 3.53 0.13 0.1162 0.0029 0.830 1282 37 1899 45 
0.219 0.039 3.55 0.59 0.1176 0.0031 0.967 1276 207 1920 47 
0.2366 0.0082 4.09 0.16 0.1253 0.0032 0.839 1369 43 2033 45 
0.180 0.040 2.55 0.51 0.1030 0.0027 0.972 1066 220 1679 48 
0.152 0.025 1.97 0.28 0.0939 0.0025 0.957 913 137 1507 49 
0.2131 0.0071 3.42 0.13 0.1163 0.0029 0.830 1245 38 1900 45 
0.230 0.013 3.91 0.24 0.1234 0.0032 0.901 1333 70 2006 46 
0.177 0.010 2.50 0.15 0.1025 0.0029 0.883 1049 57 1669 52 
0.349 0.044 9.10 1.43 0.189 0.020 0.816 1932 211 2731 174 
0.206 0.013 3.23 0.21 0.1141 0.0029 0.907 1205 69 1865 46 
0.1682 0.0064 2.33 0.10 0.1007 0.0025 0.836 1002 36 1637 47 
0.2080 0.0075 3.36 0.14 0.1172 0.0029 0.840 1218 40 1914 45 
0.2174 0.0071 3.64 0.14 0.1216 0.0033 0.808 1268 37 1979 48 
0.195 0.011 3.04 0.19 0.1132 0.0029 0.896 1148 61 1852 46 
0.198 0.014 3.17 0.23 0.1158 0.0029 0.912 1166 75 1893 46 
0.1742 0.0069 2.57 0.11 0.1068 0.0030 0.817 1035 38 1746 52 
0.2013 0.0080 3.27 0.15 0.1180 0.0037 0.804 1182 43 1926 57 
0.1686 0.0061 2.50 0.11 0.1076 0.0038 0.732 1005 34 1759 64 
0.160 0.033 2.34 0.38 0.1065 0.0028 0.964 954 183 1741 48 
0.1785 0.0070 2.83 0.12 0.1149 0.0029 0.831 1059 38 1879 45 
0.174 0.040 2.72 0.49 0.1135 0.0030 0.968 1032 217 1857 48 
0.208 0.029 3.76 0.53 0.1310 0.0061 0.913 1220 152 2111 81 
0.165 0.032 2.57 0.44 0.1125 0.0030 0.962 987 179 1841 48 
0.174 0.047 2.83 0.52 0.1179 0.0033 0.970 1035 256 1924 50 
0.210 0.012 3.92 0.25 0.1358 0.0052 0.812 1226 62 2174 67 
0.234 0.024 4.90 0.59 0.152 0.013 0.764 1353 123 2369 148 
0.128 0.021 1.83 0.24 0.1040 0.0028 0.944 774 122 1696 50 
0.168 0.050 2.88 0.51 0.1245 0.0033 0.972 1000 276 2022 47 
0.147 0.016 2.35 0.25 0.1164 0.0029 0.922 882 88 1902 45 
0.1595 0.0078 2.74 0.14 0.1248 0.0031 0.833 954 43 2025 45 
0.164 0.010 2.92 0.19 0.1288 0.0037 0.847 981 56 2081 51 
0.173 0.007 3.19 0.15 0.1337 0.0035 0.800 1028 40 2147 46 
0.149 0.031 2.62 0.41 0.1274 0.0035 0.953 897 174 2063 48 
0.1422 0.0062 2.64 0.13 0.1344 0.0049 0.637 857 35 2156 64 
0.1200 0.0093 2.05 0.16 0.1241 0.0033 0.854 731 54 2016 47 
0.1242 0.0040 2.53 0.10 0.1476 0.0051 0.957 755 23 2319 60 
0.1535 0.0040 3.68 0.12 0.1738 0.0048 0.967 920 23 2595 46 
0.0838 0.0027 1.387 0.048 0.1200 0.0030 0.949 519 16 1957 45 
0.0589 0.0019 0.896 0.032 0.1104 0.0030 0.925 369 12 1806 49 
c. Iranduba Formation near Manacapuru (3.3076˚S, 60.5331˚W)† 
0.291 0.020 4.91 0.36 0.1222 0.0036 0.925 1647 100 1989 53 
0.243 0.020 3.57 0.31 0.1062 0.0030 0.938 1405 104 1736 52 
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0.245 0.052 3.62 0.63 0.1072 0.0028 0.977 1414 271 1753 49 
0.257 0.070 4.00 0.71 0.1130 0.0030 0.981 1474 358 1848 48 
0.281 0.018 4.82 0.33 0.1243 0.0032 0.928 1596 92 2019 46 
0.301 0.019 5.49 0.45 0.1323 0.0081 0.829 1694 96 2129 107 
0.262 0.077 4.29 0.77 0.1188 0.0032 0.982 1500 392 1938 48 
0.272 0.018 4.69 0.34 0.1254 0.0040 0.911 1548 94 2034 57 
0.241 0.051 3.78 0.65 0.1138 0.0031 0.974 1390 266 1861 50 
0.245 0.010 3.91 0.18 0.1158 0.0029 0.878 1411 51 1893 46 
0.236 0.050 3.69 0.63 0.1133 0.0032 0.973 1368 262 1853 51 
0.242 0.048 3.86 0.67 0.1157 0.0031 0.973 1396 251 1891 48 
0.241 0.048 3.83 0.66 0.1155 0.0030 0.973 1390 250 1888 47 
0.244 0.049 3.95 0.68 0.1175 0.0031 0.973 1408 251 1919 47 
0.1985 0.0076 2.79 0.12 0.1017 0.0028 0.848 1167 41 1656 50 
0.247 0.010 4.09 0.19 0.1198 0.0031 0.873 1426 53 1953 47 
0.238 0.012 3.83 0.21 0.1169 0.0029 0.899 1374 62 1909 45 
0.247 0.017 4.12 0.29 0.1208 0.0033 0.920 1425 86 1968 48 
0.236 0.062 3.84 0.66 0.1181 0.0034 0.976 1367 326 1927 52 
0.2330 0.0077 3.76 0.14 0.1169 0.0029 0.843 1350 40 1910 45 
0.143 0.031 1.72 0.23 0.0870 0.0029 0.959 862 177 1360 63 
0.150 0.045 1.85 0.29 0.0895 0.0047 0.953 901 253 1414 100 
0.233 0.062 3.85 0.66 0.1198 0.0034 0.976 1352 322 1954 51 
0.2235 0.0070 3.58 0.13 0.1163 0.0029 0.828 1300 37 1900 45 
0.2253 0.0080 3.64 0.15 0.1171 0.0029 0.848 1310 42 1913 45 
0.249 0.020 4.38 0.35 0.1275 0.0033 0.931 1434 101 2064 45 
0.245 0.010 4.27 0.20 0.1263 0.0034 0.864 1415 53 2047 47 
0.216 0.052 3.40 0.57 0.1141 0.0030 0.975 1260 278 1866 48 
0.227 0.061 3.71 0.63 0.1188 0.0034 0.976 1318 320 1938 51 
0.236 0.013 4.00 0.23 0.1229 0.0033 0.895 1367 67 1999 48 
0.224 0.073 3.63 0.61 0.1177 0.0032 0.980 1300 383 1921 49 
0.168 0.036 2.25 0.39 0.0973 0.0026 0.969 1001 198 1572 50 
0.2172 0.0069 3.45 0.13 0.1152 0.0029 0.826 1267 37 1883 45 
0.238 0.011 4.08 0.21 0.1242 0.0033 0.879 1377 58 2018 47 
0.2106 0.0073 3.29 0.14 0.1132 0.0038 0.782 1232 39 1852 61 
0.2207 0.0085 3.57 0.15 0.1174 0.0030 0.855 1286 45 1917 46 
0.225 0.063 3.70 0.62 0.1193 0.0035 0.976 1308 331 1946 52 
0.2215 0.0081 3.60 0.15 0.1179 0.0029 0.850 1290 43 1925 45 
0.230 0.018 3.84 0.31 0.1214 0.0031 0.927 1333 93 1977 46 
0.2149 0.0083 3.42 0.15 0.1154 0.0029 0.857 1255 44 1886 45 
0.2180 0.0069 3.52 0.13 0.1172 0.0029 0.823 1271 36 1913 45 
0.2341 0.0084 4.01 0.17 0.1242 0.0035 0.828 1356 44 2018 50 
0.2192 0.0089 3.58 0.16 0.1184 0.0029 0.863 1278 47 1932 45 
0.228 0.069 3.84 0.65 0.1222 0.0039 0.975 1324 362 1988 57 
0.237 0.010 4.13 0.19 0.1266 0.0035 0.850 1370 50 2051 49 
0.142 0.021 1.79 0.24 0.0911 0.0025 0.951 857 120 1449 51 
0.178 0.052 2.54 0.49 0.1036 0.0033 0.972 1055 284 1690 60 
0.212 0.011 3.43 0.20 0.1173 0.0040 0.846 1239 58 1915 62 
0.2093 0.0066 3.36 0.13 0.1165 0.0032 0.797 1225 35 1903 49 
0.2242 0.0073 3.82 0.15 0.1234 0.0034 0.809 1304 39 2006 48 
0.199 0.013 3.10 0.22 0.1132 0.0033 0.899 1168 72 1852 52 
0.2024 0.0064 3.21 0.12 0.1149 0.0029 0.812 1188 34 1878 45 
0.2048 0.0069 3.28 0.13 0.1163 0.0029 0.825 1201 37 1900 45 
0.2156 0.0070 3.61 0.14 0.1213 0.0031 0.817 1259 37 1976 45 
0.230 0.012 4.10 0.24 0.1296 0.0045 0.846 1332 62 2092 60 
0.1793 0.0057 2.69 0.10 0.1088 0.0029 0.789 1063 31 1779 48 
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0.1978 0.0071 3.21 0.13 0.1175 0.0029 0.828 1164 38 1919 45 
0.174 0.019 2.60 0.29 0.1079 0.0029 0.937 1037 106 1765 49 
0.198 0.007 3.21 0.12 0.1177 0.0030 0.811 1163 35 1922 45 
0.205 0.010 3.41 0.17 0.1208 0.0032 0.861 1199 51 1968 47 
0.1552 0.0086 2.20 0.13 0.1029 0.0026 0.873 930 48 1677 47 
0.154 0.046 2.18 0.35 0.1028 0.0031 0.971 923 259 1675 55 
0.180 0.045 2.87 0.57 0.1160 0.0031 0.971 1064 247 1895 48 
0.177 0.039 2.82 0.54 0.1152 0.0031 0.966 1053 211 1883 49 
0.153 0.005 2.215 0.082 0.1052 0.0027 0.773 917 28 1717 47 
0.178 0.054 2.85 0.55 0.1160 0.0032 0.975 1058 297 1895 49 
0.212 0.017 3.88 0.32 0.1325 0.0046 0.887 1242 89 2132 61 
0.175 0.044 2.77 0.51 0.1150 0.0031 0.971 1039 244 1880 48 
0.175 0.048 2.79 0.52 0.1154 0.0034 0.970 1041 264 1886 53 
0.1556 0.0090 2.30 0.14 0.1071 0.0027 0.873 932 50 1751 47 
0.1840 0.0094 3.03 0.16 0.1196 0.0030 0.867 1089 51 1950 45 
0.179 0.065 2.89 0.56 0.1173 0.0032 0.978 1061 354 1915 49 
0.180 0.064 2.91 0.58 0.1176 0.0031 0.978 1065 347 1920 48 
0.178 0.062 2.87 0.55 0.1170 0.0033 0.977 1056 340 1911 50 
0.179 0.062 2.89 0.56 0.1174 0.0031 0.978 1060 340 1917 48 
0.175 0.045 2.80 0.52 0.1161 0.0031 0.971 1040 249 1897 48 
0.146 0.005 2.091 0.075 0.1040 0.0029 0.728 878 26 1696 51 
0.178 0.048 2.90 0.56 0.1181 0.0032 0.972 1057 264 1928 49 
0.0947 0.0029 1.128 0.038 0.0864 0.0022 0.649 583 17 1346 49 
0.174 0.034 2.81 0.51 0.1175 0.0031 0.962 1032 187 1918 47 
0.172 0.034 2.78 0.50 0.1172 0.0031 0.962 1025 185 1913 47 
0.148 0.035 2.18 0.30 0.1067 0.0055 0.932 890 196 1744 94 
0.156 0.017 2.37 0.26 0.1101 0.0048 0.881 934 93 1801 79 
0.134 0.026 1.87 0.24 0.1016 0.0027 0.955 809 147 1654 49 
0.177 0.057 2.95 0.56 0.1209 0.0034 0.974 1051 311 1969 50 
0.174 0.051 2.86 0.52 0.1196 0.0032 0.973 1032 282 1951 48 
0.161 0.039 2.55 0.42 0.1145 0.0031 0.967 964 219 1871 48 
0.147 0.028 2.21 0.35 0.1087 0.0031 0.953 886 155 1777 52 
0.153 0.035 2.37 0.34 0.1123 0.0030 0.963 917 195 1837 48 
0.17 0.10 2.79 0.51 0.1199 0.0039 0.982 1004 554 1955 58 
0.1130 0.0034 1.498 0.050 0.0961 0.0025 0.674 690 20 1550 48 
0.163 0.022 2.65 0.36 0.1180 0.0030 0.944 974 122 1927 45 
0.168 0.039 2.80 0.49 0.1207 0.0035 0.962 1004 213 1967 51 
0.1344 0.0077 1.95 0.12 0.1054 0.0027 0.853 813 44 1722 47 
0.177 0.061 3.08 0.58 0.1260 0.0051 0.964 1052 332 2042 71 
0.175 0.038 3.02 0.56 0.1250 0.0039 0.956 1041 206 2029 56 
0.107 0.018 1.40 0.17 0.0950 0.0028 0.933 656 106 1529 56 
0.170 0.019 2.89 0.33 0.1231 0.0056 0.880 1014 105 2002 80 
0.153 0.030 2.42 0.39 0.1147 0.0030 0.958 916 170 1875 48 
0.163 0.029 2.69 0.45 0.1196 0.0032 0.955 974 162 1951 47 
0.180 0.015 3.18 0.27 0.1284 0.0035 0.904 1065 82 2076 48 
0.175 0.014 3.10 0.25 0.1282 0.0041 0.877 1041 76 2074 57 
0.137 0.031 2.09 0.28 0.1108 0.0030 0.958 828 173 1812 48 
0.178 0.044 3.23 0.62 0.1318 0.0051 0.951 1054 239 2122 68 
0.107 0.026 1.46 0.17 0.0990 0.0027 0.953 655 152 1606 51 
0.128 0.030 1.93 0.24 0.1091 0.0029 0.957 778 169 1784 49 
0.114 0.022 1.62 0.20 0.1032 0.0028 0.945 695 126 1682 50 
0.145 0.015 2.43 0.26 0.1214 0.0033 0.913 874 86 1977 48 
0.175 0.012 3.36 0.24 0.1392 0.0042 0.859 1039 67 2217 52 
0.146 0.036 2.50 0.39 0.1238 0.0033 0.961 881 203 2011 47 
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0.153 0.068 2.72 0.45 0.1286 0.0036 0.976 919 382 2079 49 
0.1328 0.0071 2.38 0.15 0.1300 0.0079 0.959 804 40 2098 107 
0.0919 0.0045 1.566 0.088 0.1235 0.0062 0.943 567 27 2008 89 
0.090 0.003 1.578 0.059 0.1271 0.0034 0.953 556 18 2059 47 
0.154 0.013 4.23 0.44 0.200 0.019 0.965 921 72 2825 158 
e. Alter do Chão Formation at Serra do Óbidos (1.9292˚S, 55.5091˚W)† 
0.36 0.12 6.3 1.6 0.1274 0.0034 0.988 1967 570 2062 47 
0.352 0.015 6.16 0.30 0.1268 0.0034 0.908 1945 72 2054 47 
0.342 0.015 5.87 0.28 0.1244 0.0031 0.912 1898 70 2020 45 
0.348 0.019 6.12 0.36 0.1274 0.0033 0.928 1926 90 2062 46 
0.335 0.086 5.9 1.3 0.1279 0.0034 0.983 1862 413 2069 47 
0.353 0.034 6.56 0.66 0.1348 0.0049 0.941 1948 161 2162 63 
0.325 0.078 5.7 1.2 0.1275 0.0033 0.982 1812 378 2064 46 
0.314 0.091 5.4 1.1 0.1237 0.0033 0.985 1762 448 2011 47 
0.331 0.014 5.93 0.29 0.1301 0.0036 0.900 1841 70 2100 48 
0.336 0.098 6.2 1.3 0.1330 0.0037 0.984 1868 472 2138 48 
0.319 0.076 5.7 1.2 0.1301 0.0034 0.981 1785 370 2099 46 
0.297 0.013 4.99 0.24 0.1219 0.0034 0.889 1677 63 1984 50 
0.302 0.023 5.17 0.41 0.1241 0.0032 0.942 1701 114 2016 46 
0.303 0.011 5.30 0.23 0.1269 0.0034 0.876 1706 55 2056 47 
0.299 0.032 5.20 0.57 0.1259 0.0039 0.949 1689 158 2041 55 
0.324 0.013 6.09 0.30 0.1361 0.0040 0.881 1811 66 2178 51 
0.295 0.065 5.09 0.97 0.1253 0.0035 0.978 1666 325 2033 49 
0.305 0.023 5.44 0.46 0.1295 0.0058 0.899 1714 115 2091 78 
0.323 0.015 6.14 0.33 0.1378 0.0045 0.876 1806 72 2200 56 
0.2190 0.0089 3.07 0.14 0.1016 0.0028 0.867 1277 47 1654 52 
0.273 0.012 4.54 0.21 0.1207 0.0031 0.892 1556 59 1967 45 
0.289 0.064 5.08 0.96 0.1273 0.0033 0.978 1639 318 2062 46 
0.294 0.013 5.23 0.27 0.1292 0.0040 0.875 1659 66 2087 55 
0.294 0.078 5.3 1.0 0.1297 0.0035 0.981 1659 388 2094 48 
0.327 0.026 6.51 0.59 0.1443 0.0072 0.888 1825 126 2280 86 
0.298 0.075 5.4 1.0 0.1318 0.0035 0.980 1682 372 2123 46 
0.306 0.072 5.7 1.1 0.1362 0.0036 0.979 1719 356 2179 46 
0.276 0.013 4.74 0.24 0.1245 0.0031 0.901 1571 65 2021 45 
0.291 0.072 5.3 1.0 0.1318 0.0035 0.979 1646 358 2122 46 
0.278 0.011 4.90 0.22 0.1278 0.0034 0.875 1581 56 2068 47 
0.266 0.010 4.54 0.19 0.1238 0.0031 0.872 1520 51 2012 45 
0.286 0.072 5.21 0.97 0.1323 0.0035 0.979 1619 359 2129 46 
0.277 0.063 4.92 0.90 0.1288 0.0035 0.977 1575 320 2082 47 
0.270 0.068 4.70 0.85 0.1264 0.0035 0.978 1539 348 2049 49 
0.307 0.070 6.0 1.2 0.1427 0.0040 0.976 1725 347 2261 49 
0.2599 0.0093 4.41 0.18 0.1230 0.0031 0.865 1489 48 2000 44 
0.284 0.082 5.22 0.97 0.1334 0.0036 0.981 1611 410 2143 47 
0.261 0.076 4.48 0.81 0.1243 0.0033 0.981 1497 388 2019 47 
0.286 0.022 5.34 0.42 0.1353 0.0034 0.936 1622 108 2168 43 
0.255 0.052 4.34 0.76 0.1231 0.0032 0.974 1467 267 2002 47 
0.259 0.010 4.45 0.20 0.1248 0.0031 0.877 1484 53 2026 44 
0.271 0.066 4.89 0.89 0.1309 0.0036 0.977 1545 333 2111 48 
0.254 0.012 4.35 0.22 0.1241 0.0031 0.891 1459 60 2016 44 
0.286 0.088 5.5 1.0 0.1385 0.0037 0.982 1621 444 2209 46 
0.291 0.025 5.68 0.54 0.1417 0.0076 0.874 1644 123 2248 93 
0.253 0.022 4.45 0.39 0.1275 0.0033 0.937 1455 111 2063 46 
0.263 0.071 4.79 0.86 0.1320 0.0036 0.979 1507 361 2125 47 
0.278 0.014 5.34 0.31 0.1392 0.0044 0.876 1583 72 2217 55 
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0.257 0.052 4.59 0.81 0.1297 0.0034 0.973 1472 267 2094 46 
0.28 0.10 5.6 1.0 0.1432 0.0043 0.982 1610 519 2267 51 
0.255 0.064 4.57 0.81 0.1301 0.0035 0.977 1465 328 2099 47 
0.163 0.034 2.13 0.36 0.0949 0.0030 0.963 972 191 1527 59 
0.268 0.013 5.04 0.28 0.1364 0.0040 0.877 1531 68 2182 52 
0.2278 0.0079 3.75 0.15 0.1194 0.0035 0.817 1323 41 1947 52 
0.2333 0.0081 3.93 0.16 0.1221 0.0030 0.847 1352 43 1987 44 
0.1790 0.0061 2.50 0.11 0.1013 0.0042 0.694 1062 33 1648 77 
0.231 0.049 3.87 0.66 0.1215 0.0033 0.972 1339 255 1979 48 
0.234 0.053 3.98 0.68 0.1231 0.0032 0.974 1357 274 2001 47 
0.264 0.014 4.97 0.29 0.1365 0.0040 0.885 1512 73 2184 52 
0.246 0.052 4.37 0.76 0.1289 0.0036 0.971 1416 271 2083 50 
0.264 0.078 5.01 0.99 0.1376 0.0042 0.977 1511 398 2197 53 
0.227 0.008 3.84 0.16 0.1223 0.0031 0.847 1321 44 1991 45 
0.278 0.092 5.6 1.0 0.1459 0.0050 0.977 1579 465 2299 59 
0.248 0.076 4.54 0.83 0.1326 0.0039 0.978 1431 391 2133 52 
0.259 0.016 4.92 0.34 0.1379 0.0055 0.859 1484 82 2201 70 
0.239 0.057 4.30 0.74 0.1302 0.0035 0.974 1384 298 2100 47 
0.255 0.074 4.84 0.85 0.1378 0.0044 0.974 1462 378 2200 56 
0.35 0.10 9.2 2.3 0.1923 0.0081 0.967 1914 481 2762 69 
0.244 0.062 4.51 0.78 0.1340 0.0037 0.975 1408 322 2151 48 
0.216 0.051 3.67 0.61 0.1233 0.0032 0.973 1259 272 2004 47 
0.24 0.12 4.31 0.76 0.1328 0.0038 0.985 1363 607 2135 50 
0.252 0.027 4.89 0.55 0.1409 0.0055 0.919 1448 141 2238 67 
0.201 0.017 3.31 0.30 0.1195 0.0033 0.922 1180 94 1949 49 
0.401 0.030 13.8 1.7 0.249 0.025 0.636 2173 139 3179 157 
0.229 0.027 4.21 0.51 0.1334 0.0039 0.941 1330 143 2143 51 
0.283 0.068 6.49 1.20 0.1665 0.0083 0.950 1605 341 2522 84 
0.263 0.012 5.66 0.41 0.156 0.011 0.527 1507 59 2410 123 
0.26 0.12 5.7 1.0 0.1568 0.0080 0.971 1513 628 2422 87 
0.214 0.026 3.93 0.48 0.1333 0.0037 0.941 1249 137 2142 48 
0.220 0.011 4.23 0.24 0.1391 0.0046 0.833 1284 61 2216 58 
0.177 0.043 2.91 0.55 0.1189 0.0031 0.969 1052 233 1939 47 
0.1841 0.0065 3.19 0.13 0.1257 0.0031 0.799 1089 36 2039 44 
0.180 0.048 3.06 0.60 0.1238 0.0033 0.971 1065 262 2011 47 
0.179 0.041 3.08 0.60 0.1250 0.0033 0.966 1062 223 2028 47 
0.179 0.047 3.13 0.61 0.1271 0.0033 0.970 1059 255 2059 46 
0.190 0.011 3.52 0.21 0.1344 0.0038 0.854 1120 58 2157 49 
0.180 0.050 3.21 0.63 0.1294 0.0034 0.971 1066 272 2089 47 
0.176 0.038 3.14 0.59 0.1297 0.0035 0.962 1043 206 2094 47 
0.186 0.021 3.60 0.43 0.1402 0.0059 0.888 1101 116 2229 72 
0.297 0.137 9.6 1.8 0.2341 0.0205 0.937 1678 680 3080 140 
0.1578 0.0074 2.82 0.14 0.1295 0.0033 0.815 945 41 2091 45 
0.155 0.012 2.76 0.21 0.1289 0.0033 0.886 930 66 2082 45 
0.1390 0.0094 2.33 0.16 0.1215 0.0031 0.862 839 53 1979 46 
0.145 0.026 2.52 0.46 0.1259 0.0047 0.927 872 148 2042 65 
0.152 0.010 2.73 0.19 0.1303 0.0033 0.865 910 56 2103 44 
0.1597 0.0083 3.03 0.17 0.1374 0.0036 0.822 955 46 2195 45 
0.31 0.14 12.6 2.5 0.292 0.041 0.876 1758 665 3427 218 
0.148 0.030 2.76 0.38 0.1359 0.0036 0.949 887 166 2175 46 
0.153 0.011 2.97 0.22 0.1407 0.0038 0.858 919 62 2236 47 
0.1599 0.0070 3.23 0.17 0.1464 0.0059 0.607 956 39 2304 69 
0.174 0.049 3.76 0.69 0.1568 0.0093 0.920 1034 268 2421 101 
0.141 0.025 2.70 0.36 0.1394 0.0037 0.937 849 140 2220 47 
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0.151 0.034 3.21 0.51 0.1543 0.0045 0.945 906 190 2394 49 
0.1271 0.0050 2.47 0.10 0.1407 0.0036 0.685 772 29 2236 44 
0.121 0.016 2.28 0.31 0.1365 0.0045 0.887 737 93 2184 57 
0.192 0.027 5.31 0.90 0.201 0.026 0.548 1131 146 2831 208 
0.123 0.029 2.90 0.36 0.1711 0.0053 0.922 747 165 2568 52 
0.114 0.049 2.57 0.35 0.1628 0.0056 0.949 697 286 2485 58 
0.094 0.006 1.88 0.11 0.1451 0.0038 0.693 578 32 2289 46 
0.110 0.030 2.44 0.29 0.1611 0.0045 0.936 673 176 2468 47 
0.159 0.011 4.98 0.55 0.227 0.029 0.957 951 61 3033 207 
0.076 0.010 1.60 0.17 0.1524 0.0041 0.837 474 62 2373 45 
0.146 0.032 4.9 1.1 0.245 0.031 0.523 876 177 3151 201 
0.083 0.014 1.87 0.21 0.1643 0.0044 0.869 512 83 2501 45 
† Letters associated with sample names are as in Figures 1-3 
‡ Blank value indicates no significant correlation coefficient could be calculated, “-“ indicates analysis was run prior to 

introduction of correlation coefficient calculation algorithm 
§ 207Pb/206Pb age omitted for very young, slightly reversely discordant analyses where calculated age is negative 

 
 

185




