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Abstract

ISOTOPIC CONSTRAINTS ON SOURCES AND CYCLING OF RIVERINE
DISSOLVED INORGANIC CARBON IN THE AMAZON BASIN

Emilio Mayorga

Chair of the Supervisory Committee:
Professor Jeffrey E. Richey
School of Oceanography

Dissolved inorganic carbon (DIC) and CO, gas are fundamental components
of riverine biogeochemical functioning. Amazonian and humid tropical rivers
represent a large, neglected source of CO, to the atmosphere. Carbon isotopes are
invaluable tools for examining sources and cycling of inorganic carbon. However,
'4C-DIC has never been analyzed in Amazonia, while >C-DIC studies have
concentrated on the mainstem and surroundings, despite large basin landscape
heterogeneity.

I used geochemical and *C-"*C isotopic measurements on basin-wide samples
to address the following DIC and CO, topics: isotopic variability and its primary
causes; sources and age of respired organic carbon (OC) dominating CO, production;
terrestrial sources; and downstream evolution. To facilitate interpretation within a
consistent river system view, [ developed an Amazon river network dataset and
algorithm. I also compiled into a common database new and previously published
geochemical data. I characterized lithological sources through major ions

geochemistry.



Dominant sources of riverine DIC isotopic variability are: presence of
carbonate lithologies (common throughout the Andes, especially Peru), relative
contribution of C3 and C4 plant material to respiration, and atmospheric CO; invasion
in turbulent rivers. Lowland rivers are predominantly supersaturated in pCO; and
carry young DIC. Aged lowland DIC occurs only in carbonate lithologies, some
small streams, and low-oxygen environments. A small, contemporary OC fraction
dominates respiration; C,4 vegetation exerts a disproportionate influence on lowland
fluvial respiration. CO, is typically more supersaturated and depleted in 5"°C at high
water. In the shields, sandy soils and deforested regions export contemporary
inorganic carbon; certain forested clayey soils export aged inorganic carbon.

Extensive Andean erosion carries unweathered carbonate sediments into
depositional areas. Dissolution then results in slowed replacement of '*C-depleted
DIC in the mainstem; 8 °C-DIC reflects equilibrium between evasion and respiration
in addition to very gradual downstream increase in contributions from Cs respiration.

Respiration maintains CO, supersaturation, flushing out terrestrial DIC via
exchange and gas evasion. DIC gradually approaches atmospheric '*C-CO,
downstream. Turbulence in steep Andean rivers and rocky Shield rivers accelerates
gas exchange. Inthe Andes, tectonic activity and lithological heterogeneity leads to
localized influence by marginal processes such as black shale oxidation and

lithospheric CO; degassing.
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CHAPTER 1: INTRODUCTION

The Amazon River Basin — the world’s largest basin, from the Andean
Cordillera to the Atlantic Ocean — contains within its border a large variety of river
and subbasin types. Biogeochemical cycling of carbon in this river system therefore
involves heterogeneous processes and controls; they span biological, chemical,
climatological, and geological components, in fluvial systems ranging from first-
order streams to wetlands, seasonally inundated floodplains, and the world’s largest
river, the Amazon mainstem proper. This study focuses on the use of carbon isotopes
(**C and °C) and other geochemical measurements on many rivers across the basin to
elucidate dominant sources and controls on dissolved inorganic carbon (DIC) and
carbon dioxide (CO;) gas. To enable the interpretation of geochemical data from
diverse river sites throughout the basin, I integrated this dataset with spatial infor-
mation using Geographical Information Systems (GIS) and systematically combined
it with geochemical data from previous studies. To provide background information,
I present extensive reviews of riverine biogeochemistry in Amazonia, and of
processes impacting inorganic carbon and carbon isotope cycling in rivers.

Chapter 2 provides a review and synthesis of biogeochemical research in
Amazonian rivers, focusing in particular on results from the CAMREX program. In
spite of large variability in river types, Amazonian rivers exhibit remarkable
consistencies in the processes that control the fate and transport of bioactive elements.
River-borne material resides in three compositionally distinct size fractions that have
contrasting transport properties and reaction histories. Coarse particulates are the
freshest, degrading to form fine particulate and dissolved fractions, which continually

interact with each other via sorption processes. Variability in the composition and



dynamics of river-borne material from one river (or season) to another is often less
than differences between size fractions within a single river (or season). However, it
is often this variability that offers the most insight regarding important processes.
Chapter 3 presents a new high-resolution Amazon river network dataset
developed to enable basin-wide modeling and river data integration at multiple scales.
In contrast with methods based on elevation, this dataset relies on a new algorithm
that uses river vector data to create gridded flow-direction maps covering entire
drainage areas. I used the resulting dataset to extract drainage areas, distances along
rivers, and basin-averaged properties for each riverine biogeochemical observation.
Chapters 4 through 6 discuss sources and cycling of DIC and CO; in
Amazonian rivers. First, Chapter 4 reviews relevant literature in the basin and other
rivers. This review includes a basic discussion of isotopic and DIC geochemistry, the
quantitative mass balance of a river reach, and the main processes impacting a reach,
including soil and groundwater terrestrial sources. Chapter 5 then compares the
isotopic composition of organic and inorganic carbon to examine sources of respired
CO,, concluding that a small, contemporary fraction of organic matter dominates
respiration, sustaining CO; supersaturation and evasion. Finally, Chapter 6 provides
an extensive discussion of patterns of DIC and CO; cycling throughout the basin.
While pointing out the principal sources of geochemical and isotopic variability, I
also emphasize important topics and more intensively sampled regions. I divide the
river sites into lowland, mountain, and “mixed” sites, and into regionally distinct
groups; use inorganic geochemistry to qualitatively identify dominant lithological
sources; isolate the signature of the smallest streams which reflect terrestrial inputs;
and examine trends in downstream and seasonal evolution of inorganic carbon from

the Andes to the lowlands and across deforested lowland regions.



CHAPTER 2: PROCESSING OF BIOACTIVE ELEMENTS IN THE AMAZON
RIVER SYSTEM

INTRODUCTION

The Amazon Basin drains a vast and heterogeneous region of Northern South
America, encompassing large areas of seven nations and important population centers
such as Manaus, Porto Velho, Iquitos, Cusco, and La Paz (Fig. 2.1). Despite the
acceleration of human impact in the form of deforestation and land use change,
mining and oil extraction, dam construction, and urbanization, larger tracts remain
relatively pristine, and the main river channels remain largely unaffected by
engineering (Lewis ef al. 1995; Richey et al. 1997). The Amazon is of undeniable
importance for local communities in particular, and Amazonian nations in general;
but as the largest river system in the world it also plays a significant continental and
global role in modulating climate, biogeochemical cycles, and terrestrial inputs to the
ocean (Devol et al. 1994; Meade 1994; Devol & Hedges 2001; Marengo & Nobre
2001).

An understanding of biogeochemical dynamics and controls in river systems
is a central requirement of any effort to rationally manage fluvial resources and
minimize the impact of human activity on riverine ecosystems. The cycling of
bioactive materials (oxygen, carbon, nitrogen, phosphorus, etc.) in rivers, however, is
mediated by physical and biological components, such as hydrology, sediment
dynamics, and bacterial metabolism. In addition, the linkages between a river and the
land it drains are often complex. An integrated approach that crosses disciplinary and
landscape boundaries is required to fully elucidate the biogeochemistry of a river

system.



In this chapter I review and synthesize current understanding of the
biogeochemistry of the Amazon River system. My goal is to provide a conceptual
framework from which observations can be evaluated, rather than summarize all
available data as has been done in the extensive reviews by Guyot (1993) and Lewis
et al. (1995). In this overview, no new data or analyses are presented nor are
observations discussed in extensive detail. Rather, I provide numerous references to
the many papers that do so.

I begin by briefly introducing the geography of the Amazon Basin and the
history of geochemical and related research on the region's rivers. I then describe the
principal fractions of bioactive materials carried by rivers — their characteristics,
sources and interactions — paying special attention to the role of size in fate and
transport. Finally, I illustrate with examples largely from the Amazon mainstem the
principal patterns of spatial and temporal variability typical of river systems and
discuss how their controls can change regionally and with river scale. Through such
a presentation I hope to facilitate the interpretation and use of natural riverine
biogeochemical observations in tropical river systems like the Amazon, a task that is
of critical importance for evaluating likely impacts of human perturbations. While I
refer to relevant research by other groups, I write this chapter from my perspective as
a member of the CAMREX (Carbon in the AMazon River EXperiment) project, with

origins in oceanography that are evident in my view of river processes.

GEOGRAPHICAL AND HISTORICAL PERSPECTIVES OF THE AMAZON

The Amazon river and its basin
The Amazon basin covers a continental-scale region of approximately six

million km” (not including the Tocantins basin; Fig. 2.1 and 2.2). Such a large area



will inevitably encompass very dissimilar environments, climates, and ecosystems.
The main physiographic features of the basin and the river system have been
extensively reviewed elsewhere (Sternberg 1975; Sioli 1984b; Lewis ef al. 1995), and
I provide only a brief outline. The main structural elements include the Precambrian,
highly weathered Guayana and Brazilian Shields, the Andean mountains to the west,
the Andean alluvial foreland, and a central continental alluvium or trough (Fig. 2.1).
Soils in the lowlands are generally deep and highly weathered, with prominent
occurrences of sandy podzols in the Shields. The soils in floodplains and alluvial
regions around mainstems draining the Andes originate in the cordillera and are much
less weathered. The climate is generally humid, with mean annual rainfall of
approximately 2000 mm. However, precipitation in some regions in the northwest
and the Andean piedmont can be much larger, whereas large regions in the east,
south, and the high Andes can be drier or arid. More specifically, 10 -15% of the
basin receives less than 1,500 mm of rainfall per year, while 6 -10% receives at least
3,000 mm of rainfall per year (unpub. data). The length of the dry season in
particular has a large role in determining the type of vegetation that may be sustained.
The lowlands are primarily covered by evergreen to semi-deciduous rain forest, but
large regions have distinct savanna-like vegetation systems, often seasonally
inundated in low-lying areas. River discharge generally displays strong seasonality,
with changes in stage height of as much as 10 meters in the Amazon mainstem
driving changes in the extent of inundation within the central lowlands from 100,000
km® in November to 350,000 km” in May (Richey ef al. 2002). Discharge to the

ocean is approximately 220,000 m’ s™.



History of geochemical research in the Amazon

The variety of environments, massive scale of drainage areas and rivers, and
relatively low levels of human impacts, has long attracted geochemical and ecological
researchers to the region. Initial investigations centered on large rivers in the
Brazilian Amazon, especially the Solimdes-Amazonas mainstem, surrounding
floodplains and major tributaries, and the region around Manaus (Sioli 1984b). Early
observations of three types of river water based on color (Wallace 1853) were later
developed extensively and systematized by H. Sioli (Furch 1984; Sioli 1984a).
Whitewater rivers have a characteristic muddy color, relatively high concentrations of
dissolved solids, and alkaline to neutral pH; their high sediment load originates in
Andean or alluvial regions. Examples include the Rios Solimdes and Madeira, and
other lowland rivers draining mountainous Andean regions. Blackwater rivers are
tea-colored from high concentrations of dissolved organic matter (DOM), have
negligible suspended sediment loads and medium transparencies, are very dilute in
dissolved ions, and are usually acidic; they typically drain areas of low relief and
sandy podzol soils. The Rio Negro is the classic example. Finally, clearwater rivers
can have high transparencies and are clear or olive-green in color. Their dissolved
load is typically low but varies across systems, and they have a wide range in pH,
from acidic to alkaline, and low suspended sediment loads. Examples are the Rios
Tapajos and Xingu. The group led by H. Sioli, K. Furch, W. Junk and associates
from the Max-Planck Institut fiir Limnologie (P16n, Germany) and the Instituto
Nacional de Pesquisas da Amazonia (Manaus, Brazil) is responsible for most of the
early studies on the geochemistry and ecology of rivers and floodplains in the Central
Amazon (reviewed in Sioli 1984b). Others made important contributions to the

characterization of inorganic and organic constituents of these rivers of the central



basin (Klinge & Ohle 1964; Williams 1968), and Gibbs (1967) extended his surveys
of river mineralogy and inorganic geochemistry from the lowlands to the Andes.

The cruises of the Research Vessel Alpha Helix in 1976-1977 from the
Atlantic to Iquitos comprised one of the most influential initiatives in early Amazon
research. These expeditions united researchers from diverse fields and nationalities,
spawning a substantial number of important publications on sedimentology (Curtis et
al. 1979; Meade et al. 1979; Nordin Jr. et al. 1980; Sholkovitz & Price 1980),
biogeochemistry (Fisher & Parsley 1979; Richey et al. 1980; Longinelli & Edmond
1983; Stallard & Edmond 1983; Cai et al. 1988), and biology (Fisher 1979; Wissmar
et al. 1981). The Alpha Helix project gave birth to the CAMREX research group,
which has continued to unite researchers in Amazon biogeochemical research for the
last 20 years. The more than 120 CAMREX publications have focused on
understanding physical and biogeochemical dynamics throughout the basin using a
large variety of approaches. These include studies of cross-sectionally integrated
fluxes of water, sediments and bioactive elements (Meade et al. 1985; Richey et al.
1986; Ferreira et al. 1988; Richey et al. 1990); floodplain sediment dynamics (Mertes
et al. 1996; Dunne et al. 1998); sediment diagenesis in river bars, floodplains and
deltas (Victoria et al. 1989; Johnsson & Meade 1990; Martinelli et al. 1993; Keil et
al. 1997); nutrient dynamics in rivers, floodplains and terra firme streams (Forsberg
et al. 1988; Martinelli et al. 1992; McClain et al. 1994; Devol et al. 1995; McClain et
al. 1997); biogenic gas production rates and air-water exchange fluxes (Devol et al.
1987; Richey et al. 1988; Devol et al. 1994; Richey et al. 2002); biochemical tracers
of organic matter (OM) sources and processes (Ertel et al. 1986; Hedges ef al. 1986a;
Hedges et al. 1994; Hedges et al. 2000; Aufdenkampe et al. 2001); isotopic tracers of

organic matter sources and cycling (Araujo-Lima et al. 1986; Hedges et al. 1986b;



Martinelli et al. 1991; Quay et al. 1992; Victoria et al. 1992; Forsberg et al. 1993;
Quay et al. 1995; Brandes et al. 1996); isotopic tracers of water cycling (Martinelli et
al. 1996a); microbiological metabolism of organic matter (Benner ez al. 1995; Amon
& Benner 1996a; Amon & Benner 1996b); and remote sensing driven models of
sediment dynamics (Mertes et al. 1993).

Other groups have made very substantial contributions to biogeochemical
research in the Amazon Basin. Several studies have focused on hydrological, nutrient
and geochemical dynamics on hillslopes and in small catchments north of Manaus
(Franken & Leopoldo 1984; Brinkmann 1985; Nortcliff & Thornes 1988; Nortcliff et
al. 1990; Forti & Neal 1992; Konhauser et al. 1994). Others have examined the
sources and mechanisms yielding high DOM concentrations in the sandy soils of the
Rio Negro basin (Leenheer 1980; St. John & Anderson 1982). In the floodplains of
the Central Amazon, J. Melack and associates have carried out extensive
biogeochemical, hydrological, and ecological studies in lakes, small catchments, and
the inundated area (Lenz ef al. 1986; Lesack & Melack 1996; Williams & Melack
1997; Sippel et al. 1998). Studies in other regions of the basin have been primarily
focused on terrestrial, hillslope and stream processes. These include the work in the
upper Rio Negro at San Carlos, Venezuela (Stark & Jordan 1978; Tiessen et al.
1994); in the Caquetd basin at Araracuara, Colombia (Duivenvoorden & Lips 1995);
and in the Pachitea basin in the Andean piedmont of central Pert (Elsenbeer ef al.
1996). In the Peruvian Amazon a group from the University of Turku, Finland,
maintained long-term studies of the relationships between geomorphology, river
evolution, succession, and floodplain mineral nutrients (Salo et al. 1986; Puhakka et
al. 1992; Kalliola et al. 1993). In the Bolivian headwaters of Rio Madeira the

PHICAB (Programa Hidrologico y Climatologico de la Cuenca Amazonica de



Bolivia) project conducted extensive research on the hydrology, sediment dynamics,
and geochemistry of rivers beginning in the 1980s (Guyot 1993; Guyot & Wasson
1994; Guyot et al. 1999). This French-led project has been extended into the
Brazilian Amazon, where it is currently active as HIBAm (Hidrologia e Geoquimica
da Bacia Amazonica; Guyot ef al. 1998; Mounier ef al. 1999; Patel et al. 1999;
Mounier et al. 2002). Additional research in the Andean Amazon has been reviewed

by McClain et al. (1995).

ROLE OF SIZE ON FATE AND TRANSPORT

Three distinct physical size classes of materials transported in rivers

Riverine transport of bioactive elements from land to sea forms a major link in
the global biogeochemical system. The diversity of matter carried within river water
is extraordinary — weathered products of rocks and plants sustain all forms of living
organisms. The entire continuum of material size is represented, ranging from
individual molecules to boulders and trees. Early on in the study of rivers, materials
in water were separated into fractions by size (Williams 1968; Meybeck 1982).
Coarse particulate, fine particulate, and dissolved fractions were thus operationally
defined using sieve pore sizes ranging from 20 to 65 pm to separate particulate
fractions, and filter pore sizes ranging from 0.1 to 1.0 um to isolate dissolved
constituents. These exact size cutoffs often differ slightly between research groups,
chosen arbitrarily and largely out of convenience. In nature the size distribution of
materials across these ranges is actually quite smooth. Despite this, the three size
classes — coarse, fine and dissolved — consistently exhibit very distinct transport

dynamics, degradation patterns and compositional characteristics. In addition, these
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three fractions remain compositionally distinct despite interacting with each other on

a continual basis (Fig. 2.3, 2.4, 2.5).

Coarse particles

Essentially all the material transported by rivers starts out in the coarse
particulate size class. Rock and decaying vegetation are physically and chemically
weathered and eroded until they finally reach the river. While the coarse size class
includes boulders and dead trees, most riverine studies have focused on sand sizes
(defined as 63 um — 2 mm within CAMREX). Because these coarse suspended
sediments (CSS) settle quickly to the streambed, suspended concentrations are
strongly dependent on stream flow velocities (Meade et al. 1985; Devol ef al. 1995)
and increase substantially with depth in the river (Curtis et al. 1979; Richey et al.
1986). Thus CSS transport is highly episodic or seasonal, with most occurring during
flood events. For instance, the mainstem of the Amazon near Manaus has depth
averaged CSS concentrations of 10-20 mg L™ during low water and 45-70 mg L™ at
high water (Devol et al. 1995). The bedload, or the CSS travelling very close to, or
even as part of, the fluid riverbed, is estimated to be a small fraction of total coarse
sediment flux in the Amazon mainstem (Dunne et a/. 1998) but it may be important in
smaller rivers. As for all the size classes, coarse particulates consist of both inorganic
mineral material and organic material derived from the remains of living organisms.

Within the Amazon Basin, quartz is the dominant mineral in CSS with 25-
75% of the total (Gibbs 1967); other primary silicates such as feldspars, micas, and
chlorite comprise the remainder at 2-25% each. These primary minerals in rivers,
surrounding soils, and aquifers each exhibit distinctive weathering rates and products.
Thus through weathering processes, the lithology, relief and climate of a watershed

together determine the composition of the finer, secondary minerals such as alumino-
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silicate clays and iron and aluminum oxides and the composition of major dissolved
inorganic ions, such as Ca*", Na', Mg>", HCO5, CI" and Si species (Fig. 2.3) (Stallard
& Edmond 1983; Stallard & Edmond 1987). The composition of CSS as a function
of hydrograph remains unstudied, but hydrodynamic sorting of CSS components
would be expected to produce spatial and temporal variations in CSS composition
within a reach.

In the Amazon mainstem and other large turbid rivers, organic matter (OM) is
a small but important portion of the CSS fraction, comprising only 0.6-3.3% by mass
(Richey et al. 1990; Devol et al. 1995). However as CSS concentrations decrease in
rivers, OM contributions increase to as high as 10-30% in the clearest waters (Hedges
et al. 1994, and unpublished data). In all cases, microscopic studies reveal that most
coarse particulate organic matter (CPOM) in rivers resembles partially degraded plant
fragments, often retaining visible cell structure (Keil ez al. 1997). CPOM is less
dense than mineral grains of the same size, hence explaining its higher contribution to
CSS in river channels under low flow. 10-20% of CPOM can be identified
biochemically as amino acids, carbohydrates and lignins — the primary molecular
building blocks of living organisms — relative to 25-60% within biomass sources (Fig.
2.5) (Hedges et al. 1986a; Hedges et al. 1994; Hedges et al. 2000). Biochemical
source indicators, such as carbon to nitrogen ratio and the ratio of cinamyl to vanilyl
lignin phenols, all show that Amazon Basin CPOM is primarily derived from tree
leaves (Fig. 2.6a) (Devol & Hedges 2001). Several other lines of evidence, including
stable carbon isotope compositions, confirm these conclusions but also show minor
contributions from grasses for certain rivers (data not shown, Quay et al. 1992;
Victoria et al. 1992). Biochemical indicators of degradation, such as the contribution

of fucose and rhamnose sugars to total carbohydrates and acid to aldehyde ratios in
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lignin phenols, all support evidence from microscopic studies and major biochemical
composition that CPOM is sparingly degraded and rather fresh (Fig 2.6b).
Radiocarbon analysis of CPOM and low density soil POM confirms their recent
origin in most cases (Hedges ef al. 1986b; Trumbore et al. 1995; this thesis, Chapter
5). It is clear that CPOM is actively degrading and leaching, supplying microbes with
substrate and releasing dissolved organic and inorganic compounds into the river.
These rates have not been directly measured, but are likely to be quite high. Stream
and river budgets suggest that CPOM continuously enters the river mostly from bank
vegetation and detritus falling directly into the water (McClain et al. 1997).

Coarse suspended river sediments are thus a heterogeneous mixture of sand
sized mineral grains and discrete plant fragments (Fig. 2.3). Both inorganic and
organic constituents of CSS are generally fresh and supply the dissolved pool as they
degrade. CSS deposits on the river bed and in sand bars form a relatively porous
sediment buffer or “hyporheic” zone (Boulton ez al. 1998) that acts as a biological
reactor, supplying the river with its products and forming new riverine environments

that can be colonized by vegetation.

Fine particles

Fine suspended sediments (FSS) consist of clays and silts, material between
0.45 and 63 um in size as defined by CAMREX. Maintained in suspension by the
slightest turbulence, FSS is often referred to as the "wash load" by geomorphologists,
because once introduced to a stream or river, FSS will generally not settle. Notable
environments that often prevent FSS from washing directly out to sea are lakes,
reservoirs, and floodplains. For instance, evidence suggests that within the Amazon —
with its extensive annually flooded plains — a typical FSS particle passes through

floodplain deposits several times between the Peruvian border and the Atlantic
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(Martinelli et al. 1993; Dunne et al. 1998). Given the patterns of channel migration,
each cycle of floodplain deposition and re-suspension requires a few thousand years
(Mertes et al. 1996). Because FSS is mobilized by erosion events, concentrations are
also a function of river discharge, although the tendency for FSS to not be redeposited
results in weaker correlations than those observed for CSS (Devol ef al. 1995). The
mainstem of the Amazon near Manaus exhibits FSS concentrations of 70-120 mg L
during low water and annual maximums of 210-340 mg L™ during the rising
hydrograph (Devol ef al. 1995).

Mineralogy within the FSS fraction can be quite diverse. Silt size grains (5-63
pum) often retain many of the characteristics of the CSS fraction while at the same
time showing signs of being more weathered (Fig. 2.4a). Fine quartz is important in
more weathered lowland basins whereas other primary silicate minerals dominate in
rivers draining the Andes (Gibbs 1967). Clays and oxides are aggregated with the
larger minerals in important quantities. The clay size fraction (0.45-5 um) is
composed mostly of phylo alumino-silicate clay minerals, which are the weathering
products of primary silicates (Fig. 2.3, 2.4b). As can be seen in figures 2.4a and 2.4b,
mineral diversity within FSS is very large and depends on the geology (source
minerals) and climate (weathering rates) of the watershed. As a result, mineralogical
compositions within the Amazon are constantly evolving downstream with inputs
from tributary watersheds and from weathering during temporary storage in the
floodplain (Johnsson & Meade 1990; Martinelli et al. 1993). All FSS samples do
have common characteristics however. This size fraction is generally high in surface
area and high in cation and anion exchange capacity. As such, significant quantities
of certain inorganic ions (e.g. NH, ", PO4> and most metals) and organic compounds

(e.g. natural organic matter, contaminants, etc.) can potentially be adsorbed to the
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mineral surfaces of FSS. Thus FSS actively interacts with the dissolved fraction,
often acting as a buffer or reservoir for dissolved compounds (Fig. 2.3).

As with the CSS, organic matter contributes only a small fraction of FSS,
generally 0.5-2.0% by weight in turbid rivers (Richey et al. 1990; Devol et al. 1995).
Unlike CPOM however, fine particulate organic matter (FPOM) is tightly associated
with the mineral phase (Fig. 2.3). In the Amazon and other rivers of the world,
generally over 90% of the FPOM can not be physically separated from the mineral
material (Keil ef al. 1997; Mayer et al. 1998). With low-density material removed,
the organic surface loadings of these sediments is consistently 0.5-1.1 mg C m™ of
mineral surface area, leading in part to the conclusion that sorption of natural DOM to
minerals is the primary pathway in which FPOM is formed (Mayer 1994; Hedges &
Keil 1995). Evidence suggests however that mineral-associated organic matter does
not form uniform coatings over the surfaces, but rather as organic gel-like
assemblages that cover <20% of the surfaces (Mayer 1999; Filius et al. 2000).
However, sorbed organic matter affects mineral surface properties significantly by
increasing cation exchange capacity and by offering hydrophobic phases into which
organic contaminants (e.g. pesticides, petroleum products, etc.) and heavy metals
readily sorb (Benedetti ez al. 1996). Biochemically, a smaller fraction of FPOM is
identifiable as carbohydrates or lignins when compared to CPOM (Fig. 2.5), but often
a larger fraction is identifiable as amino acids. FPOM appears to come largely from
leaf material as does CPOM (Fig. 2.6a), but often falls slightly outside of the
biochemical range that is possible by mixing biomass alone, as might be expected of
diagenetically altered material (Devol & Hedges 2001). Specific degradation
parameters show this clearly (Fig. 2.6b), however riverine FPOM is still relatively

fresh compared to riverine DOM or deep-sea sediments (Hedges et al. 1994). This
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appears to be the result of physical protection from microbial attack that is offered by
the intimate association of FPOM with mineral surfaces (Keil ef al. 1994; Baldock &
Skjemstad 2000; Kaiser & Guggenberger 2000).

FSS is thus a diverse but tightly associated mixture of minerals and organic
matter that interacts strongly with other size fractions (Fig. 2.3). Fine minerals are
formed from the weathering of coarse minerals, and FPOM largely results from
sorptive interactions with dissolved organics. However, the major characteristics of
FPOM most likely form within soils prior to erosion into rivers. Mineralogical and
biochemical evidence all points to this conclusion (Devol & Hedges 2001), including
carbon-14 dates hundreds to thousands of years old (Hedges et al. 1986b; this thesis,
Chapter 5). However, whereas high relief source basins are the ultimate source for
>90% of river-borne FSS (Meade 1994), stable carbon isotopes show that at Obidos
>60% of the associated FPOM originates in the lowlands (Quay et al. 1992; Hedges
et al. 2000). With such high levels of surface exchange and activity, deposited FSS

forms highly fertile soils and sediments, often far from the river channel.

Dissolved matter

Just as for the particulate size classes, the dissolved fraction (<0.45 pm as
defined by CAMREX) is composed of matter spanning a continuum of sizes, from
truly dissolved individual molecules to colloidal minerals and organic gels. The
distinguishing physical feature of material in the <0.45 um size class is that it will
stay in suspension indefinitely due to Brownian motion alone. Thus, the transport of
material in the dissolved pool is determined by the advection and mixing of the
waters that carry it. However, fluxes are not only determined by hydrology but also
by processes that transfer material in and out of the dissolved phase, such as

degradation, adsorption and coagulation. Perhaps the most important characteristic of
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dissolved material is that it has the potential to be directly bioavailable. Microbial
organisms, plant roots, and many animal tissues will transport dissolved molecules
across cellular membranes, both passively and actively. Likewise, contaminants
exhibit their highest toxicity when in the dissolved phase. The only way to measure
the mass of the entire dissolved pool is by evaporation, however it is much more
typical to measure the concentration of individual compounds or compound classes.
The inorganic material within the dissolved fraction includes all major ions,
nutrients, dissolved gases, and colloidal minerals. The major inorganic ion
composition of the Amazon mainstem is very similar to the world river average,
dominated by HCO5', Ca*", Na*, Si(OH),4 + SiO(OH);", CI', Mg*" and SO4” in order
of importance (Stallard & Edmond 1983). Diversity within the Amazon basin
parallels the pattern of other rivers of the world, with a wide range of ionic
compositions and concentrations controlled largely by geology and weathering
regime with minor inputs from precipitation (Stallard & Edmond 1983; 1987). Once
within the river, these ions mix conservatively, such that conductivity and alkalinity
serve as excellent tracers for water sources (Stallard & Edmond 1983; Devol et al.
1995). Of'the bioactive compounds, phosphate shows the least systematic variability,
generally 0.4-2.0 uM in turbid rivers as a result of buffering with larger mineral-
bound reservoirs in the FSS (Forsberg et al. 1988; Devol et al. 1995). On the other
hand, inorganic nitrogen compounds — NO3” and NH," — cycle rapidly via
remineralization of organic matter and other microbial process such as nitrification
and denitrification (McClain et al. 1994; Brandes et al. 1996; Boulton et al. 1998).
Dynamics of dissolved gasses, such as O, and CO,, are also largely controlled by the
respiration of organic matter because river, floodplain and lake waters are dominantly

heterotrophic (Cole et al. 1994; Cole & Caraco 2001). These within-river fluxes
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(more below) are in quasi- steady state balance with atmospheric gas exchange (Quay
et al. 1992; Devol et al. 1995). Waters of the Amazon are characteristically
supersaturated in CO, with respect to atmospheric equilibrium (by commonly a factor
0f'20-50) and act as a significant source of CO; to the atmosphere (Richey et al.
2002). Thus the dissolved inorganic constituents of river waters are constantly
evolving as a result of interactions with non-dissolved phases within the river
corridor.

Dissolved organic matter (DOM) exists as a mixture of simple molecules,
complex biomacromolecules, their partial degradation products and molecular
assemblages or gels. Total concentrations, measured as dissolved organic carbon
(DOC), depend strongly upon the mineralogy of the basin, highlighting the
importance of sorption to DOM dynamics. Watersheds with soils dominated by
quartz sands having low surface area produce black water rivers with 7-40 mg L™ of
DOC, whereas watersheds rich in clays produce surface waters with low DOC (2-7
mg L) (Sioli 1984a; Nelson ez al. 1993; McClain et al. 1997). To better understand
the composition and dynamics of DOM, ultrafiltration techniques have employed
membranes with pores as small as 1 nm to separate and concentrate DOM into
various size fractions (Hedges ef al. 1994; Kiichler et al. 1994; Amon & Benner
1996a; Amon & Benner 1996b; Mounier et al. 1999; Patel et al. 1999; Mounier et al.
2002). Generally, ultrafiltered DOM (UDOM) refers to organic material with
molecular weights >1000 g mol™ or daltons (HMW, or high molecular weight DOM
in the CAMREX convention), including very high molecular weight subsets variously
named VHMW DOM or colloidal organic carbon (COC) by different research groups

(1000 dalton is approximately equivalent to a molecule of 1 nm diameter). Inorganic
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colloids also appear in UDOM fractions, comprising from 5-10% of the total mass in
the Amazon lowlands to as much as 80-90% in the high Andes (Hedges et al. 2000).

In Amazon lowland rivers, 70-90% of total DOM can be isolated as UDOM
(Hedges et al. 1994), with yields decreasing upstream to 40-50% in the Andes
(Hedges et al. 2000). Relative to the two particulate classes, UDOM contains the
smallest fraction, 2.5-4.5%, identifiable as major biochemicals (Fig. 2.5), although
UDOM also appears to be largely derived from tree leaves (Fig. 2.6a). DOM shows
the most extensive signs of degradation of all three fractions (Fig. 2.6b) (Ertel et al.
1986; Hedges et al. 1986a; Hedges et al. 1994), yet radiocarbon analysis places the
average age to be no more than a couple of decades (Hedges et al. 1986b; this thesis,
Chapter 5). Care must be taken however when interpreting many biochemical trends
between DOM and FPOM. It is known that biochemical fractionation of DOM
occurs during sorption. Newly sorbed OM tends to be higher in molecular weight,
more hydrophobic, more enriched in nitrogen and hydrolyzable amino acids, and
have different amino acid compositions that the DOM from which it came (Gu et al.
1995; Kaiser & Zech 1997; Aufdenkampe ef al. 2001). Other untested biochemical
parameters may also result in part from sorptive fractionation.

Cumulative evidence suggests that DOM is produced largely from the
degradation and/or leaching of leaf detritus similar to that in CPOM (Devol & Hedges
2001). Once in solution, biomacromolecules such as proteins and carbohydrates are
easily hydrolyzed (a least partially) by exoenzymes for subsequent microbial uptake.
As a result degradation tends to decrease both the size and bioavailability of HMW
DOM to form the low molecular weight (LMW, ~200-1000 daltons) fraction (Amon
& Benner 1996a). However, as all particulate and dissolved organic carbon fractions

degrade, microbial activity and photochemistry can generate a pool of the smallest
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molecules (<200 daltons) — free amino acids, free sugars, and organic acids such as
acetate and citrate (Amon & Benner 1996b; Moran & Zepp 1997). Despite the
likelihood that this very low molecular weight (VLMW) DOM represents an
exceedingly small proportion of total DOM in rivers, these compounds are generally
extremely bioavailable and could drive significant biological fluxes. The relative
proportions of VHMW, HMW, LMW and VLMW DOM fractions would be expected
to evolve down river as a result of their different degradation rates. Coagulation and
disassociation of DOM in and out of colloidal gel phases or mineral surfaces
complicates these size dynamics significantly however, as many of these processes
respond to changes in pH and to ratios of polyvalent to monovalent ions in solution
(such as Ca*"/Na") (Chin et al. 1998; Kaiser 1998).

The dissolved fraction is particularly characterized by diversity and contrasts
(Fig. 2.3). Organics and inorganics exist in both truly dissolved and colloidal phases.
This mixture contains the most labile material carried by the river (e.g. NH,, free
amino acids, etc.) and also relatively non-labile weathering end-products (e.g.
inorganic ions that determine alkalinity, LMW DOM, etc.). Some material is swept
away with the water directly to sea, whereas transit times for other components are

delayed considerably by interactions with mineral particles.

River metabolism

The CSS, FSS and dissolved fractions are compositionally distinct, yet
interact with each other on a continual basis through the processes of degradation and
sorption. The dynamics of one fraction can not be completely understood without
considering the dynamics of the other two. Likewise, when considering whole-river
processes, such as river metabolism, all three fractions must be considered together

because nutrients and substrates (or pollutants) can reside in more than one fraction.
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A notable omission in the above discussion of river-borne material is
microorganisms. Bacterial biomass accounts for only 15-50 ug OC L™ (0.75-2.5 x10°
cells L™ or <5% of total organic carbon (Wissmar ef al. 1981; Benner et al. 1995),
thus contributing insignificantly to the mass of any fraction. However, the microbial
community mediates nearly all biochemical transformations in the natural
environment, including the weathering of rocks, and as such the activity of
microorganisms is implicit in every discussion of biogeochemistry.

Just as rivers provide microorganisms with a wide array of substrates,
nutrients and energy sources, rivers contain within their corridors a diverse set of
physicochemical environments within which nearly all biochemical transformations
can occur. Most rivers in the Amazon are dominated by heterotrophic respiration
over photosynthesis (R/P ratio > 3) due to low light penetration in turbid rivers and in
canopy-covered streams (Quay et al. 1995). Community respiration rates in the
Amazon and major tributaries show a wide range, from 0.2-2 umol C L™ hr™' (Richey
et al. 1990; Benner et al. 1995; Devol et al. 1995), with no consistent seasonal or
river-type patterns. These rates appear to be substrate limited rather than nutrient
limited (Benner et al. 1995), further evidence that the bulk of dissolved and
particulate OM in rivers is of limited bioavailability but that a small pool of labile
compounds fuels the majority of respiration (Amon & Benner 1996a). Water flow in
and out of suboxic and anoxic hyporheic zones in river beds is a likely source of
labile fermentation products to the river. Methane gradients from banks to the main
river channel can be quite large (Richey et al. 1988; Devol et al. 1994), but
quantification of fluxes for other associated fermentation products has not yet been
attempted. Lastly, in less turbid waters photochemical reactions can be important in

both oxidizing DOM and in releasing VLMW organic compounds from more



21

recalcitrant material for bacterial consumption (Amon & Benner 1996b; Moran &
Zepp 1997). As light penetration increases, so does photosynthesis. In floodplain
lakes, grassland streams, clearwater rivers and to some extent blackwater rivers,
respiration to photosynthesis ratios approach one (Quay et al. 1995). Depth
integrated gross photosynthesis in these waters is comparable to the more productive
regions of the oceans, with rates as high as 160 mmol C m™ d”' (Wissmar et al. 1981;
Quay et al. 1995). All of these various biological process are cumulatively important.
Concentrations of CO; over the Amazon surface exhibit a diurnal cycle with
amplitudes of 70 to 150 ppm (Quay ef al. 1989). Thus, to say that large rivers

“breath” is not simply metaphorical.

VARIABILITY AND SCALE IN THE RIVER SYSTEM

Importance of natural variability and river scale for biogeochemical processing
The conceptualization of bioactive materials as interacting size classes with
distinct properties has led to invaluable insight regarding dominant biogeochemical
transformations in riverine environments (Devol & Hedges 2001). A fuller
understanding of biogeochemical dynamics in a river system, however, requires an
additional dimension: an examination of the range and patterns of natural variability
in concentrations, compositions, and process rates, and of their principal
environmental sources and controls (Meyer ef al. 1988). In a fluvial system draining
a continental-scale basin, natural variability is manifested across all spatial and
temporal scales. Most obviously, concentrations and compositions usually vary
within a channel cross-section, both laterally and with depth (Richey et al. 1986).
This observation is especially relevant for suspended sediments (Curtis et al. 1979),

and for highly labile molecules with well-defined sources in the form of discrete
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inputs or diffusing from the sediment-water interface, such as CHy4 (Richey et al.
1988; Devol ef al. 1994). Such variability highlights the need for careful, channel-
integrated quantitative sampling in order to obtain representative cross-section
averages, especially in larger rivers (Richey et al. 1986).

Regional differences in climate, soils, geomorphology, and vegetation also
lead to dramatic contrasts, such as the river water typology already discussed. The
progressive downstream growth of rivers that in Amazonia leads to massive channels
and vast drainage areas results in not only the mixing of river waters draining
dissimilar terrains, but also the creation of geomorphologically distinct riverine
landforms and floodplains (Gregory et al. 1991), and longitudinal biogeochemical
trends. Likewise, episodic events, the seasonal evolution of climate, and subsequent
ecosystem and sediment responses, can result in substantial temporal changes in the
biogeochemical functioning of rivers.

Some dominant forms of biogeochemical variability in Amazonian rivers will
be described, focusing on the Amazon mainstem and mouths of major tributaries
where more data are available and where CAMREX concentrated its efforts in the
past. This large-river bias is a common feature of tropical South American research,
in contrast with a focus on small catchments in temperate regions (Lewis et al. 1995).
River size and system scale are important considerations that will be interwoven in
this discussion. I will also emphasize factors such as the interactions of bioactive
materials with geomorphology, sediment, and hydrological dynamics, and the

sensitivity of different species to reach- vs. basin-scale controls.

Regional heterogeneity, downstream evolution, and large-scale structure
The biogeochemistry of running waters in the Amazon basin is exceedingly

diverse. Several examples of this diversity have already been discussed. Spatial
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heterogeneity can be manifested at multiple scales, from large regional differences
between Andean and lowland streams, through downriver longitudinal geochemical
trends and interactions with a changing floodplain environment, down to sub-regional
variability and micro-scale changes. The value of broad classification schemes such
as the visual water typology described earlier is diminished when considering subtle
sub-regional changes in biogeochemical composition and controls. For example,
turbid whitewater rivers closer to their Andean headwaters in Pert and Bolivia
display substantial contrasts in the sorptive partitioning history and proportion of
HMW DOM (Hedges et al. 2000); these differences may be attributable to
differences in climate, terrain, and especially lithology and mineralogy (see Fig. 2.4,
Ucayali, Marafion, and Madeira rivers). Moreover, smaller rivers at high elevations
are often not turbid at all during the dry, low-water season (personal observation;
Kvist & Nebel 2001). Similarly, streams within each of the lowland physiographic
domains (Fig. 2.1) can display geochemical composition and dynamics unlike those
of the assumed norm, as a result of localized features (Sioli 1984a; Kvist & Nebel
2001). Larger rivers tend to average out these small-scale fluctuations and result in
the expected water color type.

The downstream growth of a river yields important biogeochemical
consequences, including: a progressively diminishing role of local impacts and inputs
compared to upstream influences; mixing of waters from dissimilar regions through
the confluence of large tributaries; and creation of particular floodplain environments
through the geomorphological action of the river and its water and sediment regimes
(Vannote et al. 1980; Gregory et al. 1991; Leopold 1994). Longitudinal trends and
"resetting" of the biogeochemistry of the channel often result from these factors. In

the Rio Beni, Bolivia (Fig. 2.2), such a pattern is seen in the increasingly finer
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suspended sediment sizes downstream as the river reaches the piedmont area (Guyot
et al. 1999); it is also observed in the °C content of organic matter, which evolves
from relatively enriched values in the highlands resulting from an elevation isotopic
effect on C3 vegetation (Korner et al. 1988), to a progressive decrease towards the
lowlands, followed by a sharp increase in >C of UDOM that may be a result of input
from C4 grasses, and finally a sharp decrease after confluence with the larger Rio
Madre de Dios (see Fig. 6a in Hedges et al. 2000).

On a larger scale, CAMREX has investigated changes in concentration,
composition, fluxes, and process rates along a 1800-km reach of the Solimdes-
Amazonas mainstem (Fig. 2.2). While there are often clear differences between
longitudinal trends during rising and falling stage (see below), some patterns are
persistent (Fig. 2.7). Most biochemical tracers of OM composition, sources, and
degradation show relatively insignificant changes downstream, despite the input of
very large tributary fluxes and floodplain exchanges (Hedges et al. 1986a; Hedges et
al. 1994); these tracers suggest that organic matter dynamics are operating in an
apparent steady-state. °C of FPOC, on the other hand, generally becomes more
depleted from Vargem Grande to Manacapuru, reflecting the gradual replacement of
Andean FPOC with lowland-derived organic carbon from C3 plants (Quay et al.
1992). Suspended sediment concentrations generally decrease to Manacapurq,
though sediment fluxes may follow different patterns and the channel exchanges vast
amounts of sediments with the floodplain (Meade et al. 1985; Dunne et al. 1998).
Associated particulate species usually track the trends in suspended sediment
concentrations (Hedges et al. 1986a; Richey et al. 1990). Conservative dissolved
species such as alkalinity, originating primarily in the Andes and alluvial foreland

rivers, present largely a downstream dilution effect from the input of lowland
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tributaries with low base cation content. For many bioactive dissolved species such
as CO;, on the other hand, the contribution of lowland tributaries and the floodplain is
often the opposite, resulting in persistent increases downstream (Richey ez al. 1990).
DOC concentrations are relatively unchanging in the mainstem, except for substantial
increases due to the confluence of the blackwater Rio Negro. In fact, the input of
such a large and distinctive tributary often results in substantial changes in the
biogeochemical signature of the mainstem.

Several studies have indicated that the Amazon floodplain is a source of
respiration products as well as highly labile organic matter that fuels respiration in the
channel, but this input does not appear to affect the composition of bulk river organic
matter (Devol & Hedges 2001). The biogeochemical impact of the floodplain,
however, is likely to be variable across the mainstem, given the diversity of
geomorphological and ecological functioning of the floodplain in different reaches,
driven by large-scale morphotectonic features (Mertes et al. 1996; Dunne ef al. 1998).
This diverse and changing role is also likely to be important in other floodplain
regions throughout the basin (Puhakka ef al. 1992; Guyot 1993; Kvist & Nebel 2001).

At a small scale, the extrapolation and regionalization of intensive stream and
hillslope studies remains a difficult problem. Few studies of this type have been
carried out in the basin (Nortcliff & Thornes 1988; Elsenbeer et al. 1996; Lesack &
Melack 1996; McClain et al. 1997), and their research emphases have varied. A dual
challenge exists: defining the appropriate boundaries for regionalization of results
from stream studies, and scaling small-stream results to their resulting larger rivers —
and conversely, down-scaling from large to small rivers. These issues remain largely
unexplored in the Amazon basin, though studies in North American rivers are

beginning to point the way forward (Smith ez al. 1997; Peterson et al. 2001).
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Temporal variability and episodic disturbance

Variability in biogeochemical processing with time can have important
ecosystem impacts and must be considered in designing sampling or monitoring
systems. It can occur at all temporal scales, from short rainfall events, to regular
diurnal cycles and seasonal changes in rainfall; and from interannual climate
variability driven by El Niflo, to rare episodic disturbance such as earthquakes and
mass wasting of hillslopes in the Andes. The consequences in a river are regulated by
hydrological regimes and ecosystem and geomorphological responses. In large
rivers, the relative timing and magnitude of events in different tributary basins also
play a role.

Longitudinal trends along the Amazon mainstem often show marked contrasts
between rising and falling stages, resulting from the combined effect of changing
relative contributions of tributaries vs. Andean source waters, local hydraulic
conditions, and the contribution of the floodplain in comparison with in-channel
transformations (Richey et al. 1990; Devol & Hedges 2001). Trends in suspended
sediment concentration and associated bioactive constituents vary with the
hydrograph, showing relatively uniform distributions or lack of clear longitudinal
patterns during falling water, but higher concentrations and downstream decreases
during rising portions of the hydrograph (Fig. 2.7). These seasonal changes reflect
variations in both sources and transport of particulate materials during different stages
of the hydrograph, the role of local hydraulic and turbulent conditions as measured by
river surface slope, and large-scale changes in sediment dynamics and
geomorphological functioning of the floodplain (Meade et al. 1985; Devol et al.
1995; Dunne et al. 1998). However, such well-defined patterns often break down

after the confluence of the Rios Negro and Madeira, the two largest tributaries.
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Dissolved conservative species with sources in the Andes, such as alkalinity
and Ca®" (Fig. 2.7), show only a dilution effect downstream, where their seasonal
variations are controlled largely by the relative contribution and timing of the
hydrographs from the headwaters and the major tributaries (Richey et al. 1990).
Dissolved bioactive species, on the other hand, are controlled largely by river stage,
where stage is a proxy for channel-floodplain interactions (Richey et al. 1990; Devol
et al. 1995). As discussed earlier, oxygen and CO, show a local steady-state between
transport, respiration, and gas exchange across the river surface. Changing river stage
results in variations in the longitudinal patterns of these dissolved gases, with
increasing CO; super-saturation and decreasing O, concentrations downstream
observed primarily during falling waters (Fig. 2.7). Lastly, DOC and PO4> show
little seasonal variability in their upstream-downstream distributions.

A more detailed picture of temporal variability in the mainstem is obtained
from a ten-year time series of monthly measurements at the Marchantaria sampling
station, in the Rio Solimdes before its confluence with the Rio Negro (Fig. 2.2).
Many species present regular, damped variability (Figs. 2.8a, 2.8b). This decadal
time series facilitated a more rigorous empirical examination of factors controlling
the seasonal changes in river constituents (Devol ef al. 1995). Sediment and
geochemical constituents were regressed against likely controls based on water
provenance and hydraulic characteristics: % of water derived from Andean inputs, %
derived from "local" water (floodplain and small tributaries feeding the mainstem),
river slope, and discharge. Three groups of species with similar controls were found
(Table 2.1). Particulate species are controlled by source strength and the
hydrodynamics of sediment deposition and remobilization. Conservative dissolved

species reflected their sources and dilution effects, and bioactive species vary with the
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discharge hydrograph. These results are congruent with those gleaned from mainstem
cruises.

Variability in streams and mid-sized rivers has been scarcely studied in the
Amazon basin. In contrast to large rivers, changes in these systems can occur rapidly
in response to storms, often resulting in large and rapid changes in concentrations
(Elsenbeer et al. 1996; Lesack & Melack 1996). In the Bolivian Andes, Guyot (1993)
has shown that most annually averaged organic carbon transport occurs in particulate
form and is dominated by very high concentrations during a short period of time
when FSS concentrations are extremely high. Concentrations of both particulate and
dissolved species can vary quickly within a few days. Rosenqvist et al. (2002) have
demonstrated that methane fluxes occur predominantly during flood recession.

Little is yet known about riverine biogeochemical responses to interannual
forcings in the Amazon basin. Richey ef al. (1989a) showed that the mainstem
discharge data near Manaus presents substantial variability at frequencies of about 3
years, corresponding to El Niflo and La Nifia events. Marengo & Nobre (2001) have
shown that the impact of ENSO (El Nifio-Southern Oscillation) events on climate and
river hydrographs vary across the basin. Tian et al. (1998) and Asner ef al. (2000)
have recently demonstrated via models and remote sensing that carbon cycling in
terrestrial ecosystems in the basin also varies with ENSO events. This combined
evidence of hydrological and terrestrial biogeochemical responses to interannual
climate variability strongly suggests that processing of bioactive materials in the river
system will also respond to such forcing. In large rivers, however, this response will
be modulated by the relative regional impacts, the influx of tributaries, and the
relative timing of their hydrographs. Likewise, large episodic disturbance, such as

earthquakes and mass wastings in steep Andean slopes (Aalto et al., 2003), are likely
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to have substantial and long-lasting biogeochemical impacts on small and mesoscale
rivers, as has been shown in small watersheds in Puerto Rico disturbed by hurricanes

(Schaefer et al. 2000).

CONCLUSIONS

The Amazon River Basin — from the Andean Cordillera to the Atlantic Ocean
— contains within its border a large variety of river and basin types. Nevertheless,
these rivers exhibit remarkable consistencies in the processes that control the fate and
transport of bioactive elements. River-borne material resides in three compositionally
distinct size fractions that have contrasting transport properties and reaction histories.
Coarse particulates are the freshest, degrading to form the fine particulate and
dissolved fractions, which continually interact with each other via sorption processes.
Organic matter in these fractions contains most of the bioactive material in the river,
yet inorganic material is of critical importance due to its ability to complex and
protect organic matter from degradation.

Variability in the composition and dynamics of river-borne material from one
river (or season) to another is often much less than differences between size fractions
within a single river (or season). However, it is often this variability that offers the
most insight regarding important processes. Understanding how these processes scale
with basin size is of critical importance. The watersheds of streams and small rivers
most often represent a single geologic and climatic zone. Each small river thus
exhibits the narrow range of characteristics typical of its limited basin, yet these rivers
respond to episodic forcing (storms, landslides, fires, development) quite quickly and
strongly. Large rivers can contain high sub-basin heterogeneity with respect to

ecosystems, geology, climate, and timing of weather events. Material carried by
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these large rivers integrates this heterogeneity, yet the relative influence of each sub-
basin is continually changing with time and with distance downstream. Thus the
response of large rivers to environmental change is damped relative to its constituent
drainages.

The cumulative understanding of natural undisturbed river systems sets the
foundation for subsequent work to elucidate human impacts on rivers and to
eventually develop sustainable management plans. For example, knowing which size
fraction the material of interest (nutrients, pollutants, eroded sediments, etc.) can
potentially reside in is a critical first step in evaluating its transport dynamics and
bioavailability. The next step might be to evaluate issues of scale. How does the
human flux of this material compare to the natural riverine fluxes (transport,
degradation, production, etc.) at that location? The answers to this question are likely
to change across regions and with the time scale of interest. The evaluation of human
impacts on river systems is rarely a simple and straightforward task — the natural
world is too variable and complex for textbook solutions to every problem. However,
systematic and well planned study of a natural system can yield the information
necessary for sound management. Fortunately, a number of such studies are currently
in place in the Amazon basin, including CAMREX, AARAM (Andean Amazon

Rivers Analysis and Management), and HiBAm.
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Table 2.1. Hydrologic variables controlling seasonal biogeochemical variability at the
Machantaria sampling site, in the Solimdes mainstem near Manaus. Biogeochemical
parameters are grouped according to the dominant control variable resulting from multiple
linear regression.

Andean Group
Controlled by the relative contribution of river water from Vargem Grande, serving
as a proxy of the Andean drainage of the Amazon mainstem.
Fine 2suspended sediments (FSS), alkalinity (Alk), calcium (Ca®"), and sulphate
(SO47)

Stage Height Group
Controlled by the local stage height at Marchantaria.
Dissolved oxygen (O,), dissolved carbon dioxide gas (CO,), nitrate (NOs"), pH,
sodium (Na"), chloride (CI"), and % carbon by weight in coarse suspended
sediments.

Local Group
Controlled by the relative contribution of river water from small, local tributaries in
the central lowlands and the floodplain.
Silicate (Si(OH)4), potassium (K "), and % carbon and nitrogen by weight in fine
suspended sediments.

Surface Slope Group
Controlled by the river surface slope around Marchantaria, as a proxy of local
turbulence.
Coarse suspended sediments (CSS), fine particulate organic carbon (FPOC),
coarse particulate organic carbon and nitrogen (CPOC and CPON), and total
particulate phosphorus (TPP).
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Figure 2.1. General physiographic features of the Amazon basin. The basin boundary is
shown as a thick black line. National boundaries are shown as thick dotted lines. Major cities

in the basin are included. The portion of the total basin area encompassed in each country is

listed in the inset table; total basin area is 6,007,000 km” (see Chapter 3). Also shown are

elevation and the main morphostructural regions.
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Figure 2.2. Amazon river network and CAMREX river sampling sites. The names of the
mainstem and major tributaries are shown. The Amazon mainstem (thick black line) first
begins under the name of “Amazonas” in the confluence of the Ucayali and Marafion in Peru.
As it enters Brazil, its name changes to “Solimdes”, and becomes the “Amazonas” again after
the confluence of the Rio Negro. The total length of the river is about 6,500 km, from its
mouth to its source in the Ucayali headwaters south of Cusco (see Chapter 3). CAMREX
mainstem sampling stations are shown as solid stars, from Vargem Grande (V) to Obidos (O).
11 mainstem sites and the mouths of the 7 major tributaries were sampled through cross-
sectional composites during 12 cruises between 1982 and 1991. All other CAMREX
sampling sites are shown as open triangles. The site of the Marchantaria-Manacapurt time
series is labelled “M”.
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Figure 2.5. Major biochemical composition of coarse and fine particulate organic matter
(OM) and ultrafiltered dissolved OM carried by rivers of the Amazon Basin, relative to the
composition of source materials. River data from Ertel ef al. (1986), Hedges ef al. (1986a),
Hedges et al. (1994), Hedges et al. (2000) and source data from these papers and from Cowie
& Hedges (1984, 1992), Goni & Hedges (1992) and unpublished data. Notice that upper and
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Figure 2.6. Biochemical parameters commonly used to interpret A) organic matter sources
and B) organic matter degradation. Riverine coarse and fine particulate OM and ultrafiltered

dissolved OM are again presented relative to common source materials. In A, the ratio of

cinamyl to vanilyl lignin phenols (C/V) clearly distinguishes between woods, leaves, grasses

and all aquatic organisms (which contain no lignin and are thus plotted to the right). In B,
FPOM and UDOM are outside the range of plant sources with respect to both the acid to

aldehyde ratio of lignin phenols, (Ad/Al)v, and the percent contribution of sugars rhamnose
and fucose to total carbohydrates, %(Rha+Fuc), -- two parameters that increase with

increasing degradation within sediments. Data obtained from the references listed for Fig.
2.5. Average %(Rha+Fuc), values were used for some woods and leaves for which no
measurements were made.
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Figure 2.7. Longitudinal trends along an 1800 km reach in the Solimdes-Amazonas
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highlight seasonal differences. Variables shown are river discharge, alkalinity, fine suspended
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station labels at the top of the graph are the same as in Fig. 2.2. Data from Richey et al.

(1990) and Quay et al. (1992).



39

140 1 A
120 |
100 A

80 -

60 +
Discharge (103 m?3 5'1)

T T T T T

1982 1984 1986 1988 1990 1992 1994
1000

900 1 Alkalinity (neq L™

40

800 -
700 +
600 +

300 T T T T T T T

1982 1984 1986 1988 1990 1992 1994
400

350 | FSS (mgL™)

300 +
250 +
200 +
150 A

100 - -
‘

50 T T
1982 1984 1986 1988 1990 1992 1994

T T

220 1g Dissolved O 5 (uM): 20 4, NO3™ (uM)
200 ‘ o .
180 { “-.. e P . 12 o
0 1l ‘
104, . 120 . : o A
120 1 cLoh . s L 10 - g ’* _‘7:77‘:. ) 08 ‘ ‘F N
100 | ' 7 o
80

60 -

8
6
41 0.4
2

Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov

Figure 2.8. Hydrological and biogeochemical time series from Marchantaria, in the
Solimdes mainstem near Manaus (see Fig. 2.2). Data were collected at approximately
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discharge, alkalinity, and FSS. B) Annual composites for dissolved oxygen, nitrate (NO5'),
and phosphate (PO,”) are presented to illustrate the dominant seasonal variability patterns;
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the sample was collected. Data from Devol et al. (1995).
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CHAPTER 3: ESTIMATING CELL-TO-CELL LAND SURFACE DRAINAGE
PATHS FROM DIGITAL CHANNEL NETWORKS, WITH AN APPLICATION
TO THE AMAZON BASIN

INTRODUCTION

River channel networks are fundamental land surface features that integrate
diverse and distant regions through the transport of water, sediments, and chemical
constituents. The dynamics at a given channel reach can be understood only in the
context of the characteristics of its drainage area and the upstream river network. A
systematic linkage of the land to its drainage channels involves the delineation of
flow paths from each element on the land surface to a channel reach and down the
river network to the mouth. Such integration is required in many significant earth
science and resource management applications, including the validation of land
surface hydrology models using observed river discharge (Lohmann et al. 1998) and
studies of the effects of basin characteristics and land use on river nutrient and carbon
fluxes (Ludwig et al. 1996; Smith et al. 1997; Krysanova et al. 1998).

Surface flow paths are commonly derived from a gridded digital elevation
model (DEM), where the elevation values are stored in regular grid cells. Several
algorithms exist to determine the direction of water flow from cell to cell based on
terrain analysis and DEMs (Moore et al. 1991; Martz & Garbrecht 1992). The most
convenient and widely used method is the D8 algorithm (Maidment 1993; Hogg et al.
1997), in which the direction of flow out of each cell corresponds to the direction of
steepest descent to one of the eight surrounding cells. A consequence of this method
is that water and materials in a cell can flow to only one of its neighbors, a
simplification that may result in drainage artifacts (Costa-Cabral & Burges 1994).

Nevertheless, other important parameters can be derived easily and unambiguously
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once unique flow direction paths are delineated; examples include flow accumulation
grids (the number of cells draining to any given cell), distance along the network,
river networks at a desired scale, and drainage basins (e.g., Vorésmarty ef al. 2000a;
Vorosmarty et al. 2000b). Utilities to calculate these parameters from flow direction
grids have been incorporated in most Geographical Information Systems (GIS)
software, such as ArcInfo (ESRI 1997) and GRASS (USA-CERL 1991).

The use of DEMs and unique cell-to-cell flow paths greatly facilitates the
extraction of surface flow characteristics, river networks, and drainage basins, and the
development of hydrological and biogeochemical applications. Nevertheless, DEMs
of sufficient resolution and accuracy do not exist in large areas of the world,
especially in developing countries and in low-relief forested regions such as the
Amazon lowlands; low-relief areas are specially challenging even when high-
resolution DEMs are available. In such cases, alternative methods are needed to
derive cell-to-cell surface flow paths covering the entire land surface, at a resolution
high enough to support a variety of applications. D61l & Lehner (2002) discuss
additional limitations of deriving drainage directions from DEMs.

Vector maps of channel networks are widely available, detailed, and verifiable
sources of relevant information. Compared to elevation, channels are more easily and
accurately extracted from aerial and satellite remote sensing, and errors more easily
identified and corrected. However, available digital networks are often used only for
visual display or proximity analysis (river buffers); datasets supporting primarily
such applications may include a number of topological network complexities,
including disconnected reaches, two-bank channel representation, and flow
bifurcation. For small watersheds, topologically corrected networks are often used in

network analysis, and in hydraulic channel routing models based on lumped sub-
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watersheds or hydrological representative units where watershed boundaries may be
extracted manually (Fread 1992; Maidment 1993).

The use of digitized channel networks to assist in delineating basin-wide land
and river surface flow paths has been limited. In the “stream burning” method, a
river network from an external source is incised into a DEM by artificially lowering
the elevation of cells that are part of this network, forcing flow paths to drain into and
follow the imposed network (Graham et al. 1999; Liang & Mackay 2000; Renssen &
Knoop 2000). This scheme reduces the impact of inaccuracies in DEMs, but it still
requires an adequate DEM while ensuring realistic flow paths only at the larger scales
for which a river network is available. Sekulin ez al. (1992) used a channel network
and a nearest-neighbor method only to extract gridded drainage areas without the use
of a DEM. In this chapter I present a related but more exhaustive approach that uses
topologically simplified channel networks to derive gridded cell-to-cell surface flow
paths in rivers and across the entire land surface; it is intended for use in regions
where existing DEMs are inadequate but detailed channel network maps are
available. With a complete land and river flow direction grid created, surface flow
path analysis functions can be applied in the same manner as with flow direction grids
derived from DEMs. After describing the method, I illustrate and evaluate it with a
large-scale application to the entire Amazon basin using a corrected version of the
Digital Chart of the World (Danko 1992) river network; the derived datasets are
freely available and may be used in hydrological and biogeochemical modeling and in
studies linking river observations to their corresponding drained areas, particularly in
connection with the Large-scale Biosphere-atmosphere experiment in Amazonia

(LBA).
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METHODS

Figure 3.1 shows a general description of the steps involved in the approach
presented here to create a complete flow direction grid from river network maps.
These steps are grouped into three stages, described below. All data processing and
algorithm implementation was carried out using a combination of custom C programs

and Arclnfo software.

Preparation and gridding of input vector datasets

The need to create a basin-wide land and river flow direction grid depicting
unique cell-to-cell paths imposes certain requirements and limitations on the vector
network: a, the entire network must be interconnected; b, channels that form loops or
are split into parallel braided channels must be simplified to single channels following
single, well defined directions; and ¢, channels represented as polygons or with
individual river bank vectors must be simplified to single-curve center lines to avoid
multiple parallel gridded flow paths. The Amazon delta region in Northeastern Brazil
illustrates these network complexities (Figure 3.2). Correction or simplification of
such features may be facilitated through automated methods in a GIS, but ultimately
must rely on visual inspection and manual corrections. Errors in drainage network
configuration must be checked and corrected against ancillary data such as atlases and
air photography. Commonly available network datasets will typically require
extensive pre-processing.

Two other datasets are required. First, unique cell-to-cell flow paths require a
single outlet. Rivers in estuaries and deltas are often split into multiple channels and
mouths (see Fig. 3.2), and this complexity is depicted faithfully in vector channel
networks. A single mouth point must be chosen manually; all other draining channels

may either be forced to reverse their direction of flow or may be cut off at arbitrary
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points. Reliance on DEMs and DS to extract flow directions and river networks
sidesteps the issue because the use of elevation gradients and unique cell-to-cell paths
enforces an arbitrary unique mouth point, even when additional processing is
involved. Second, the basin boundary corresponding to the chosen mouth point is
needed. This polygon may be created manually by visual inspection or may originate
in other datasets or methods; however, it must be consistent with the channel network
map. The accuracy of this basin boundary may be difficult to quantify and is
dependent on the background information used to extract the boundary — DEMs,
atlases, or the river network dataset itself.

At this point, the river network can be gridded using an extent that
encompasses the basin boundary. The choice of cell resolution involves a balance
between smaller cells to accurately represent channel sinuosity, avoid connecting
adjacent channels, and avoid breaking off meander loops at their necks; and larger
cells to minimize processing time and file sizes. The optimal cell size is selected
through trial and error. Finally, the gridded river network and basin boundary must
be evaluated carefully to ensure that artifacts such as improperly connected channels

are not introduced during gridding.

Flow direction algorithm

The goal of the algorithms is to create a basin-wide, land and river flow
direction grid. The input datasets are the gridded versions of the pre-processed river
network, basin, and mouth coordinates. For convenience, the network and basin are
first combined into a single grid using different integer cell values or flags. In the
first step, in-channel cell-to-cell flow paths are assigned, leading to the mouth. These
paths are determined as the shortest path from each channel cell to the mouth,

traversing the river network; flow can move from a cell to any one of its eight
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possible neighbors within the network. An undesired consequence of this approach is
that meanders and general curvature are often smoothed or shortened, thus reducing
total channel length (Fig. 3.3). At this stage the mouth cell itself is assigned an
arbitrary direction of flow pointing away from the basin.

Next, each "land" cell in the basin — one not in the channel network — is
allocated to the channel cell closest to it along a straight line (the shortest Euclidean
distance). To accomplish this, cells surrounding the land cell are scanned along
progressively larger one-cell-wide square "rings" in a clockwise direction starting at
the upper left corner of the ring. The distance and angle between the center of the
land cell and that of its allocated river cell is recorded. A land-river line crossing
cells outside the basin implies flow paths leaving and reentering the basin. Such
physically impossible flow paths are invalid. Scanning proceeds until the first valid
river cell assignment is made and such path is confirmed to be the shortest possible
cell-to-cell distance. The invalidation of flow paths crossing the pre-defined basin
boundaries can have an undesirable effect once all land cells have been processed. A
land cell near a basin boundary can become “trapped” by the boundary when no valid
straight-line path to the center of a channel cell can be allocated. Such unallocated
cells are identified and reprocessed as a special case. In this step, all land cells
successfully allocated are treated as channel cells together with real channel cells, and
the allocation mechanism is repeated with this much larger set of targets.
Identification and reprocessing of unallocated cells continues until every land cell has
been assigned a valid path. Finally, the angle of the land-stream connecting line is
truncated to the nearest direction pointing from the center of the cell to the center of
one of its eight neighboring cells. For example, a shortest-distance path with an angle

of 60° NE will be rounded off to a cell-to-cell path at 45° NE. Truncation is a key
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step that in effect changes the interpretation of the path direction from a long-distance
nearest neighbor angle into a cell-to-cell flow direction.

At this point, a valid drainage direction map exists that can trace the path
followed by a parcel of water from any point on the basin to the outlet. However,
some artifacts result from gridding a vector network (Congalton 1997) and applying a
shortest-distance network path algorithm. These include short parallel drainage paths
adjacent to the channel, and small clusters of pixels that are no longer part of the
channel proper. Drainage paths from land cells may be diverted through these
artifacts before they reach valid channel cells. To minimize this problem, I make use
of the flow direction map generated above to identify potential artifact cells. The
premise is that these cells cluster around the main derived channel cells and drain a
relatively small number of cells, according to the flow accumulation map derived
from the preliminary flow direction map. The steps are illustrated in Figure 3.4.
First, a support area threshold is chosen to extract a new river network from the
drainage direction map (Hogg ef al. 1997). This new network is made up of both
cells in the original gridded network and others previously considered land cells (Fig.
3.4a); the latter are artificially generated channels which are assigned a flag value of 4
and disregarded (Fig. 3.4b). Conversely, the flow accumulation threshold splits the
original network into “channel” (above the threshold) and “non-channel” (below-
threshold ) cells. From this set of all original-network cells, channel cells are flagged
as 1, and non-channel cells are flagged as 2 (Fig. 3.4b). Next, flag-2 cells are further
divided into valid original network cells and potential artifacts using a set of kernel
calculations centered on each below-threshold cell from the original network. In the
first step, flag-2 cells adjacent and perpendicular to a flag-1 cell are identified as

potential artifacts and flagged as 3 (Fig. 3.4c). Second, a 3 x 3 kernel is used to flag
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additional potential artifacts. If a flag-2 cell has no flag-2 neighbors in the kernel (it
is isolated) and has at least one flag-3 neighbor (it has adjacent potential artifacts), it
is flagged as 3 (Fig. 3.4d). The final step identifies below-threshold cells that connect
flag-1 and flag-2 cells but were incorrectly flagged as potential artifacts. If the cell is
flagged as 3 and is adjacent and perpendicular to a flag-2 cell, it is recoded back to 2
(Fig. 3.4e).

Network cell flagging is carried out for a large range of flow accumulation
thresholds. I select the threshold value that maximizes the number of artifact channel
cells identified (flag 3). Cells flagged as 1 or 2 using this optimal support area are
then selected to form a new base river network. A number of small, valid stream
channels will still be dropped, while some artifacts will remain. Finally, the flow
direction algorithm described earlier is applied on this new network (Fig. 3.1). The

resulting drainage direction map is the final, cleaned product.

Final dataset products

Additional products can be derived from the final flow direction map, base
network, basin mask, and location of the basin outlet. I apply standard network
traversal methods on the flow direction map to create flow accumulation and flow
length gridded maps. In the flow length product, each cell holds the length of the
complete drainage path from the cell to the basin outlet; the length of a horizontal or
vertical path is equal to cell width, while the length of a diagonal path is equal to \2
times cell width. Together, these maps and the final gridded network make up the

complete, final dataset.
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RESULTS AND DISCUSSION

The CAMREX research group (Carbon in the AMazon River Experiment) has
studied the biogeochemistry, hydrology, and geomorphology of Amazonian rivers
over the last two decades (Richey et al. 1989b; Dunne et al. 1998; Devol & Hedges
2001; Richey et al. 2002). Sampled rivers range from 1* order streams to the
mainstem Amazon a few hundred kilometers above the mouth; systematic analysis of
this extensive dataset requires the co-registration of sampling sites with a detailed
basin-wide river network and extraction of watershed boundaries at a range of scales.
The CAMREX group is also engaged in spatially distributed hydrological and
biogeochemical modeling for the entire basin. These activities dictate the need for a
single drainage dataset consisting of a high-resolution basin-wide river network and
an associated drainage direction map to facilitate water routing modeling and
watershed boundary extraction. The highest-resolution dataset currently available
that spans the entire Amazon basin is HYDRO1k, a 1-km product derived from the
GTOPO30 DEM (USGS 1998; Verdin & Verdin 1999). However, GTOPO30 and
HYDROI1k are impacted by very low relief and poor data quality in the lowlands, and
some artifacts in the highlands. A preliminary evaluation suggested that it was
effectively unusable in the central Amazon (see comparison below). The next best
datasets (Graham et al. 1999; Vorosmarty et al. 2000a; Costa et al. 2002; D61l &
Lehner 2002) are derivatives of ETOPOS and TerrainBase, 5-minute resolution
global DEMs (NGDC 1988; NGDC 1997). However, these datasets suffer from
similar problems and the resolution was too coarse for my research requirements.
Instead, I have used the Digital Chart of the World (DCW, Danko 1992) vector river
network and the method presented in this paper to create a new, high-resolution flow

direction map and derived datasets at 0.005° resolution (decimal degrees; approx. 500
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meters) for the Amazon basin proper, excluding the Rio Tocantins basin. In this
section I describe the procedures used to prepare these datasets and the creation of a
flow direction map. Finally, I evaluate the resulting datasets against HYDRO1k and
a database of drainage areas for hydrographic gages co-registered with the DCW-

derived river network.

Data sources and pre-processing

This dataset was processed in geographic coordinates (degrees latitude &
longitude). A resolution of 0.005° was chosen through trial and error as an
acceptable balance between excessive file size and presence of river network gridding
errors.

Basin boundary. 1 delineated the boundary of the Amazon basin (excluding
the Tocantins basin) by manually tracing mountain ridges and watershed divides in
ETOPOS, using the DCW networks and published paper maps as reference. This
basin boundary was created before GTOPO30 became available. ETOPOS5’s coarse
resolution and associated topographic distortion may have resulted in considerable
uncertainty in the accuracy of the boundary.

River network. The original DCW global river network vector dataset is
distributed as two subsets: lakes and large rivers represented as polygons by their two
banks, and smaller rivers represented as centerline arcs only. Using the previously
created Amazon basin boundary, I first selected the DCW polygons and arcs within
the basin. The two subsets were then combined while eliminating topological errors.
The polygonal dataset was processed first. Isolated polygons were assumed to
represent small lakes and in-channel islands and were eliminated. Remaining

polygons were then gridded at a resolution finer than 0.005°, reduced to single-cell
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thickness channels using ArcInfo’s “thin” function, and converted back to vectors.
Next, the main task was to combine this new centerline representation of large
channels with the DCW center line vector subset. The polygonal channels were
originally connected to channels in the center line subset at their banks, but the
connection was broken when polygonal channels were simplified to centerlines. I
developed a semi-automatic procedure to extend the terminal end of connecting arcs
in the original centerline-only subset to the new channel centerlines, to reestablish
connectivity. The combined vector dataset was then extensively evaluated against the
original DCW network and paper reference maps. The type of manual corrections
carried out include: addition of missing network branches and reaches, correction of
wrong confluence locations, and break up of network bifurcations. Finally, when
gridding created an incorrect connection between two channels, the smaller channel
was moved away to increase the separation.

Mouth location. The Amazon delta is a complex region without a single clear
mouth. I chose as the mouth a terminal point of the northern mainstem sub-channel
that starts out below the confluence of the Amazon mainstem and Rio Xingu and
drains north of Ilha de Marajo (Marajo island) and Ilha Grande de Gurupa, at
51.4175° West, 0.4275° South (see Fig. 3.2). The stream network in the delta area

was greatly simplified to force all flow into this single mouth point.

Flow direction algorithm and final products

Applying the procedures described in the Methods section to these Amazon
basin datasets, I first obtained a set of network flag counts for a sequence of flow
accumulation thresholds ranging from 5 to 10,000 0.005° cells (Fig. 3.5). Artifact

cells identified reached a maximum at a threshold of 200 cells. This threshold was
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used to create a new base network for the flow direction algorithm (Fig. 3.1). Finally,
I created flow accumulation and flow length maps based on the resulting flow
direction map, using standard algorithms. I used flow accumulation to derive a new
river network that combines original network cells with synthetic flow paths not
present in the original network. Cells that receive no drainage from other network
cells were assumed to be Strahler first-order streams. This assumption is probably
appropriate in most humid, lowland forested parts of the basin but is problematic in
more arid regions. Nevertheless, it allowed me to assign a Strahler stream order to all
river reaches in the basin and to group reaches of similar scale when necessary.

Using this scheme, the mainstem below the confluence of Rios Solimdes and Negro
near Manaus to its mouth is a 10™ order reach. For comparison, this reach is 6" order
in the STN-30p global 0.5° drainage direction dataset (Vordsmarty et al. 2000a).

To assist in future basin analysis, I divided the Amazon basin into major
tributary subbasins and the local drainages and floodplain area around the Amazonas-
Solimdes mainstem. This division involved two assumptions. First, I defined the
beginning of the mainstem at the confluence of the Rios Marafion and Ucayali in
northeastern Peru. Traditionally, the river is named Amazonas from this point to the
Brazilian border, where it becomes known as Solimoes; below its confluence with
Rio Negro it is known again as Amazonas. My definition reflects the mainstem’s
globally significant size beginning in Per.. Second, I designated as a major tributary
every subbasin whose outlet cell draining directly into the mainstem has a flow
accumulation value of at least 40,000 cells (approx. 12,230 km?). 32 major subbasins
were extracted, in addition to the Amazonas- Solimdes mainstem drainage area.
Figure 3.6 shows the resulting subbasin boundaries, together with river reaches with a

Strahler order of 6 and higher. Table 3.1 lists some hydrographic properties of the
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major tributaries and the mainstem floodplain drainage area. The complete grid
dataset, including flow direction, flow accumulation, flow length, drainage network,
and subbasins, can be downloaded from the LBA data distribution site,

http://lba.cptec.inpe.br/beija-flor/. The 0.005° grids have a dimension of 5,300 rows

by 6,400 columns and extend from 80.5° W to 48.5° W and 20.5° S to 6.0° N.

Like other flow direction datasets and associated river networks, the
CAMREX dataset has certain limitations, some of which have already been
discussed. The method presented here results in lower sinuosity and overall reduction
of channel length as a consequence of shortest-path channel flow allocation (Fig. 3.3).
Further pre-processing of the vector network before gridding may eliminate the
reliance on shortest Euclidean paths. The following sequence of steps may represent
a promising approach: a, automated scanning and editing of all arcs in the network to
ensure that they point downstream; b, assignment to each arc of cumulative distance
from mouth; ¢, gridding the network while transferring cumulative distances values to
the cells; and d, flow direction allocation based on cumulative distance cell values
along the gridded channel network.

Additional limitations remain in the CAMREX dataset. Some channel
distortions originally present in the DCW were not corrected. Channel bifurcations
can not be represented correctly. The Amazon and some tributary mainstems are
often wider than one 500-meter cell, but drainage paths are only one-cell wide. In
addition, a number of small DCW streams were deleted during the initial pre-
processing stage. Known, geographically specific problem areas are described in

Figure 3.6.
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Validation

The only drainage direction map available at a scale similar to mine is
HYDROI1k (Verdin & Verdin 1999). This dataset has the advantage of being
consistent with topography. However, the river networks represented in HYDRO1k
in the Amazon lowlands contain severe drainage errors as a consequence of low relief
and poor quality of the source elevation data in that region. Figure 3.7 shows a
sample network error in the Jurua headwaters near Perti. In HYDRO/IK, the entire
Jurua headwater system drains incorrectly as parallel channels into the Javari basin to
the North. Other portions are captured by the Purus on the East (not shown). Large
errors in channel location and topology are also observed in the Rio Negro mainstem,
the Amazonas mainstem near the Peru-Brazil border, and the Japura-Caqueta
headwaters. These problems would be difficult to correct without additional high-
quality topographic data, unless a detailed channel network were incised into the
DEM to enforce correct drainage paths. Therefore, HYDRO1k can not be used
reliably for validating the DCW-derived Amazon dataset.

I co-registered with the CAMREX network dataset 224 hydrographic gages
that include associated drainage areas in their original metadata; their published
drainage areas range from 227 km® to approximately 4,620,000 km® at Obidos, on the
Amazonas mainstem. 210 sites are in Brazil (ANEEL 1987) and 14 in Bolivia
(Guyot et al. 1988; Guyot et al. 1989; Carrasco N. & Bourges 1992; Guyot 1993).
Discharge or stage data are also available. Geo-reference information associated with
the gages was of variable quality. For Brazil, data was received electronically.
Latitude and longitude coordinates were present in most cases, but their accuracy and
origin are not known. Metadata also included river, roads, or town names in most

cases. Uncertainty in data sources and reliability is especially problematic near river
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confluences and for relatively small watersheds where local stream names were not
accessible to me. For Bolivia, gage location, drainage area, and all additional
information was gleaned from publications and digitized manually. Registration of
all gage sites against the river network was carried out and verified manually, using
descriptive information when the coordinates yielded ambiguous locations. Even
when coordinates were available, site location had to be shifted towards the digital
network in most cases. Finally, drainage areas were extracted for all co-registered
sites using the flow direction and flow accumulation maps.

I used this hydrographic database and extracted basin areas to evaluate the
CAMREX drainage direction map. Figure 3.8a presents a comparison of extracted
vs. published area values. While overall there is good agreement, the relative error is
larger in smaller basins. I examined the distribution of the percent error of CAMREX
vs. published drainage area (Acamrex and Apu, respectively), where percent error is
calculated as 100 (Acamrex — Apub) / Apub (Fig. 3.8b). The histogram is divided into
four basin area (Apu) classes: <2000 km®, 2000 km® to 10,000 km?, 10,000 km” to
20,000 km?, and > 20,000 km’. Summary results for all basins and for each area class
are presented in Table 3.2. Overall, the median and mean errors are ~ 4.5 and 16%,
respectively. 55% (73%) of estimated areas are within 10% (20%) of published
areas. This level of agreement is similar to that shown by STN-30p when compared
to a global database of published drainage areas (Vordsmarty ef al. 2000a). However,
23 basins have an error of > 50%, with a maximum as high as ~ 372%. Results by
area class show that the error gradually increases as the size of the basin decreases,
and for basins < 2000 km® the majority of the areas are severely overestimated.

When these 19 basins are removed, the median and mean errors are reduced to ~ 3.6
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and 7.4%, respectively (Table 3.2), and 60% (79%) of estimated areas are within 10%

(20%) of published areas.

2000 km” may represent an effective limit of reliability for the extraction of
basin areas in this dataset. However, other considerations must be taken into account.
First, the accuracy of published basin areas is unknown. Second, determining the
exact location of hydrographic gages on the CAMREX network was more difficult
for smaller basins due in part to the inaccessibility of local river names. Third, the
stream density of any given area in the original DCW network in the Amazon basin
appears to reflect the ease of interpretation from air photos and degree of effort spent
digitizing that area, rather than an inherent stream density. Consequently, the limit of
reliability for basin extraction is unlikely to be a uniform threshold but will vary
across the basin to values smaller or larger than 2000 km®. More tests are needed to
estimate the reliability throughout the basin. Additional analysis is also required to
determine the reason for the observed positive bias in small basins, to assess the
contribution of the flow-direction method and inaccuracies in published basin areas,
location of gages, and the DCW network.

I did not attempt to reduce the disagreement by adjusting the locations of sites
with larger errors. Future work may involve adjustments of site location as well as
improvements in channel representation. A potential source of more accurate river
networks is radar imagery from the JERS-1 sensor spanning almost the entire basin
(Siqueira et al. 2000); Muller ef al. (1999) have demonstrated the potential of such

data for channel extraction in the Rio Negro subbasin of the Amazon.
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CONCLUSIONS

I developed a method for creating a gridded, land and stream drainage
direction map based on a vector river network and independent of topography. This
scheme is intended for use in situations where an adequate digital elevation model is
not available. It may be applied at a wide range of scales, as its reliability is
dependent primarily on the accuracy and resolution of the river network dataset. The
most time-consuming step involves the pre-processing of the vector river dataset to
create a connected and topologically simple gridded network. While an obvious
weakness of this method is its potential inconsistency with topographic data, the
ability to create flow direction maps from vector networks can expand the use of river
transport modeling and automatic watershed extraction, and foster the co-registration
of field measurements against a consistent dataset. An additional strength is the
ability to easily improve the accuracy of all or parts of a basin through seamless
insertion of improved river networks when these become available.

I applied the method to the Digital Chart of the World river network in the
Amazon basin at a nominal 0.005° resolution. This dataset required extensive pre-
processing to create a consistent, usable network. The derived CAMREX basin-wide
flow direction map was used to identify 32 major subbasins draining into the
mainstem. [ geo-registered 224 hydrographic gages against the processed network,
and used the published drainage area for each site to evaluate the CAMREX drainage
direction map. Drainage areas for these sites ranged from 227 km” to approximately
4,620,000 km®. The overall level of agreement is comparable to that shown by
global-scale datasets when compared to global databases for hydrographic sites
(Vorosmarty et al. 2000a). However, the relative error increases in smaller basins

and becomes very large in basins smaller than 2000 km®. While this basin area may
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be seen as an effective limit of reliability for the CAMREX dataset, I suggest that

such a threshold in fact will vary across the basin depending on the accuracy of the
original DCW network and of my co-registration of hydrographic sites against the
network.

The CAMREX drainage direction map represents an improvement over
currently available alternatives (Graham et al. 1999; Verdin & Verdin 1999;
Vordsmarty et al. 2000a; Costa et al. 2002; D61l & Lehner 2002) for regional
research in the Amazon basin. The complete gridded dataset can be downloaded
from the LBA data distribution web site. I have also co-registered 280 CAMREX
and other biogeochemical sampling sites from mountain and lowland rivers in Brazil,
Bolivia, and Peru; these sites are linked to a relational database holding
corresponding biogeochemical measurements. Future updates may involve
improvements to the network with more accurate and finer-scale networks;
corrections to the Amazon basin boundary; and adjustments to the site location to
reduce the relative error. Nevertheless, I anticipate that the availability of high-
quality 90-meter and 30-meter DEMs from the Shuttle Radar Topography Mission
(SRTM) in the coming years (Farr & Kobrick 2000) and subsequent extraction of a
drainage direction map will bring dramatic improvements over this and other existing

datasets.
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Table 3.1. Major Amazon subbasins and drainage area of the mainstem. Subbasin number

of the mainstem drainage is 1; values increase upstream from the mouth. Basin names are
taken from the local name of the main tributary trunk. When the trunk has different names
across national boundaries, both names are included. Names in bold are subbasins that are
not originally made up of a single tributary system but were simplified to remove network
bifurcations. Outlet distance is the distance from the subbasin outlet to the mouth of the

Amazon. Length is the longest drainage distance from a subbasin source point to the outlet.

Subbasin Outlet
Number Name Area Length Longitude Latitude Distance
km’ km oW °S km
1 Amazonas-Solimdes 6,020,438 3,557 51.42 043 0
2 Macapa 16,147 318 51.45 0.5 9
3 Marajé-Para 84,027 784  51.44 0.5 10
4 Jari 51,893 769  51.87 1.17 108
5 Xingu 515,651 2,275  51.96 1.43 141
6 Paru de Este 43,640 731  52.63 1.56 221
7 Maicuru 21,917 547  53.98 2.03 398
8 Curua-Una 24,505 315 54.08 2.34 435
9 Tapajos 498,063 2,291  54.65 2.37 516
10  Curua 28,099 484 54.8 2.08 560
11 Trombetas-Nhamunda 157,568 744  55.83 1.93 691
12 Mamuru 17,533 237  56.66 2.6 819
13 Ilha Tupinambarana 68,222 948  56.71 2.6 825
14  Uatuma 59,282 701  57.55 2.41 935
15 Urubu 13,892 405  58.06 2.84 1,019
16  Madeira 1,381,696 3,518  58.75 3.36 1,135
17  Madeirinha 13,634 288  58.84 3.36 1,146
18  Negro 719,216 2,362 59.87 3.14 1,274
19  Manacapuru 13,100 291  60.64 3.32 1,376
20  Purus 362,981 2,561  61.47 3.67 1,493
21  Badajos 21,575 413 62.33 3.76 1,614
22 Coari 52,715 599  63.09 4.07 1,714
23 Tefé 25,877 571 64.6 3.32 1,923
24 Japura-Caqueta 267,735 1,953  65.49 2.57 2,066
25  Jurua 218,183 2,096 65.7 2.6 2,093
26  Jutai 55,826 912  66.95 2.73 2,278
27  Iga-Putumayo 125,740 1,770  67.93 3.13 2,440
28  Jandiatuba 26,927 493  68.69 3.47 2,575
29  Javari-Yavari 98,366 893  69.94 433 2,839
30  Napo 110,378 1,081  72.69 3.37 3,268
31  Nanay 17,564 348  73.16 3.7 3,340
32 Maranén 358,496 1,561  73.52 448 3,492
33  Ucayali 341,235 2,269 7352 4.48 3,492
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Table 3.2. Summary statistics of the relative error (%) between extracted and published

drainage areas, by published area class. The last column includes only sites with drainage
area greater than 2000 km”.

Drainage Area Classes (kmz)
<=2000 2000 to 10,000 10,000 to 20,000 > 20,000 All Sites > 2000

Count 19 51 40 114 224 205
Minimum -6.9 -61 -59 -30 -61 -61
Maximum 372 272 82 49 372 272
Median 94 7.8 5.5 2.2 4.5 3.6

Mean 108 16 6.8 3.8 16 7.4
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Figure 3.4. Use of flow-accumulation thresholds to identify and minimize artifact channel
cells resulting from gridding and channel flow-direction steps. A) Schematic river network
reach showing cell flow-direction paths; dark cells are original gridded channels and white
cells are former “land” cells with a flow accumulation exceeding the current threshold. B)
Segmentation of the set of cells from (B) into three subsets or flags: original network cells
meeting the support area threshold (1), original network cells not meeting the threshold (2),
and former land cells that meet the threshold (4). C) First pass to identify potential artifacts

(flag 3) from flag-2 cells. D) Second pass to identify further potential artifacts. E) Locate
flag-3 cells likely to be valid and recode to 2, to retain in the network.
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Figure 3.5. Network cell flags vs. flow-accumulation threshold (log-scale) for the Amazon
basin. There were 838,008 0.005° cells in the original gridded network. See Fig. 3.4 for an
explanation of each cell flag value.
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Figure 3.6. Amazon major subbasins and river network extracted from the drainage direction
map. River reaches with a Strahler order of 6 and higher are shown. Each of the larger
subbasins is labeled with the name of its mainstem(s); smaller basins are labeled with their
subbasin numbers (see Table 3.1). Circled numbers indicate prominent hydrographic
ambiguities and data problems: (1) Mouth of the Amazon, with multiple channels draining
into the Ocean, bifurcations, small coastal catchments, and connection to the Tocantins river.
(2) Combined Trombetas and Nhamunda confluence into the mainstem. (3) Linkage to the
Orinoco Basin via the Negro-Casiquiare connecting channel. (4) Bifurcation of the Japura-
Caqueta confluence into the mainstem. (5) Marafion headwaters mainstem dropped from the
DCW network and reconstructed manually. (6) Apurimac source headwaters dropped from
the basin. (7) Ambiguous hydrological connectivity in the Bafiados del Izozog wetlands. (8)
Itenez headwaters in the Itonamas-Parapeti river dropped from the basin.
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Figure 3.7. Comparison of CAMREX river network (solid lines) and HYDRO1k network
(dotted lines) in the Jurua headwaters, in the lowlands of the central Amazon basin. The basin
boundaries shown are the subbasin boundaries shown in Fig. 3.6 and created from the
CAMREX drainage direction map. In this region, HYDRO1k drains the entire Jurua
headwater system as parallel straight channels into the Javari basin to the North.
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Figure 3.8. Drainage basin areas derived from the CAMREX drainage direction map
compared with published drainage areas from the hydrographic gage database (n = 224). A)
Scatter plot of CAMREX vs. published areas; the 1:1 line is also plotted. B) Frequency
distribution of relative error partitioned into four drainage area classes. The number of gage
stations in each area class is shown in parenthesis.
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CHAPTER 4: OVERVIEW OF RIVERINE DIC, CO,, AND CARBON ISOTOPE
SYSTEMATICS, FOCUSING ON AMAZONIAN RIVERS

INTRODUCTION

Carbon in all its forms plays a key role in riverine ecosystems. Organic
carbon (OC) sustains heterotrophic activity that produces CO,, and interacts with
trace metals and minerals through complexation and sorption reactions (Spitzy &
Ittekkot 1991; Hope et al. 1994; Cole & Caraco 2001). Dissolved inorganic carbon
(DIC) serves as a source for carbon fixation by autotrophs and as a key control on
geochemical reactions. Organic and inorganic carbon interact closely through
biologically mediated processes. In turn, they are part of an open fluvial system that
receives exports from terrestrial environments in the form of organic carbon, respired
soil CO,, and weathering products (Stallard & Edmond 1987; Hope et al. 1994; Jones
& Mulholland 1998a; Finlay 2003; Mortatti & Probst 2003); processes allocthonous
carbon within its channels (Richey et al. 1988; Benner et al. 1995; Cole & Caraco
2001; Mulholland ef al. 2001); impacts the surrounding terrestrial areas through
flooding and geomorphological action (Salo et al. 1986; Forsberg et al. 1988;
Puhakka et al. 1992; Réisdnen et al. 1992; Mertes 1997; Dunne et al. 1998; Melack &
Forsberg 2001); sequesters organic carbon for tens to thousands of years through
floodplain sediment deposition (Victoria et al. 1992; Dunne et al. 1998; Stallard
1998; Aalto et al. 2003; Martinelli e al. 2003); interacts with the atmosphere via gas
exchange (Jones & Mulholland 1998b; Hope et al. 2001; Richey et al. 2002; Finlay
2003); and ultimately transports carbon to the oceans or inland lakes (Richey et al.
1990; Ludwig et al. 1996; Aumont et al. 2001; Blair et al. 2003).

The prospect of global climate change resulting from anthropogenic increase

of atmospheric CO; has accelerated the need to understand all components of the
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global carbon cycle (Sundquist 1993; Bousquet et al. 2000; Canadell et al. 2000;

Falkowski et al. 2000; Schimel et al. 2001; Gurney et al. 2002) and recognize the
central role of CO; in modulating global climate throughout Earth’s history (Berner &
Kothavala 2001; Crowley & Berner 2001; Berner 2003; Royer et al. 2004). In
particular, a global imbalance between known anthropogenic sources and ocean sinks
of CO; indicates the existence of a global “missing sink” possibly as high as 2.0 Pg C
yr! and likely to be concentrated on land (Sarmiento & Gruber 2002). While there
has been much emphasis on the Northern Hemisphere as the primary location of this
sink (Bousquet et al. 2000; Pacala et al. 2001; Gurney et al. 2002), the role of the
tropics remains ambiguous and poorly constrained (Phillips et al. 1998; Malhi &
Grace 2000; Clark 2002; Gurney et al. 2002; Richey et al. 2002; Townsend et al.
2002). The net carbon balance in Amazonia is currently the focus of intensive studies
under the Large-Scale Biosphere-Atmosphere Experiment in Amazonia (LBA)
initiative (Andreae ef al. 2002; Avissar et al. 2002; Davidson & Artaxo 2004; Keller
et al. 2004).

Recently, there has been increased recognition that rivers are closely linked to
their terrestrial watersheds and corridors (Jones & Mulholland 1998a; Richey et al.
2002; Davidson & Artaxo 2004), and that closure of terrestrial carbon budgets in the
humid tropics requires the inclusion of high CO; fluxes evading from rivers (Richey
et al. 2002). This is especially relevant in the Amazon basin, where Richey et al.
(2002) have estimated CO, evasion fluxes from rivers as high as 0.5 Pg C yr”, nearly
an order of magnitude greater than fluvial exports of organic carbon to the ocean
(Richey et al. 1990). In Amazonian rivers, assessing DIC sources and cycling is

therefore critical both to improve our understanding of local riverine ecosystem
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dynamics and their response to human impacts, and to better constrain CO; evasion
fluxes to the atmosphere and their linkage to terrestrial ecosystems.

Major ion and alkalinity observations from rivers have been used to examine
dominant weathering regimes throughout the Amazon basin. Together with climate,
lithology is a primary control on chemical erosion and therefore on DIC and
alkalinity loads in rivers (Stallard 1985; Amiotte-Suchet & Probst 1995; Edmond et
al. 1996; Gaillardet et al. 1999; Galy & France-Lanord 1999; Kump et al. 2000;
Berner & Kothavala 2001; Chen et al. 2002; Mortatti & Probst 2003). In a seminal
study surveying the mainstem, adjacent environments, and large areas of the Peruvian
and Bolivian Andes, Stallard & Edmond (1981; 1983; 1987) examined the dominant
sources of the dissolved inorganic load across the Amazon basin. The highest rates of
chemical erosion occur in the Andes as a result of exposure of unstable, highly
weatherable sedimentary lithologies such as marine limestones and evaporites like
gypsum and halite. High rates of tectonic uplift and the resulting physical erosion
continually expose weatherable bedrock material, leading to large rates of weathering
of silicates, carbonates and evaporites, and associated large fluxes of alkalinity and
bicarbonate (HCOs’). This denudation regime is described as “weathering-limited”,
because erosion is limited by the supply of loose material created by chemical
weathering (Stallard & Edmond 1983; Stallard 1985; Stallard 1988; Edmond et al.
1996). In the lowlands, particularly on the stable continental cratons of the Guyana
and Brazilian shields (Fig. 2.1), intense weathering over perhaps hundreds of millions
of years has stripped most cations from the soils and built very deep soil profiles,
leaving the bedrock and saprolite largely beyond the reach of actively circulating
subsurface waters that provide runoff to streams. Rivers in these regions are

generally acidic and depleted in major ions and alkalinity, while most of its DIC is in
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the form of dissolved CO,. This denudation regime is described as “transport-
limited”, because erosion is limited by the ability of transport processes to remove
material (Stallard & Edmond 1983; Stallard 1985; Stallard 1988; Edmond et al.
1995). Nonetheless, weatherable lithologies are found in the lowlands as outcrops of
silicates in the shields (Stallard & Edmond 1983; Ballester et al. 2003; Holmes et al.
2004; Krusche ef al. in prep.) and marine sediments in the Subandean Foreland (Fig.
2.1), including the Jurud, Purus, and Javari rivers in the Western end of the Brazilian
Amazon (Stallard & Edmond 1983; Palmer & Edmond 1992).

The work of Stallard and Edmond has been recently extended through the use
of observed river geochemistry and inverse models at large scales throughout the
basin to calculate the consumption of atmospheric and soil CO, during carbonate and
silicate weathering (Probst et al. 1994; Gaillardet et al. 1997; Gaillardet et al. 1999;
Mortatti & Probst 2003); some of these studies (Probst et al. 1994; Mortatti & Probst
2003) relied primarily on data collected under the CAMREX program. In addition to
inverse approaches relying on river observations, a forward model (“GEM-CO2”)
based on lithological maps and empirical weathering rate relationships has been used
to estimate CO, consumption during weathering, and export of DIC and alkalinity to
rivers (Amiotte-Suchet & Probst 1993; 1995; Amiotte-Suchet et al. 2003).

Most previous examinations of DIC cycling have concentrated on the Amazon
mainstem, its surrounding floodplain, and the mouths of major tributaries. High
suspended sediment loads in the mainstem impede light penetration and lead to
negligible photosynthetic rates (Wissmar et al. 1981). As part of the CAMREX
project, Devol et al. (1987) and Richey et al. (1988) found high rates of respiration
roughly equivalent to the rates of outgassing, and pCO, levels 10-30 times as high as

atmospheric pCO,. Floodplain environments generally have higher pCO,
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concentrations than the mainstem, the result of more intense respiration rates and
reduced gas diffusivity compared to turbulent river channels (Devol et al. 1987;
Melack & Forsberg 2001). Along an 1,800-km mainstem lowland transect from
Vargem Grande to Obidos (see Fig. 2.2), dilution by low-alkalinity lowland
tributaries decreases DIC concentrations by half from elevated levels of ~ 1,110 uM
at the upstream end (Richey et al. 1990) caused by substantial carbonate dissolution
in the Andean and piedmont headwaters of the mainstem upstream of Vargem Grande
(Stallard & Edmond 1983; 1987). During falling waters, mainstem pCO, increases
and pH decreases downstream as a result of tributary and floodplain inputs (Richey et
al. 1990).

Riverine DIC and CO; have not been examined in detail outside of the
mainstem and floodplain corridor. Stallard & Edmond (1987) used their alkalinity
and pH observations to estimate pCO, and supersaturation throughout the basin.
Their findings agree with subsequent work carried out by CAMREX in mainstem and
floodplain waters, already discussed. In Andean rivers, they estimated lower CO,
supersaturation (< 10 times atmospheric pCQO,), attributing this result to higher rates
of CO; outgassing due to higher turbulence caused by topographic relief. DIC in the
Peruvian Andes calculated from their data is often substantially higher than at
Vargem Grande as a result of extensive dissolution of carbonate sediments. In
Bolivia, the PHICAB/IRD program (Guyot ef al. 1992; Guyot 1993) conducted
extensive geochemical surveys of Andean and lowland rivers draining into the Rio
Madeira. While no attempt has been made to estimate pCO, from this dataset,
Andean DIC values calculated from their data are generally lower than those in Peru,
consistent with a reduced presence of carbonate outcrops compared to the Peruvian

Andes (Stallard & Edmond 1983).
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Contact between land and rivers and lateral transfers from the watershed to the
stream in the humid lowlands of the Amazon basin occurs predominantly in smaller
rivers and streams, which represent the largest fraction of total river length (McClain
& Elsenbeer 2001). Studies examining biogeochemical transfers from soils,
hillslopes, and groundwater to streams have focused on nutrients, dissolved organic
carbon (DOC), and major ions (Nortcliff & Thornes 1978; Elsenbeer et al. 1995;
McClain et al. 1997; Williams & Melack 1997; McClain & Elsenbeer 2001; Thomas
et al. 2004). As in most forested ecosystems (Raich & Potter 1995; Schlesinger &
Andrews 2000; Raich ef al. 2002), soil respiration in lowland Amazonia is high
(Chambers et al. 2004; Keller et al. 2004; Salimon et al. 2004; Sotta et al. 2004) and
leads to CO; concentrations in soils much higher than atmospheric levels (Davidson
& Trumbore 1995; Trumbore 2000; Sotta et al. 2004). Nonetheless, the lateral
transfer of DIC and CO, from soils to streams and subsequent fate of this terrestrial
carbon in streams remain largely uninvestigated in the Amazon. Studies in temperate
systems suggest that water highly supersaturated in CO; is exported from the land and
quickly degassed downstream, leading to decreases in pCO; and associated increases
in pH along streams (Dawson ef al. 1995; Choi et al. 1998; Jones & Mulholland
1998a; 1998b; Neal ef al. 1998b; Schindler & Krabbenhoft 1998; Andrews &
Schlesinger 2001; Hope et al. 2001; Dawson et al. 2002; Finlay 2003). Similar
mechanisms are certain to be important in Amazonia as well (Richey et al. 2002).

Natural °C and '*C isotopes of DIC provide a unique capability to identify the
biological and geological sources of inorganic carbon to rivers, processes leading to
its transformation in transit, and residence times on land and within rivers (Mook &
Tan 1991; Kendall ef al. 1995; Bullen & Kendall 1998; Raymond & Hopkinson

2003). "*C-DIC in particular has been widely used across a range of river systems
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(Aravena & Suzuki 1990; Mook & Tan 1991; Aravena ef al. 1992; Tan & Edmond

1993; Cameron et al. 1995; Kendall et al. 1995; Flintrop et al. 1996; Rose &
Davisson 1996; Yang ef al. 1996; Atekwana & Krishnamurthy 1998; Amiotte-Suchet
et al. 1999; Aucour et al. 1999; Barth & Veizer 1999; Galy & France-Lanord 1999;
James et al. 1999; Telmer & Veizer 1999; Karim & Veizer 2000; Cole & Caraco
2001; Palmer et al. 2001; Raymond & Bauer 2001b; Hélie et al. 2002; Barth et al.
2003; Finlay 2003; Raymond & Hopkinson 2003; Yoshimura et al. 2004). The use of
4C-DIC has been much more limited (Aravena & Suzuki 1990; Aravena et al. 1992;
Rose & Davisson 1996; James ef al. 1999; Cole & Caraco 2001; Palmer ef al. 2001;
Raymond & Hopkinson 2003) and absent altogether in the Amazon and tropical
rivers in general, due in large part to the cost associated with the Accelerator Mass
Spectrometry (AMS) technique used for sensitive analysis requiring only small
samples (Vogel et al. 1987; Vogel et al. 1995; Gove 2000; Levin & Hesshaimer
2000).

Analyses of *C-DIC along the Amazon mainstem (Longinelli & Edmond
1983; Quay et al. 1989; Quay et al. 1992) has yielded additional insight on DIC and
CO; cycling. A persistent downstream trend of '>C depletion indicates a progressive
influence on the mainstem from DIC derived from "*C-depleted Cs plant material
(typically forests, see Hedges et al. 1986a; Martinelli et al. 1998), contributed by
lowland tributaries. Furthermore, isotopic and respiration data strongly suggest that
BC-enriched Cy4 grasses from the floodplain (“varzea”) (Devol et al. 1987; Quay et al.
1992; Waichman 1996; Melack & Forsberg 2001) are a disproportionately important
source of organic matter used in respiration.

In Chapters 5 and 6, I will present the results of an extensive survey of DIC

and its carbon isotopes in rivers throughout the Amazon basin which extends DIC and
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C-DIC observations to many rivers beyond the mainstem and mouths of major
tributaries, and adds '*C-DIC measurements for the first time. In Chapter 5 I focus on
the relationship between organic carbon and DIC in Amazonian rivers, as determined
from their isotopic composition. In this chapter, I first discuss the geochemistry and
systematics of DIC, CO,, 13C, and 14C; then make use of a mass balance approach to
discuss the dominant processes controlling DIC and carbon isotopes in a river reach,
with emphasis on observations and dominant processes in Amazonian rivers. The
quantitative framework and literature review presented in this chapter will serve to
facilitate the qualitative interpretation of DIC trends in Chapter 6 and lay a foundation

for future carbon modeling work in Amazonian rivers and riverine corridors.

§13C aND A*C NoTATION

B¢ is commonly reported in per mil (%o) notation with respect to the Pee Dee

Belemnite (PDB) standard:
8"C =["Rample / "Repg — 1] x 1000, 4.1)

where "Remple and ’Rppp are the sample and standard *C/"*C isotopic ratios,
respectively (Clark & Fritz 1997). '*C is commonly reported in the conventional

A"C (%o) notation (Stuiver & Polach 1977):
A"C = ["Reample / “*Rass — 1] x 1000, (4.2)

where 14Rsample is the sample '“C/'*C isotopic ratio normalized to a common 8"C
value of -25%o to remove mass-dependent isotopic fractionation effects, as follows

(Stuiver & Robinson 1974; Stuiver & Polach 1977):

“Reampte = (“*C/*C)gampte  [(1 = 25/1000)* / (1 + 8" Campie/ 1000)°]

= ("*C/"C)sampie X 0.975% / (1 + 8" Cyampic/1000)°. (4.3)
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YRaps corresponds to the absolute Modern Carbon standard, defined as 95% of the
14C/"C ratio (or equivalently, the '*C activity) of the international NBS Oxalic Acid 1
standard (Ox1) in 1950 normalized to a ">C value of -19%o (Stuiver & Polach 1977).
Analogous to the expression for 14Rsample, but incorporating the 95% factor and a
correction for decay between 1950 and the year of measurement (y) with a 5730 yr

half-life:
HRans = 0.95 x (M*C/"2C)oxt x 0.9812 / (1 + 8 Cox1/1000)* x ¥ 195078267 (4 4)

In practice, many Accelerator Mass Spectrometry (AMS) laboratories (Vogel et al.
1987; Vogel 1992) measure '*C/"*C rather than '*C/"*C ratios. J. Southon (internal
pub., Center for Accelerator Mass Spectrometry, Lawrence Livermore National
Laboratory) presents modified but equivalent formulas for A'*C based on '*C/C
measurements. When sample collection year (z) differs from analysis year (y), a
correction for radioactive decay since the collection year is needed (Stuiver & Polach
1977). "Rample in eqtn. 4.2 is multiplied by the decay correction factor, e¥?/#267,
The Modern Carbon standard represents the atmospheric '*C composition in
the late 19" century before large-scale addition of '*C-free fossil-fuel CO, and before
the initiation of thermonuclear weapon testing (Stuiver & Polach 1977). Thus,
positive A'*C values indicate the presence of '*C from atmospheric weapon testing,

while negative values indicate the occurrence of significant radioactive decay (Clark

& Fritz 1997; Levin & Hesshaimer 2000; Randerson et al. 2002).
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DIC AND GEOCHEMICAL EQUILIBRIUM CALCULATIONS

DIC, alkalinity, and pCO;
Dissolved inorganic carbon is equal to the total concentration ([]) of aqueous

carbonate species:

DIC = [H,CO5'] + [HCO5] + [CO5>] (4.5)
where [H,CO;] is a short-hand for the analytic sum of dissolved CO, and carbonic
acid concentrations ([COz(aq)] + [H2COs]) that is mainly composed of COx(aq)

(Stumm & Morgan 1981). The activity ({})of each carbonate species is controlled by

pH ( -log({H"}) ) according to the equilibrium constant expressions:
K; = {H'} {HCO5'} / {H,CO;'} (4.6)
K, = {H'} {COs*} / {HCO;5} 4.7)
For convenience, these expressions can be redefined in terms of concentrations by

assuming a constant ionic medium (Stumm & Morgan 1981) and rearranging activity

coefficients y, , where z is the species charge absolute value and yo = 1:
°Ki =717 Ky = [H'][HCO57] / [H,CO5] (4.8)

‘K2 =7" Ko = [H'][CO5™] / [HCO;] (4.9)
The concentration of each DIC species can be calculated using the ionization
fractions fo, f1, and f,: [HoCO3'] = fo DIC, [HCO5] = f1 DIC, and [CO5*] = f, DIC
(Stumm & Morgan 1981). Tonization fractions are calculated as a function of [H']

and the equilibrium constants:

fo=[HT/D (4.10)

1=K [H']/ D (4.11)
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f>=K; K>/ D (4.12)
where D = [H)* + °K; [H'] + °K; °K; and fo + f1 + f» = 1. Note that the symbol o is
often used instead of f. Finally, CO,(g) dissolution is represented through Henry’s
Law, expressing the equilibrium between H,CO;" and CO, partial pressure (pCO,):
Ku = {H,COs5'} / pCO, (4.13)
The temperature dependence of the above equilibrium constants can be

calculated using relationships from Clark & Fritz (1997) in terms of pK (-log(K)),

where temperature is in °C:

pKi=1.1x 10" T*-0.012 T + 6.58 (4.14)
pKa =9 x 10° T*-0.0137 T + 10.62 (4.15)
pKiu=-7x10°T*+0.016 T+ 1.11 (4.16)

The above expressions yield pK;, pK,, and pKy values of 6.47, 10.49, and 1.26 at
10°C, respectively; and 6.34, 10.32, and 1.49 at 27°C. Ky is in units of pM ppm', or
M atm™.

As ionic strength could often not be estimated accurately in this study (see
Chapter 6), equilibrium calculations will be based on the simplifying assumption that
y=1and ‘K = K (see eqtns. 4.7 and 4.8). For clarity, I will refer to °K as K and use
concentrations in place of activities in further discussions, except when noted.

In freshwaters, titration alkalinity (Alk, in eq L) may be generally
represented by the electroneutrality condition (Stumm & Morgan 1981; Neal 2001):

Alk = [HCO;3] + 2 [CO3*] +[OHT] - [H'] (4.17)
This equation can be expressed in terms of DIC, ionization fractions, and [H']:

Alk = DIC (f; +2f2) + (K /[H]- [H']). (4.18)
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K, is the equilibrium constant for dissociation of water into [OH] and [H']. Its

temperature dependence is calculated as:
pKy = 606.52 + 0.09761 Ty - 31286 Ty +21.71 x 10° Ty - 94.973 log(Ty), (4.19)

where Ty is temperature in Kelvin (Szaran 1998).
pCO; can be calculated from DIC and pH by combining eqtn. 4.13 and the
definition of the ionization fraction fy:
pCO, = fo-DIC /Ky (4.20)
To calculate the degree of CO, saturation with respect to the atmosphere, pCO; /
pCO,*™, mean sea-level tropospheric pCO, ( pCO,"™(0)) can be adjusted for the

effect of pressure via an exponential function of site elevation (h, in meters) as

follows (Karim & Veizer 2000):
pcozatm(h) — pcozatm(o) e-h/8400 (4'2 1)

Neal et al. (1998a) present an extensive set of equations for calculating the degree of

CO, saturation.

BCand " C of COx(g)

While isotopic analysis yields measurements for bulk DIC, individual
carbonate species are typically involved in dominant biogeochemical processes and
exchanges. CO; gas in particular participates in air-water gas exchange and the key
biological processes of respiration and photosynthesis. The isotopic composition of
COx(g) in equilibrium with DIC is therefore important for assessing the relative role
of a variety of DIC sources and processes. The definition of A'*C already includes a
normalization for mass-dependent fractionation effects (see above), such as
equilibrium between carbonate species; A'*C-CO(g) = A'*C-DIC. §"C-CO4(g), on

the other hand, must be calculated by accounting for equilibrium fractionation among
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carbonate species and the pH-dependent relative distribution of each species (Zhang
et al. 1995; Clark & Fritz 1997; Zeebe & Wolf-Gladrow 2001).

8"DIC can be described in terms of the isotopic composition and relative
distribution of each carbonate species using a mass balance formulation and the
ionization fractions defined earlier, where the error introduced by the use of 6 values
rather than mass fractional abundance (e.g., "’r = >C/(**C + *C) ) is negligible

(Zeebe & Wolf-Gladrow 2001):

8" C-DIC = f¢-8"*C-H,CO;" + f1-8"°C-HCO; + f,-8"°C-CO5* (4.22)
Equilibrium isotopic fractionation between reactant X and product Y may be
represented by the enrichment factor ex.y(%o) = (8X - 8Y)/(1 + 8Y-107) = X - 8Y
(isotopic fractionation can also be described in terms of the fractionation factor, ox.y
=exy-10” + 1 = Rx/Ry) (Clark & Fritz 1997; Zeebe & Wolf-Gladrow 2001).

Carbonate species enrichment factors as a function of temperature in °C are estimated

from Zhang et al. (1995), where CO,(g) is the reaction product:

EH2C03%-g = 0.0049 T —1.31 (423)
€HCO3-g = -0.1141 T +10.78 (424)
€co3¢ =-0.052 T +7.22 (4.25)

For example, €myco3+. 1 a short-hand for emco3+.coze and is approximately equal to
8"*C-H,CO;" - 8"3C-CO4(g). The above expressions yield €H2C03*-g> EHCO3-g, aNd €c03-
¢ values of -1.26, 9.64, and 6.70%o at 10°C, respectively; and -1.18, 7.70, and 5.82%o
at 27°C. 8"3C-CO(g) is then calculated by replacing 8'°C-H,CO;", 8'*C-HCO5", and
8"*C-CO;™ in eqtn. 4.22 with the corresponding enrichment factor expressions with

respect to CO»(g), and rearranging to yield:
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§8'°C-COx(g) = 8" C-DIC - fo emacoseg - f1 Encosg - f2 Ecose (4.26)

ATMOSPHERIC CO;

Atmospheric CO, concentration has experienced large changes since the 19"
century as a result of anthropogenic perturbations. The rise in global mean pCO,
from a pre-industrial value of approximately 280 ppm to 375 ppm in 2003 is well
documented and is largely the result of the combustion of fossil fuels (Conway et al.
1994; Keeling ef al. 1995; Barnola 1999; Rayner ef al. 1999a; Keeling & Whorf
2004). Annual growth rates of pCO; in the second half of the 20™ century ranged
from about 0.5 to nearly 3.0 ppm yr', with considerable interannual variability
related to large-scale forcings such as El Nifio, large volcanic eruptions, and changes
in fossil-fuel emissions (Conway et al. 1994; Keeling et al. 1995; Dettinger & Ghil
1998; Gérard et al. 1999; Rayner et al. 1999a; Rayner & Law 1999; Rayner et al.
1999b; Keeling & Whorf 2004).

The isotopic composition of atmospheric CO, has also experienced large
changes of anthropogenic origin. Fossil-fuel combustion and biomass burning release
CO, with a "°C composition representative of C; vegetation, about -27%o (Trolier et
al. 1996; Francey et al. 1999; Rayner ef al. 1999a). Input of light *CO, has resulted
in a depletion of atmospheric °CO, (the °C “Suess” effect) from pre-industrial
values of approximately -6.4%o to about -8%o in the late 1990s (Keeling et al. 1995;
Trolier et al. 1996; Francey et al. 1999). Due to radioactive decay, fossil fuels are
completely depleted in '*C, leading to a decrease in atmospheric A'*C-CO, relative to
a pre-industrial value of ~0%o (Levin & Hesshaimer 2000; Randerson ef al. 2002).
However, testing of thermonuclear bombs in the 1950s and 1960s resulted in a large

increase in atmospheric '*CO,, masking out the Suess depletion (Levin & Hesshaimer
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2000; Randerson ef al. 2002; Levin & Kromer in press). A A™C peak of close to

1000%o was reached in the late 1960s in the Northern Hemisphere, and atmospheric
14CO, has steadily decreased since then to below 100%o today (Fig. 4.1). In the
Amazon basin, the seasonal North-South movement of the Intertropical Convergence
Zone (ITCZ) brings varying mixtures of air masses from the Southern and Northern
hemispheres (Marengo & Nobre 2001), likely leading to variable atmospheric A'*C
compositions; however, most of the basin remains north of the ITCZ (Waliser &
Gautier 1993; Waliser & Somerville 1994; Marengo & Nobre 2001), suggesting that
Northern Hemisphere air masses exert the strongest influence. See Chapter 5 for
additional discussion.

In the Amazon basin, Longinelli & Edmond (1983) and Quay et al. (1989)
measured the §"°C composition of CO; in air above the mainstem Amazon. River
degassing of CO, depleted in 8'°C resulted in up to 30% higher pCO, compared to
mean tropospheric partial pressure for that latitude, and relatively depleted 8'°C-CO,
values of -12.7 to -7.7%o (Quay et al. 1989). Lower nocturnal mixed layer heights
and vigorous mixing by solar heating during the day produced a distinct CO, diurnal
cycle characterized by accumulation of evaded CO, at night and mixing with the
tropospheric air during the day (Quay ef al. 1989). Longinelli & Edmond (1983)
observed generally more depleted §'°C-CO, values and an East-West decrease from
the Amazon mouth to Iquitos, Peru, (~3,400 km upriver), a trend not detected by
Quay et al. (1989). A'C measurements of tropospheric CO, are not available for the
region. As described later in Chapter 5, I estimated it by applying a +8%o offset
relative to annual averages at a European continental reference station (see also Fig.

4.1).
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CONTROLS ON RIVERINE DIC, CO,, AND THEIR CARBON ISOTOPES

DIC mass balance

The mass balance of DIC in a river reach (Fig. 4.2) can be expressed by the
following equation, disregarding the effect of dispersion (Quay ef al. 1986; Richey et
al. 1990; Richey et al. 1991):

d(V-DIC,)/dt=1-Q,DIC;+ V.-R-V-P+G (4.27)

where V = river reach volume, DIC, = river [DIC], I = total DIC input flux via
transport, Q, = reach outflow water discharge, R = heterotrophic respiration rate per
unit volume, P = net autochthonous photosynthesis rate per unit volume (net primary
production from phytoplankton, periphyton, and submerged vegetation), and G = net
CO; gas exchange with the overlying atmosphere (positive value corresponds to net
CO; invasion). This mass balance expression does not explicitly include exchange
with a distinct floodplain environment (e.g., Richey et al. 1990).

The input flux term can be expanded to consider multiple sources (Fig. 4.2):
I= Qin'DICin + Qtr'DICtr + QgW'DICgW + Irip (428)

where subscripts are in = river reach upstream inflow, tr = tributary inflow, and gw =
groundwater inflow; and L, = riparian area CO, contributions from submerged root
respiration (Richey et al. 1991; Devol et al. 1995). DIC in groundwater includes
respired CO, from roots and soil organic matter decomposition, and bicarbonate from
mineral weathering (Fig. 4.2; see additional discussion below).

Total heterotrophic respiration is the sum of respiration of organic carbon

from multiple sources (Fig. 4.2):

R= Rin + Rtr + Rterr + Rrip + Ralg (429)
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where terr = terra firme organic carbon transported to the reach via subsurface DOC
flux and POC erosion, rip = riparian area vegetation leaching and direct litterfall, and
alg = algal organic carbon. Terra firme and riparian ecosystems may be composed of
C; or Cy4 vegetation types (O'Leary 1981; Ehleringer & Monson 1993; Lloyd &
Farquhar 1994; Martinelli et al. 1994; Ehleringer et al. 1997; Martinelli ef al. 1998;
Still et al. 2003). In the Amazon basin, deforested areas are dominated by Cy4 pastures
(Desjardins et al. 1994; Neill et al. 1997; Alves et al. 1999; Bernardes et al. 2004),
which can grow directly over small streams (Neill & Davidson 2000; Thomas ef al.
2004). C,4 macrophytes are also dominant in the floodplain of the Amazon mainstem,
and are likely important in the floodplains and river corridors around other nutrient-
rich rivers but are generally absent from nutrient-poor black-water rivers (Hedges et
al. 1986a; Junk 1989; Martinelli ef al. 1991; Victoria et al. 1992; Melack & Forsberg
2001). Aquatic photosynthetic production is very limited midchannel in turbid rivers
draining the Andes and other high-relief areas, but may be significant in mainstem
littoral areas, floodplain lakes, and low-sediment lowland rivers (Wissmar et al. 1981;
Quay et al. 1995). See Chapter 2 for additional discussion of river metabolism in
Amazonian rivers.

The flux of CO, between atmosphere and water is commonly represented as a
function of gas transfer velocity and concentration gradient via a stagnant-film gas
transfer model (Quay et al. 1986; Devol et al. 1987; Richey et al. 1988; Choi et al.
1998; Raymond et al. 2000; Cook et al. 2003):

G = A-f(Dcoz / z) Ku-(pCO,*™ — pCO,%) (4.30)
where A = river surface area, f = chemical enhancement factor, Dco, = CO»

molecular diffusion coefficient, z = empirical thickness of the stagnant boundary

layer, Ky = Henry’s Law constant (see eqtn. 4.13), and pCO,*™ and pCO," are the



85

partial pressures of CO, in the atmosphere and in solution, respectively. Chemical
enhancement is important (f> 1) only at high pH and low gas transfer velocity (Dco
/ z) (Wanninkhof & Knox 1996), a rare condition in the Amazon basin. The
thickness of the boundary layer (z) decreases with water turbulence and wind speed,
leading to increased transfer velocity (Devol et al. 1987; Richey et al. 1988;
Genereux & Hemond 1992; Cirpka et al. 1993; Aucour et al. 1999; Raymond & Cole
2001; Cook et al. 2003); high turbulence can also result in enhanced mixing with air
via bubble injection (Cirpka et al. 1993; Cook et al. 2003). A large majority of rivers
in the Amazon basin are supersaturated with respect to atmospheric CO,, resulting in
net evasion (G < 0) from the water surface (Devol et al. 1987; Stallard & Edmond

1987; Richey et al. 1988; Richey et al. 2002).

DIC isotopic mass balance

An isotopic mass balance can be constructed using an approach analogous to

the one used in eqtn. 4.27 for DIC (Quay et al. 1986). For °C:

d(V-DIC,-PR,)/dt = 1.”R; — Qo-DIC,- "R, + V-.R-®Rioc — V-P-PRp + G-PRg  (4.31)
where "°R denotes the °C/"*C ratio of each flux, source, or storage term as follows:
BR, = DIC in the reach, BR; = DIC in combined transport input, 13RrOC =
heterotrophically respired organic carbon, *Rp = organic carbon produced by
autochthonous photosynthesis, and R = CO, of net gas exchange.

As discussed above, the transport input flux term is composed of multiple
sources. Each source may be characterized by a distinct isotopic signature. For
example, lowland tributaries draining into the Amazon mainstem are significantly
depleted in 8'°C-DIC compared to the mainstem (Quay et al. 1992). Respiratory

fractionation between organic carbon substrate and the resulting CO, has been
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generally found to be negligible (Smith & Kroopnick 1981; Ekblad et al. 2002;

Cleveland et al. 2004), although controversial evidence exists for a small (< 3%o)
depletion in CO; during microbial respiration (Blair et al. 1985) and a small
enrichment (< 6%o) during carbon uptake and CO, release by fungi (Henn & Chapela
2000). Similar to the heterogeneity of transport input sources, heterotrophs may
respire organic carbon from multiple substrates with distinct isotopic signatures
(Martinelli ez al. 1994; Waichman 1996). However, many transport and respiration
sources may be isotopically undistinguishable (Martinelli et al. 1994), particularly if
they originate largely from Cs-derived respiration without significant mineral
weathering contributions. In the absence of significant C;-to-C4 gradation between
terra firme and riparian or floodplain vegetation communities, it may be impossible to
isolate the contribution from each landscape element by using carbon isotopes alone.
See above and Chapter 5 for more extensive discussion on Amazon biogeography and
isotopic signatures of C; and C4 plants. In the central Amazon, bottle incubations
have been carried out to determine the 5'°C signature of respired CO,. Quay et al.
(1992) used mainstem water to determine a respiratory CO; signature of -2243%o,
attributing it to a source mixture of 40% C4 and 60% C; organic carbon. Using water
from multiple environments in a floodplain lake (open water, floating meadow, and
flooded forest), Waichman (1996) obtained respiratory CO;, with -18.5+3.3%o (-27.7
to -13.5%o), yielding a C4 source contribution of 46 to 79% with the assumption that
respiration does not fractionate. C4 plants appear to be a disproportionately important
source of organic matter used in respiration, but contribute only a minor component
of the organic carbon load (Quay et al. 1992; Melack & Forsberg 2001).
Phytoplankton take up CO»(aq) preferentially relative to other carbonate

species and '*C relative to the heavier °C isotope (Laws et al. 1995); fractionation
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during photosynthesis can be expressed as "Rp =" Rconag/0tp, where op is the
photosynthetic fractionation factor with respect to CO,(aq). Under ideal conditions of
COz(aq), nutrient, and light availability, op reaches maximum values of 1.025 to
1.028 (Laws et al. 1995; Bidigare et al. 1997), a depletion of up to 28%o during
photosynthetic carbon fixation that will enrich the remaining DIC. 13Rcozaq (=
BRiaco3+) can be calculated from 8"°C-H,CO;" , which is obtained by substituting
8°C-CO(g) = 8" C-H,CO5 " - gmcos+g into eqtn. 4.26. Phytoplankton °C
composition ranging from -32 to -47%o have been observed or estimated in rivers in
the Amazon and Orinoco basins (Hedges ef al. 1986a; Mook & Tan 1991; Tan &
Edmond 1993).

Gas exchange "°C flux is expressed by adapting eqtn. 4.30, taking into account

kinetic and equilibrium fractionation effects (Quay et al. 1986; Zhang et al. 1995):
G-"Rg = A-f(Dcoz / 2)-Kir-0-0tiacoz g (pCO2™™ PRam — pCO2> PReogg)  (4.32)

where o = 0.9991 is the temperature-insensitive kinetic fractionation factor for CO,
gas transfer across the water surface (Siegenthaler & Munnich 1981; Zhang et al.
1995), *Ram = the *C/"*C ratio of atmospheric CO, (discussed above), and ' Reozg =
13 Rpic/apic-g; 0pic-g can be gleaned from eqtn. 4.26. Gas exchange generally leads to
C enrichment of DIC in rivers (Finlay 2003), particularly in the Amazon lowlands
where respiratory CO, produces DIC depleted in 8"°C relative to atmospheric CO,
(Longinelli & Edmond 1983; Quay et al. 1992). At low pCO, supersaturation levels,
CO, invasion with 8"°C ~ -8%o may be a significant flux and will enrich *C-DIC.
Under supersaturated conditions and neutral pH where DIC is dominated by
bicarbonate, CO, evasion involves the export of a species depleted in "°C relative to

bulk DIC due to equilibrium fractionation between bicarbonate and COx(g).
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A river reach DIC mass balance for '“C can be constructed in a similar fashion
as eqtn. 4.31 for ®C. Such a mass balance is formulated in terms of the '*C/'*C ratio
'R, which can be calculated from A'*C and 8'°C values through eqtns. 4.1 to 4.3
(Braziunas et al. 1995). "R in this case is the true isotopic ratio, not the *C-
normalized ratio used in eqtns. 4.2 and 4.3. 1C enrichment factors () are
approximately twice as large as those for °C (Clark & Fritz 1997; Zeebe & Wolf-
Gladrow 2001). As transport through the reach is fast, radioactive decay can be
neglected. However, the variability in residence times of carbon in sources such as
organic matter supporting respiration provides a tracer of sources and cycling time
that complements °C. Residence time on the order of decades can be discerned by
the impact of bomb-induced changes in atmospheric '*CO,, while radioactive decay
can serve to distinguish residence times of hundreds to tens of thousands of years.
Dissolution of '*C-dead carbonate sediments is another important source of DIC with
a distinctive isotopic signature (Deines et al. 1974; Cheng 1992; Clark & Fritz 1997;
Taylor 1997). The large dynamic range in A'*C from -1000%o for '*C-free materials
to over 500%o for carbon originating in the atmosphere from the late 1960s to early

1970s (Fig. 4.1) presents distinct advantages for separating carbon sources.

CO; dynamic equilibrium in rivers

Based on gas exchange and respiration observations, CO; (and dissolved
oxygen) has been proposed to be in quasi steady state along the Amazon mainstem,
such that CO, production by in situ respiration plus transport of recently respired CO,
from floodplains are approximately balanced by evasion to the atmosphere (-G = V'R,
from eqtn. 4.27) (Devol et al. 1987; Richey et al. 1990). A dynamic equilibrium

between respiration and gas exchange was supported by Quay et al. (1992), who
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determined that the 8"°C of respired CO; (-22%o) is equal to that of CO, outgassing
from the water surface. At the same time, downstream output fluxes of both DIC
(Richey et al. 1990) and 5"°C-DIC (Quay et al. 1992) at Obidos (Fig. 2.2) were found
to be largely balanced by upstream and tributary fluxes at different mainstem reaches,
throughout the year. At the Marchantaria site (Fig. 2.2), monthly observations over
10 years indicate that dO,/dt is small relative to respiration or gas exchange rates,
supporting a quasi steady state between these processes (Devol ef al. 1995); however,
CO; balance required an additional CO; input inferred to be advected in from flooded

floodplains and originate in submerged Cs root respiration.

DIC AND CO; IN SOILS AND GROUNDWATER

CO; and DIC in soils and groundwater originate primarily from biological
respiration and weathering of carbonate and silicate minerals (Fig. 4.2). While
carbonate and weatherable silicate lithologies are rare in the Amazon lowlands
(Stallard & Edmond 1983; Stallard 1985), respiration by roots and heterotrophic
decomposition of organic matter lead to high rates of CO, production and efflux from
the soil surface (Davidson & Trumbore 1995; Davidson et al. 2000; Chambers et al.
2004; Goulden et al. 2004; Keller et al. 2004; Sotta et al. 2004). Weathering of
carbonate and silicate lithologies by carbonic acid (CO,) yields HCO5" that is
transported to streams in groundwater (Stallard 1988; 1995; Clark & Fritz 1997;
Jones & Mulholland 1998a; Telmer & Veizer 1999; Kump et al. 2000; Andrews &
Schlesinger 2001; Bade et al. 2004).
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Soil respiration and CO;

Large soil respiration fluxes are the result of favorable conditions for
commonly accepted environmental controlling factors, including generally high
temperature, soil moisture, and biomass productivity (Raich & Potter 1995; Davidson
et al. 1998; Davidson et al. 2000; Schlesinger & Andrews 2000; Wang et al. 2000;
Amundson 2001; Savage & Davidson 2001; Raich et al. 2002; Reichstein et al.
2003). However, soil respiration represents the aggregation of multiple processes
controlled by different factors; for example, autotrophic root respiration may
experience seasonal variability different from that of heterotrophic respiration
(Davidson & Trumbore 1995; Trumbore et al. 1995; Davidson et al. 2000; Hanson et
al. 2000; Wang et al. 2000; Chambers et al. 2004; Sotta et al. 2004).

Observed annual soil respiration efflux in lowland Amazonian forests ranges
from approximately 1 to 2 kg C m™ yr' (Table 3 in Sotta et al. 2004). Maximum
respiration occurs at medium levels of soil moisture, near field capacity, where
microbial access to oxygen and soluble organic matter is optimal (Davidson et al.
1998; Davidson et al. 2000; Savage & Davidson 2001). At sites with well-drained
soils and a prolonged dry season, particularly in eastern and southern regions of the
basin, low dry-season soil moisture leads to reduction in soil respiration (Davidson &
Trumbore 1995; Meir et al. 1996; Davidson et al. 2000; Keller et al. 2004; Salimon et
al. 2004; Vasconcelos et al. 2004). In contrast, in the central Amazon near Manaus,
where the dry season is more limited, soil respiration shows limited seasonal
variability (Chambers ef al. 2004). Higher soil moisture has been observed to inhibit
respiration as a result of reduced diffusion of oxygen (Davidson et al. 2000;
Chambers et al. 2004); this factor appears to produce lower soil CO; efflux in valley

soils near Manaus, relative to slope and plateau soils (Chambers et al. 2004).
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Seasonal variability of soil respiration in drier regions may be driven largely
by microbial response to soil desiccation. Deep roots allow trees to extract water
from deeper soil horizons and sustain primary production and respiration throughout
the dry season, while the zone of maximal root CO; production may shift downward
following receding soil water (Davidson & Trumbore 1995; Trumbore et al. 1995;
Davidson et al. 2000; Goulden et al. 2004; Sotta et al. 2004). At the forested
Paragominas site in the eastern Amazon, Davidson & Trumbore (1995) estimated that
20-30% of measured CO, surface flux is produced below 1 meter, while Trumbore et
al. (1995) estimated that root respiration contributes 50-65% of the surface CO, flux;
Chambers et al. (2004) obtained a similar estimate of root contribution to surface CO,
flux near Manaus, excluding respiration from fine surface litter.

CO, dynamics within Amazonian forest soils has been studied extensively
only at the Paragominas site, where concentration and '*C and '*C isotopes were
analyzed down to a depth of 8 meters on multiple dates in the wet and dry seasons
(Davidson & Trumbore 1995; Trumbore ef al. 1995; de Camargo et al. 1999). pCO,
increased with depth from about 15,000 ppm in the upper meter to nearly 80,000 ppm
at 8 meter depth — more than 200 times atmospheric concentration. At the Cuieiras
Reserve north of Manaus, Sotta et al. (2004) measured similar soil pCO,
concentrations near the surface in a one-week period early in the wet season; pCO,
increased from about 2,000 ppm at 1 cm depth to nearly 9,000 ppm at 40 cm. Ina
white sand (Spodosol) forested site at Campinas, north of Manaus, A. Aufdenkampe
(pers. comm.) observed pCO; levels 100 times that of the atmosphere in soil water
below the water table. Richey et al. (2002) used the soil CO, observations from
Paragominas (Davidson & Trumbore 1995) together with estimates of lateral

subsurface runoff and of the total length of low-order streams in the central Amazon
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(derived from Chapter 3) to come up with a first-order estimate of the total flux of
CO; from soils to streams. Nonetheless, the lateral transfer of DIC and CO; from
soils to streams and subsequent fate of this terrestrial carbon in streams remain
largely uninvestigated in the Amazon.

Sources and turnover times of organic matter fueling soil respiration have
been studied using ">C and '*C isotopes of CO, and soil organic carbon (SOC). In
Amazonian (14C-CO2 observations in Paragominas, Trumbore et al. 1995; de
Camargo et al. 1999) as well as temperate (Gaudinski ez al. 2000; Bowling et al.
2003; Fessenden & Ehleringer 2003) and boreal (Ekblad & Hogberg 2001; Hogberg
et al. 2001) soils, CO, appears to originate primarily from root respiration of recently
fixed metabolites and heterotrophic respiration of labile, fast-cycling SOC fractions
(Trumbore 2000). Soil CO; is commonly no more than a few years old, even at depth
(Trumbore et al. 1995; de Camargo et al. 1999; Gaudinski ef al. 2000; Trumbore
2000; Wang et al. 2000), in contrast with bulk SOC which is generally greatly
depleted in ¢ (Trumbore 1993; Trumbore et al. 1995; Pessenda et al. 1998a;
Pessenda et al. 1998b; de Camargo et al. 1999; Gaudinski et al. 2000; Trumbore
2000; Freitas et al. 2001; Telles et al. 2003). In addition, Telles et al. (2003) showed
that while SOC age increases rapidly with depth in clay-rich Ultisol and Oxisol soils
in the Amazon, organic carbon in sandy stream valley Spodosols near Manaus
remains young down to at least 50 cm depth.

Theoretical and field analyses have shown that diffusion of CO; in soils can
lead to a ">C fractionation of up to 4.4%o, such that CO, leaving the soil surface is
depleted with respect to soil CO, (Dorr & Miinnich 1980; Cerling ef al. 1991;
Aravena et al. 1992; Amundson et al. 1998; Amiotte-Suchet ef al. 1999). However,

at steady state 5'"°C of CO, produced within soils will be the same as that of soil CO,
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efflux, assuming that downward export is insignificant (Cerling et al. 1991;
Amundson ef al. 1998). As soil 8'°C-CO, observations in the Amazon are currently
limited to Paragominas (Trumbore et al. 1995; de Camargo et al. 1999), where
corresponding observations of 8'°C-CO, efflux were not made, it is not possible to
assess whether diffusion fractionation is a significant factor. Measurements of soil
8'3C-CO, efflux in forests are also limited, but have been carried out at multiple sites;
values range from —24.8%o to —29.4%o (Quay et al. 1989; Feigl et al. 1995; Buchmann
et al. 1997; Ometto et al. 2002; Salimon et al. 2004). The soil CO, source is
separated from atmospheric contributions using a simple mixing model, as the y-
intercept of a 8°C-CO, vs. 1/[CO,] plot (“Keeling plots”, Pataki et al. 2003).
Observations of total ecosystem respiration (aboveground + belowground) yielded a
seasonal variability of about 4%o at Santarem, where the dry season is prominent
(Ometto et al. 2002); Manaus and a site in French Guiana did not show such isotopic
variability (Buchmann ef al. 1997; Ometto et al. 2002).

Heterotrophic soil respiration utilizes SOC to produce CO,. However, SOC in
forests that have not experienced substantial Quaternary land cover change typically
is progressively enriched in °C down the soil profile by a few per mil in the tropics
(Trumbore et al. 1995; Martinelli ef al. 1996b; de Camargo et al. 1999; Powers &
Schlesinger 2002; Telles et al. 2003; Salimon ef al. 2004) and elsewhere (Amundson
et al. 1998; Wang et al. 1998; Ehleringer et al. 2000; Poage & Feng 2004). The only
exception to this ’C depth trend in the Amazon occurs in Manaus Spodosols, where
8"*C-SOC remains at ~ —29.5%o all throughout the upper 50 cm (Telles et al. 2003).
While the causes of the depth trend are not clear, they appear to be related to selective
sorption of DOC and decomposition of organic matter (Amundson et al. 1998;

Ehleringer et al. 2000; Aufdenkampe et al. 2001; Kaiser et al. 2001; Cleveland et al.
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2004; Poage & Feng 2004). At Paragominas, 8'°C-CO, also becomes enriched from
—25.3%o at the surface to —23.1%o at 8 m depth, roughly paralleling the change in
8"°C-SOC from —27.3%o to —23.4%o (Trumbore et al. 1995; de Camargo et al. 1999).

At sites where vegetation shifts between C; and C4 dominance may have
occurred, changes in the isotopic composition of SOC with depth have been exploited
as a tool to examine organic carbon turnover times and determine past climate
conditions using land cover types as proxies. In Amazonian lowlands, such studies
have addressed Quaternary changes near contemporary forest-savanna boundaries,
anthropogenic replacement of forest with C4 pasture, and development of secondary
forests after pasture abandonment (Desjardins et al. 1994; Trumbore et al. 1995;
Martinelli et al. 1996b; Koutika et al. 1997; Neill et al. 1997; Bernoux et al. 1998;
Pessenda et al. 1998a; Pessenda ef al. 1998b; de Camargo et al. 1999; Freitas et al.
2001; Sanaiotti ef al. 2002; Salimon et al. 2004).

Despite substantial advancements in our understanding of soil respiration and
CO; dynamics, large uncertainties still exist, including the biochemical nature and
isotopic composition of soil organic matter used by heterotrophs at different depths;
the isotopic signature of CO, respired by roots at different depths; the role of DOC
flux and sorption in supporting heterotrophic respiration down the soil profile
(Kalbitz et al. 2000; Aufdenkampe et al. 2001; Neff & Asner 2001; Guggenberger &
Kaiser 2003; Michalzik et al. 2003); and the flux, isotopic composition, age, seasonal
variability, and controls on downward CO, export into groundwater, and

subsequently into streams and rivers.
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Weathering and DIC

Earlier (see Chapter 2 and the Introduction to this chapter) I reviewed the
distribution of lithologies across the Amazon basin. Broadly, readily weatherable
lithologies are rare in the lowlands but abundant in the Andean mountains, their
depositional fans, and rivers and floodplains draining those regions (Stallard &
Edmond 1983).

While evaporites dissolve readily, weathering of carbonate and silicate
minerals proceeds through reaction with acids (Drever 1988). Dissolved CO;
generated by biological activity in soils is the dominant acid involved in such
weathering on land masses (Berner ef al. 1983; Stallard & Edmond 1983; 1987;
Drever 1988; Stallard 1988; Drever 1994; Gaillardet et al. 1999; Galy & France-
Lanord 1999). Less common acid sources include CO, dissolved from air, from
oxidation of kerogen (metamorphosed organic matter), and from volcanic or
metamorphic lithospheric degassing; and sulfuric acid from oxidation of reduced
sulfides such as pyrite, commonly found in black shale (e.g., Galy & France-Lanord
1999; Yoshimura et al. 2001).

Congruent dissolution of the carbonate mineral calcite with carbonic acid

proceeds via the reaction:

CaCO;(s) + CO, + H,0 = Ca®" + 2HCO;’ (4.33)
One mole of HCO; originates from the mineral, while the other mole originates from
dissolved CO,. In contrast, all the HCO;™ produced through incongruent weathering

of aluminosilicate minerals originates from dissolved CO,. For example, weathering

of anorthite (a Ca-plagioclase feldspar) to kaolinite proceeds as follows:

CaALSi,0x(s) + 2C0O; + 3H,0 = ALSiHOs(OH)4(s) + Ca®* +2HCO;  (4.34)



96

Weathering of the more stable albite aluminosilicate (a Na-plagioclase feldspar) to

kaolinite proceeds as follows:
2NaAlSi;0g(s) + 2CO; + 3H,0 = ALSi,O5(0H)4(s) + 2Na' + 4Si0, + 2HCO;™ (4.35)

Production of HCOs during weathering increases DIC, alkalinity, and pH in
soil and groundwater, with carbonate weathering proceeding faster and producing
twice as much HCOj" as silicate weathering. Carbonate dissolution may advance to
precipitation saturation with respect to carbonate minerals. Final DIC concentration
and alkalinity reached are dependent on the openness of weathering sites to continual
exchange with a large supply of soil CO, (Deines ef al. 1974; Clark & Fritz 1997,
Aucour et al. 1999). Open system conditions are dominant in the unsaturated soil
zone and in saturated groundwater near the water table, while closed conditions are
more common deeper in the aquifer. For silicates, a continued supply of CO, implies
that weathering and production of HCOj are limited only by weathering kinetics and
availability of minerals. For carbonates, dissolution under open conditions will result
in equilibrium saturation at higher DIC and alkalinity, and lower pH, compared to
dissolution in a closed system, and high pCO; will persist (Deines et al. 1974; Clark
& Fritz 1997). Weathering typically involves both open and closed systems, or
partially open conditions (Deines ef al. 1974; Cheng 1992; Clark & Fritz 1997;
Taylor 1997; Aucour et al. 1999).

The isotopic composition of DIC resulting from weathering is strongly
dependent on weathering regime and the origin of CO; used as the acid. Factors
controlling the variability of soil CO; carbon isotopes in the Amazon basin and
elsewhere were discussed earlier. As DIC from silicate weathering originates from
the source CO, only, its isotopic composition reflects that of soil CO, and, for §"°C,

the equilibrium fractionation between CO,(g) and HCOs' that results in an enrichment



97

of 7-10%o (see discussion above). Carbonates of marine sedimentary origin are '*C-
free (A'*C =-1000%o) and have a ">C content similar to the PDB standard (8'°C ~
0+2%o) (Clark & Fritz 1997; Bullen & Kendall 1998; Aucour et al. 1999; Zeebe &
Wolf-Gladrow 2001; Gonfiantini & Zuppi 2003). In a fully closed system the
isotopic composition of HCO;3™ produced will reflect a 1:1 mixture of carbon from
COx(g) and carbonates; for 8'°C, additional factors include equilibrium fractionation
between COx(g) and HCO3', (at T = 25°C, encos-¢ = 7.9%o; see above) and a small
enrichment during mineral dissolution to HCO3™ (&caco3-ncos = -1.1%o for calcite at T
= 25°C) (Zhang et al. 1995; Clark & Fritz 1997); for example, calcite with 8'°C =
0%o weathering in a closed system at T = 25°C with carbonic acid dissolved from C;
s0il CO(g) with 8"°C = -27%o and A"*C = 110%o (estimated 1996 atmospheric A'*C-
CO, in tropical South America; see discussion above) will produce HCO;™ with 8'°C
= 0.5*[(0+1.1) + (-27+7.9)] = -9.0%o0 and A'*C = 0.5*[-1000 + 110] = -445%0. In
contrast, weathering in a fully open system will involve continual isotopic exchange
with CO»(g), and the isotopic composition of DIC will reflect equilibrium with
COx(g) (Deines et al. 1974; Cheng 1992; Clark & Fritz 1997; Taylor 1997; Aucour et
al. 1999). As carbonate weathering typically occurs in partially open systems, the
isotopic signature of DIC will fall between those two end members. Extensive
research has been published on field conditions during carbonate weathering in soils
and aquifers, and the resulting DIC and isotopic behavior (e.g., Bullen & Kendall
1998; Aucour et al. 1999; Taylor et al. 2001; Yoshimura ef al. 2001; Emblanch et al.
2003; Gonfiantini & Zuppi 2003; Yoshimura ef al. 2004). However, I am not aware
of any similar studies in the Amazon basin or the Andean region focusing on the

isotopic composition of carbonate minerals, environmental conditions during
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weathering, or DIC isotopic composition in deep aquifers or the near-stream
subsurface.

Interest in more comprehensive understanding of weathering is increasing
(Anderson et al. 2004). Factors that control rates of chemical erosion have been
examined in several reviews using data from lab experiments, soil sites, streams
draining small, monolithological watersheds, and large rivers (Berner et al. 1983;
Bluth & Kump 1994; White & Blum 1995; Berner & Berner 1997; Edmond & Hu
1997; Gaillardet et al. 1999; Kump et al. 2000), though conflicting results are often
observed between small-scale experiments and large-scale observations (Kump et al.
2000). Common large-scale controls include temperature, rainfall, runoff, lithology,
and tectonics, including topographic relief. Such information has been synthesized as
empirical models that predict the flux of alkalinity and bicarbonate into rivers and
oceans, and weathering CO, consumption, based on spatially distributed climate and
lithological data (Amiotte-Suchet & Probst 1993; 1995; Gibbs et al. 1999; Aumont et
al. 2001; Munhoven 2002; Amiotte-Suchet et al. 2003); applications have ranged
from regional to global scale, and contemporary, future, and past climate conditions.

Globally averaged models like BLAG (Berner et al. 1983) and GEOCARB
(Berner & Lasaga 1989; Berner 1991; 1994; Berner & Kothavala 2001) have been
applied to characterize the global carbon cycle throughout the Phanerozoic. At long
time scales, over millions of years, consumption of CO, during carbonate dissolution
is balanced by re-release during carbonate precipitation in the oceans, with no net
effect on atmospheric CO,; in contrast, continental weathering of Ca and Mg silicates
consumes atmospheric CO, and exports Ca and Mg cations and bicarbonate from
rivers to oceans, leading to long-term sequestration via precipitation of carbonate

sediments, and large impacts on atmospheric CO; and climate (Berner et al. 1983;
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Berner & Lasaga 1989; France-Lanord & Derry 1997; Broecker & Sanyal 1998;

Berner 1999; Kump et al. 2000; Berner 2003; Cohen et al. 2004; Royer et al. 2004).
Studies of long-term weathering have generated controversy over the relative role of
temperature, lithology, and tectonics in controlling the variability of chemical erosion
and therefore its impact on atmospheric CO; and climate (Berner & Berner 1997;
Edmond & Hu 1997; France-Lanord & Derry 1997; Ruddiman 1997; Ruddiman et al.
1997; Broecker & Sanyal 1998; Kump et al. 2000). Further studies addressing the
scaling of weathering processes from sites to continents, and fluxes to rivers, will be
invaluable for improving our understanding of both short and long-term controls on

atmospheric CO, (Anderson et al. 2004).

CONCLUSIONS

Carbon plays a critical role in river ecosystems. Improved understanding of
DIC and CO, sources and cycling in Amazonia will result in enhanced capability to
manage local impacts of deforestation and quantify regional CO, budgets. *C and
1C isotopes of DIC are invaluable tools for addressing such issues. However, the use
of >C-DIC in Amazonia has been limited to the mainstem and surrounding riverine
environments, while '*C-DIC has never been used before. In this chapter I present an
overview of DIC and carbon isotope geochemistry. Focusing on the mass balance of
a river reach, I examine the biological, physical, and geological processes and sources
that impact DIC and its carbon isotopes in rivers. This quantitative framework and
the review of previous relevant research in rivers, soils, and groundwater in the
Amazon basin and elsewhere provide the necessary background for discussion of the
basin wide survey presented in the next two chapters, and for future synthesis and

modeling work.
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Figure 4.1. Hemispheric trends in tropospheric A'*C-CO, since 1950. Data represent annual
means for the Tropics (30 °N to 30 °S) and extratropical Northern Hemisphere (NH) and
Southern Hemisphere (SH), from I. Levin (pers. comm.). See Chapter 5 for additional
discussion of seasonal and latitudinal variability.
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CHAPTER 5. RESPIRATION OF CONTEMPORARY ORGANIC MATTER
DRIVES OUTGASSING OF CO; FROM AMAZONIAN RIVERS

INTRODUCTION

Rivers in humid tropics were recently shown to outgas CO, at much higher
rates than previously appreciated, with evasion fluxes in Amazonian rivers (0.5 Pg C
yr'') more than 10 times the exports to the ocean as total organic carbon (OC) or
dissolved inorganic carbon (DIC) (Richey et al. 2002). However, little agreement
exists about sources of CO,, and the few direct estimates of respiratory source age
range from contemporary to thousands of years (Cole & Caraco 2001; Raymond &
Bauer 2001a; Raymond & Hopkinson 2003). Rivers are predominantly
supersaturated with respect to CO,, resulting in large gas evasion fluxes that can be a
significant component of regional net carbon budgets (Cole & Caraco 2001; Hope et
al. 2001; Richey et al. 2002). In the Amazon basin lowlands, riverine CO,
concentrations are generally 5-30 times supersaturated with respect to atmospheric
equilibrium (Richey et al. 2002), and such conditions are likely to be prevalent
throughout the humid tropics. Dissolved CO, in excess of equilibrium concentrations
set by weathering reactions originates predominantly from in sifu respiration and
inputs of groundwater supersaturated from soil respiration, and in some cases direct
CO; input from submerged root respiration by riparian vegetation (Quay ef al. 1992;
Jones & Mulholland 1998a; Cole & Caraco 2001; Mulholland et al. 2001). Except at
low supersaturation levels, atmospheric CO; invasion has a negligible role compared
to the large CO, evasion fluxes (Quay et al. 1992; Jones & Mulholland 1998a; Cole
& Caraco 2001; Mulholland ef al. 2001). In turn, the importance of groundwater CO,
inputs decreases downstream of small streams as a result of evasion and replacement

by in situ respiration fluxes (Jones & Mulholland 1998a; Mulholland et al. 2001).
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Despite the fundamental role of in situ respiration for riverine CO, cycling,
sources and turnover times of organic carbon fueling respiration remain poorly
constrained. Stable and radio- carbon isotope (**C and '*C) data can provide such
constraints, yet no previous study has used a dual-isotope approach to address these
questions in tropical regions. Isotope studies in eastern USA temperate rivers appear
to offer, at first glance, conflicting findings. In the Hudson River, up to 70% of the
centuries-old terrestrial OC entering the river is respired in transit, and the average
age of riverine OC decreases downstream (Cole & Caraco 2001). On the other hand,
in the York River, the youngest components of dissolved OC (DOC) are
preferentially respired (Raymond & Bauer 2001a). One study that comprehensively
interpreted dissolved inorganic carbon radioisotope data in the Parker River estuary
found modern DIC that could be explained by respiration of DOC produced within
the estuary (Raymond & Hopkinson 2003). In the Amazon mainstem, indirect
evidence suggests a large source of respired CO, from rapidly cycling,
uncharacterized OC fractions (Quay et al. 1992; Waichman 1996; Devol & Hedges
2001; Melack & Forsberg 2001; Richey et al. 2002). Reconciling these results is
critical to advance our understanding of CO, outgassing from rivers and its role in

regional to continental net carbon balance under natural and perturbed conditions.

METHODS

Sample collection and analysis

Samples analyzed for '*C-DIC were collected between 1991 and 2003,
whereas '*C-OC samples are from 1995-1996 (Table 5.1). Samples were collected at
mid depth from the deepest section of the channel (the thalweg). DIC samples were

obtained from a Niskin bottle by overfilling (2x) 250 mL glass bottles from the
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bottom, preserving with HgCl, and immediately capping with a greased ground glass
stopper (Quay et al. 1992). CPOC (63-2000 um) was isolated either by sieving pump
outflow or with a plankton net. FPOC (0.1-63 pm) was isolated by tangential flow
microfiltration and DOC (1000 atomic mass units to 0.1 pm) by tangential flow
ultrafiltration followed by freeze drying (Hedges et al. 2000). Ultrafiltration yields
ranged from 40% in the Andes up to 80% in the lowlands (Hedges et al. 2000;
Aufdenkampe et al. submitted). In the lab, the top half of DIC samples was drawn
into a vacuum line (eliminating particles) and stripped of CO, after acidification
(Quay et al. 1992). Organic samples were combusted with CuO in evacuated, sealed
quartz tubes (Quay et al. 1992).

Purified CO, was analyzed for stable isotopes and radiocarbon by dual-inlet
isotope ratio mass spectrometry (IRMS) and Accelerator Mass Spectrometry (AMS)
(Vogel et al. 1987), respectively. *C is reported in the conventional "°C delta
notation vs. the Pee Dee Belemnite (PDB) standard (Clark & Fritz 1997).
Radiocarbon values are reported as age-corrected A'*C adjusted for sample 8'°C
(Stuiver & Polach 1977). Absolute A'*C and 8'°C analysis errors (15) are typically
<6%o0 and <0.2%o, respectively. Isotopes for all carbon fractions were not always
analyzed at each site. A few sites were analyzed more than once for '*C, in different
years.

Additional analyses include, in most cases, pH, major ions, alkalinity, and
total carbon fraction concentrations (Table 5.2). Major ions were quantified by ion
chromatography. Alkalinity was measured by Gran titration, or estimated from
temperature, pH, and DIC when not measured. CO; concentrations were either
measured directly by headspace equilibration (Aufdenkampe, manuscript in

preparation) or estimated from temperature, pressure, pH, DIC, and alkalinity.
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Radiocarbon trends in atmospheric CO;

Measurements from Schauinsland Station, Germany, were used to
characterize atmospheric A'*C-CO, from 1991 to 2003 (Levin & Hesshaimer 2000;
Levin & Kromer in press). The uncharacterized effect of seasonal and short-term
atmospheric variability is minimized by comparing river '*C only against time-
weighted annual means (Levin & Kromer in press). A constant +8%o offset was
added to Schauinsland annual means to account for a 5%o depletion from regional
fossil-fuel emissions at Schauinsland relative to the well-mixed, mid-latitude
European troposphere (Jungfraujoch site, Levin & Kromer in press), and
approximately 3%o further depletion at the mid-latitude troposphere relative to
tropical South America (Levin & Hesshaimer 2000; Randerson et al. 2002). The
resulting estimated annual atmospheric A'*C-CO, values from 1991 to 2003 are
144.2, 139.0, 131.3, 125.4, 119.1, 110.4, 107.7, 104.5, 97.2, 94.2, 87.2, 80.0, and
74.4%0. Atmospheric A'*C-CO, composition within the Amazon basin is unknown,
but seasonal and regional variability may be as large as 10%o (Randerson et al. 2002).
Riverine A'*C values within 5%o of my estimated atmospheric annual average for the

sampling year likely represent carbon turnover times of one year or less.

RESULTS AND DISCUSSION

To identify dominant sources and turnover times of riverine carbon
throughout the Amazon basin, I analyzed '*C and "°C signatures of DIC, DOC, and
suspended fine and coarse particulate OC fractions (FPOC and CPOC). Samples
were collected on multiple expeditions from a diverse set of lowland and mountain
rivers (Fig. 5.1, Table 5.1). While DIC is composed of several species in solution

(CO1(aq), HCO5'(aq), and COs*(aq)), respiration, autochthonous photosynthesis, gas
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exchange, and other important processes interact with DIC primarily through
exchange of CO, gas. Isotopic fractionation occurs during conversion from one
carbonate species to another (Clark & Fritz 1997). Thus, to facilitate the direct
interpretation of CO; sources, I base my analysis on the isotopic composition of CO,
gas in thermodynamic equilibrium with bulk DIC (Fig. 5.2, Table 5.3). 8"°C-COx(g)
is calculated from measured 8'°C-DIC and isotopic equilibrium fractionations
between DIC species, which are in turn dependent on pH and temperature (Zhang et
al. 1995; Clark & Fritz 1997). A™C is unaffected because this term is defined to be
insensitive to mass-dependent fractionation (Stuiver & Polach 1977); A'*C-CO,(g) is
the same as A'*C-DIC. This survey represents the most extensive dual-isotope carbon
inventory published to date over a wide variety of rivers from a single large-scale
basin, allowing a unique, integrated assessment of carbon cycling throughout a river
network. This dataset is also the first reported '*C analysis on DIC in Amazonian
rivers, and complements but greatly exceeds previous surveys of '*C of OC fractions
(Hedges et al. 1986b; Raymond & Bauer 2001a). It provides multiple lines of
isotopic evidence that a rapidly cycling, contemporary OC subfraction fuels
respiration and sustains CO, supersaturation and evasion across most mid-size to
large Amazonian rivers.

The first evidence for this assertion is that dissolved CO, gas in nearly all
lowland rivers has a A'*C signature bound within the atmospheric A'*C-CO,
composition range for the lowland DIC sampling period (1996-2003, Fig. 5.2, Table
5.3). Testing of thermonuclear bombs in the 1950s and 1960s resulted in a large
increase in atmospheric '*CO,, reaching a peak in the late 1960s and steadily
decreasing afterwards (Levin & Hesshaimer 2000; Randerson et al. 2002). Continual

change in atmospheric radiocarbon content necessitates that I assess mean age for
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modern carbon (post 1890, Stuiver & Polach 1977) through the offset between each

riverine A'*C value and the annually averaged atmospheric A'*C-CO, for the
corresponding sampling year (Levin & Kromer in press). For sites with repeated
measurements over time, the need for considering the atmospheric offset rather than
the absolute A'*C-CO, is clear (Fig. 5.3). From 1996 to 2003, riverine A'*C-CO, at
each of four supersaturated sites in mid to large rivers within two lowland basins
decreased by 32-41%o, equivalent to the annually averaged atmospheric A'*C-CO,
decrease of 36%o (110.4 to 74.4%o, or -5.6+2.3%o yr’') (Fig. 5.3). Thus, atmospheric
offsets remained roughly constant, suggesting persistent and constant respiratory OC
turnover times for each basin. Furthermore, the range of these offsets suggests that
CO; outgassing from these rivers was photosynthetically sequestered from the
atmosphere <4 years previously within the mid-sized Rio Ji-Parana basin (sites 24, 25
& 28; AMC offsets of 13+6%o, n=8) and 4-7 years previously at the mouth of the Rio
Negro (site 32; A'*C offsets of 29£9%o, n=3).

The rapid carbon turnover observed within these lowland river sites is also
likely to be typical in the broad survey of rivers throughout the Amazon. However,
demonstrating this requires first assessing the influence of carbonate weathering on
river geochemistry. Such weathering is a source of high DIC concentrations enriched
in 8"°C and with A™C as low as -500%o when, as is most common, it involves the
dissolution of '*C-dead carbonate minerals (Fig. 5.2) by carbonic acid (CO,) from
respired modern plant matter in soils through the dissolution reaction CaCOjs(s) +
COs(aq) + H,0 = Ca*(aq) + 2HCO5 (aq) (Fig. 5.2). I used the relative proportion of
silica, alkalinity, and major anion concentrations to identify sites draining substantial
carbonate lithologies (Stallard & Edmond 1983) (Fig. 5.4). This approach identifies

all mountain and mixed sites, and five lowland sites from the Guaporé, Purus, and
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Jurué headwaters and the Jurud mouth (Fig. 5.1, sites 10, 41, 42, 43 & 45), as rivers

strongly or potentially influenced by carbonate dissolution. The remaining 25
lowland sites (38 samples, including those presented in Fig. 5.3) have little potential
for direct carbonate mineral contributions to DIC and contain dissolved CO; that is
predominantly contemporary (Tables 5.3 & 5.4, Fig. 5.2).

Carbonate-free lowland sites can be roughly divided into two groups based on
their radiocarbon offset relative to atmospheric CO,. Rivers in the largest group (32
samples from 21 sites) range from first-order streams to one of the largest rivers in
the world (Rio Negro), yet all carry contemporary CO,(g) with atmospheric A'*C-
CO; offsets ranging from -3 to +37%o (mean 13+11%o), indicating a mean CO, age of
approximately 2 years, and <5 years in 74% of the observations. In rivers from the Ji-
Parana region, relatively low supersaturation (pCO, = 1530+930 ppm, n=13) and
enriched 8"°C-CO; (-17.5+2.2%o, n=21) suggest that atmospheric invasion could be a
significant source of CO,. Invasion of atmospheric CO; (pCO, approx. 370 ppm and
8"°C approx. -8%o) (Clark & Fritz 1997; Levin & Hesshaimer 2000; Randerson ef al.
2002) should lead to an inverse correlation between &' °C-CO, and pCO,. The
absence of such correlation in the Ji-Parana indicates that while atmospheric invasion
can not be ruled out, it is likely a relatively small CO; source. Finally, the second
group of carbonate-free sites consists of 6 samples in 3 streams (sites 22, 29 & 31)
and 2 mid-sized rivers (sites 6 & 7) in the Brazilian Shield in the Ji-Parana region that
have considerable negative A'*C offsets (-67 to -11%o, mean -32+21%o), indicating
mean source age of several decades. Relatively depleted 8'°C-CO, values (-
20.0+1.7%0) compared to those in generally larger rivers from the first group in the Ji-
Parana region suggest that these streams may be dominated by groundwater influx of

aged soil CO; with a significant terrestrial C; plant source.
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Previous studies in the highly supersaturated Amazon mainstem have
indicated the existence of a quasi steady state between evasion and in situ respiration
with respect to CO, and *CO, fluxes (Devol et al. 1987; Quay et al. 1992; Devol et
al. 1995); 8"C of CO, evading from the river is the same as that produced during
respiration (Quay ef al. 1992), while tributary DIC and "*C-DIC inputs account for
mainstem downstream changes (Devol ef al. 1987; Richey et al. 1990; Quay et al.
1992). Data to enable a similar determination are insufficient for carbonate-free
lowland rivers in this study. Nonetheless, with the exception of Ji-Parana headwaters
(sites 28-31), the downstream rate of change of DIC isotopes is relatively small (see
Chapter 6). In addition to that trend, high respiration rates (A. Krusche and A.
Aufdenkampe, unpublished data) and CO, supersaturation (Table 5.2) coupled with
evidence for a likely small role for atmospheric CO; invasion, together suggest that
dynamic equilibrium between evasion and respiration with respect to CO,, *CO,, and
'4CO, is a reasonable, though tentative, first-order assumption in these systems. The
implication is that 8"°C and A'*C of evaded CO, gas should be equivalent to the
isotopic signature of respired OC.

CO; in carbonate-free rivers is generally isotopically distinct from the
associated OC fractions (DOC, FPOC, and CPOC; Table 5.3, Fig. 5.2). A AMC
comparison of CO, against OC fractions at the 5 carbonate-free sites where CO, and
at least two OC fractions were measured concurrently (Table 5.3, 1996 samples from
sites 6, 24, 28, 32 & 40) yields mixed results. CO; is considerably younger than DOC
(the primary OC fraction) in 2 out of 3 observations, but is undistinguishable from
FPOC (A'C-CO, = 122+15%0 vs. A"*C-FPOC = 129+11%o, n=5); in these rivers,

FPOC on average makes up only % of total OC and is characterized by low fine
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suspended sediment (FSS) concentrations and high %weight (Table 5.2). CPOC is

also older than CO, but makes up a very small fraction of total OC.

While the above CO,-OC A'*C comparison is limited, it can be extended first
with samples from the Rio Negro mouth and several small Negro streams where DIC
and DOC samples were collected 7 years apart (Table 5.3, 2002 vs. 1995, sites 32, 33,
34, 37, 38, 39). OC in these clear and blackwater rivers is strongly dominated by
DOC (Table 5.2). Comparing A'*C offsets against sampling year atmospheric A'*C-
CO,, the DOC offset (62+66%0, n=8) is 3 times the CO, offset (19+12%o, n=8).

While the difference in the means is not statistically significant (p = 0.0894), high
DOC variance is largely the result of one outlier with an even larger atmospheric
offset of 216%o. Excluding this value to reduce the variance yields a DOC offset of
40+25%o and a marginally significant difference with respect to the CO, offset (p =
0.0500). Second, A'*C-OC in lowland samples potentially influenced by carbonates
(Table 5.3, 1996 samples from sites 10, 41, 43 & 45) is characterized by a similar
DOC atmospheric A'*C offset of 72+64%o (n=4). The FPOC offset (-80+35%o, n=4)
indicates substantial aging at these sites which, except for the Guapore (site 10), are
characterized by high FSS and low %weight FPOC values comparable to the Amazon
mainstem (Table 5.2, see Hedges et al. 1986a). Therefore, while scatter is
substantial, DOC — the dominant lowland OC fraction — is generally just under a
decade in age; in carbonate-free lowland systems, DOC is older than CO,. FPOC
represents a more heterogeneous but less important component of total OC.

Carbonate-free lowland 3'°C-CO, is generally enriched with respect to all OC
fractions (Tables 5.3 & 5.4, Fig. 5.2). The separation for coincident samples is over
8%o (Table 5.3), with 8"°C-CO, = -20.143.5%0 (n=5), 8"°C-DOC = -28.7+1.5%0 (n=3),

8" C-FPOC = -29.242.3%o (n=5), and 8"°C-CPOC = -28.4+0.9%o (n=3). For Rio



111
Negro basin DIC and DOC samples collected 7 years apart, 8'°C-CO, = -25.2+0.9%o
(n=8) and 8"°C-DOC = -29.2+0.1%o (n=8). "*C separation between CO, and OC is
smallest in the Rio Negro basin, where C, grasses are rare, and largest in the Ji-
Parana basin, where deforestation has led to widespread replacement of forest by Cs4
pastures, even along stream corridors (Bernardes et al. 2004). Lowland 5"°C-OC
observations in this study are similar to those obtained previously (Hedges et al.
1986a; Quay et al. 1992; Bernardes et al. 2004).

I conclude that in situ respiration is fueled in large part by an organic
subfraction that cycles on the order of <5 years and is typically a small component of
the total riverine OC load. This subfraction is younger and enriched in >C compared
to bulk OC. Riparian and floodplain C,4 grasses, when present, may play a
disproportionate role in fueling river respiration relative to Cs contributions (Quay et
al. 1992; Waichman 1996; Melack & Forsberg 2001). Direct CO; input from
respiration of submerged tree and grass roots may be important at high waters (Devol
et al. 1995), but is likely insignificant in my samples because they were
predominantly collected during low water. Submerged grasses were present only in
certain small Ji-Parana streams (sites 22 & 23).

Mountain and mixed river sites contain older dissolved CO, (A'*C =96 to -
749%o, Fig. 5.2) resulting in large part from carbonate mineral dissolution. Although
the dissolution of carbonates increases DIC, it also increases pH, which in turn
decreases dissolved free CO, concentrations and reduces evasion fluxes. Thus, while
carbonate dissolution has a large impact on the isotopic signature of evaded CO,, it
can not be the main driver of outgassing. Observed CO, supersaturation must be
maintained by a continuous flux of CO, from OC respiration or other CO; sources.

These fluxes and the resulting CO, outgassing will gradually flush out DIC originally
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exported from carbonates in terrestrial settings, replacing its isotopic signature with
that of the new CO, source. Indeed, a CO, trend of increasing A'*C and decreasing
8"C is observed from the Andes down to the mainstem Amazon (Fig. 5.2). However,
this flushing is not rapid. In the mainstem of the forested middle and lower Ucayali
basin, major ion geochemistry indicates that carbonate dissolution remains a
dominant source of DIC from the Andean foothills to the sedimentary lowlands
nearly 2000 km downstream (Stallard & Edmond 1983) (from site 56 to site 48, Figs.
5.1 & 5.4); consequently, A'*C-CO, remains substantially depleted (-138%o at
downstream site 48) despite likely high respiratory inputs that steadily increase CO,
concentrations from 560 to 3150 ppm (Table 5.2). Over the next 2000 km
downstream (from site 48 to site 1) carbonate sediments become less prevalent and
respired CO, gradually flushes out aged DIC, as observed in A'*C-CO, increases
from approximately -168%o to 49%o, still below contemporary atmospheric A'*C
levels. Therefore, all along the middle-lower Ucayali and western-central mainstem,
inputs of young CO, from in situ respiration and tributary inflow drive large gas
evasion fluxes of aged CO; originating from carbonate dissolution; partitioning of
DIC from HCO3™ to CO5(aq) due to lower pH may be a significant CO, source only
near the central mainstem (Table 4.2). In contrast, in the more arid Vilcanota river in
the Ucayali headwaters above 3000 meters (sites 57, 58 & 59, Figs. 5.1 & 5.2), highly
depleted A'*C-CO; (< -500%o), enriched 8'°C-CO; (~ -11%o), and substantial CO,
supersaturation suggest that solid earth degassing is a large source of CO, at baseflow
(dry season). While widely documented in other young, tectonically active mountain
ranges (Kerrick 2001), this is the first time this process is reported at a large scale in
the Andes outside active volcanic areas (Aravena & Suzuki 1990); its importance to

other Andean rivers and during other seasons is unknown.
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Control of respiration by a small fraction of OC does not imply that the bulk
OC is unreactive. On the contrary, I find that measured OC fractions are mineralized
all throughout the river system. The strongest line of evidence is that FPOC becomes
generally younger and more depleted in "°C as it moves downstream from mountain
sites (Fig. 5.2, Table 4.4), where all OC fractions mirror the high altitude °C
enrichment in plants of approximately 1%o per 1000 m of elevation gain (Korner et al.
1991; Hedges et al. 2000). Within 1000 km from the mountain headwaters in the
Ucayali above the Amazon mainstem (Fig. 1), 8"?C-FPOC looks like lowland carbon.
Given that FPOC is tightly associated with mineral surfaces (Hedges et al. 2000;
Aufdenkampe ef al. 2001) and that over 85% of the mineral load in the Amazon
mainstem ultimately originates in the Andes (Gibbs 1967), this observation implies
nearly complete mineralization of old Andean FPOC on transit in the river or during
long-term flooplain storage; riverborne Andean FPOC is replaced with OC fixed in
lowland ecosystems, possibly remobilized through erosion of floodplain sediments
(Quay et al. 1992) (Tables 5.3 & 5.4). CPOC and DOC descending from the Andes
follow identical trends of gradual >C depletion to lowland values (Fig. 5.2), although
simple dilution by lowland OC can not be ruled out. DOC is generally modern (<50
years old) everywhere (Table 5.4, Fig. 5.2), demonstrating that old DOC does not
escape from the basin. Exceptions do occur at two A'*C-depleted mountain sites
(sites 52 & 59) where algal fixation of old, 8"°C-enriched DIC originating in
carbonate dissolution is the likely DOC source (Aufdenkampe et al. submitted).

Organic and inorganic carbon fractions interact closely in river systems.
However, in the Amazon basin, despite evidence for the mineralization of the OC
load, bulk OC appears to operate on slower time scales compared to respiratory

processes affecting DIC. '*C and "*C evidence for dominance of respiration fluxes by
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a rapidly cycling, typically small fraction of total OC confirms the hypothesis posited

in the Amazonian mainstem from previous respiration (Devol & Hedges 2001;
Melack & Forsberg 2001), stable isotope (Quay et al. 1992; Waichman 1996), and
mass balance studies (Quay ef al. 1992; Richey et al. 2002). These findings may
reconcile the apparently contradictory conclusions from radiocarbon studies from
temperate systems (Cole & Caraco 2001; Raymond & Bauer 2001a; Raymond &
Hopkinson 2003) through use of a framework where consumption or replacement of
old fractions in bulk OC occurs in parallel with high rates of respiration of a highly
labile OC subfraction. This paradigm has also been proposed for soils (Trumbore et
al. 1995; Gaudinski et al. 2000; Trumbore 2000), providing strong conceptual linkage
between aquatic and terrestrial carbon dynamics (Grimm ef al. 2003). It suggests that
deforestation in Amazonia may lead to immediate changes to the organic sources of
river respiration, particularly when riparian forests are replaced by pasture, and
argues that such impact is not inconsistent with the apparent lag times observed on
bulk OC composition after deforestation (Bernardes et al. 2004). CO, evading from
mid to large lowland rivers is largely contemporary, while in small streams the age of
CO; ranges from contemporary to a few decades. When carbonate outcrops are
present in the watershed, pumping of CO; from in sifu respiration will drive
outgassing of '*C-depleted CO, for considerable distances downstream of the
outcrops, as occurs in the Amazon mainstem. As riverine CO, evasion flux appears
to be a significant component of continental carbon balances in the humid tropics
(Richey e al. 2002), explicit accounting of '*C and "C signatures of CO, outgassing
from these river types may be required to accurately interpret isotope-based

tropospheric CO; inversions at regional and local scales.
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CONCLUSIONS

Rivers in humid tropics were recently shown to outgas CO, at much higher
rates than previously appreciated, with evasion fluxes in Amazonian rivers (0.5 Pg C
yr'') more than 10 times the exports to the ocean as total organic carbon (OC) or
dissolved inorganic carbon (DIC) (Richey et al. 2002). However, little agreement
exists about sources of CO,, and the few direct estimates of respiratory source age
range from contemporary to thousands of years (Cole & Caraco 2001; Raymond &
Bauer 2001a; Raymond & Hopkinson 2003). Here I present results of an extensive
survey of °C and "*C composition of DIC and three OC size fractions in Amazonian
rivers from small streams to the Amazon mainstem, and from Andean highlands to
central lowlands. With few exceptions, respiration of completely contemporary
organic matter (<5 years old) originating on land is the dominant source of excess
CO, that drives outgassing in all mid to large rivers, despite observations that bulk
OC fractions transported by these rivers range from tens to thousands of years in age.
A small, rapidly cycling pool of OC is responsible for the large carbon fluxes from

land to water to atmosphere in the humid tropics.
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Table 5.1. Site and drainage area characterization. Latitude (Lat) and Longitude (Lon) are in
decimal degrees. A few sites represent aggregated data from distinct sites in relative
proximity. Site numbers 17 — 31 are in the Ji-Parana basin (see Fig. 5.1), and their site names
correspond to codes used in previous studies (Bernardes et al. 2004). Continued on next

page.
Elevation
Site # River Site Name Lat Lon Area Site Basin Mean % >
°S W km’ m m 1000 m
Lowland
6 Candeias Candeias 8.766 63.708 13,200 77 179 0.2
7 Azul Azul 9.627 64.942 4,030 103 184 0.0
9 Novo Novo 14.172 59.742 150 295 314 0.0
10 Guaporé Vila Bela 14.993 59.958 21,660 193 335 0.0
17  Ji-Parana JIP-5 8.147 62.787 73,410 69 246 0.0
18  Ji-Parana JIP-4 8.947 62.057 67,640 91 257 0.0
19  Machadinho MAC 9.507 62.047 2,970 198 198 0.0
20  Ji-Parana JIP-3 10.092 61.977 43,580 181 284 0.0
21  Jart JARU 10.102 61.996 7,410 180 254 0.0
22  Boa Vista NS1 10.757 62.368 <10 296 297 0.0
23 Boa Vista NS2 10.753 62.372 <10 296 298 0.0
24 Ji-Parana JIP-2 10.937 61.957 29,770 192 293 0.0
25  Urupa URUPA 10.902 61.962 4,820 191 264 0.0
26  Rolim de Moura ROLIM 11.445 61.731 2,060 200 236 0.0
27  Ji-Parana JIP-1 11.452 61.463 19,170 200 325 0.0
28  Comemoragao COM-2 11.667 61.188 6,740 199 372 0.0
29  Comemoragio COM-1 12.718 60.173 160 594 598 0.0
30 Pimenta Bueno PB-2 11.703 61.192 8,650 197 321 0.0
31 Pimenta Bueno PB-1 12.847 60.343 130 495 491 0.0
32 Negro Mouth 3.063 60.302 716,770 29 185 1.1
33 Barro Branco Reserva Ducke 1 2.932 59.978 <10 59 58 0.0
34  Cabeca Branca Reser. Campinas 1 2.582 60.022 <10 99 98 0.0
35  Cueiras Cueiras 2.781 60.442 3,280 40 85 0.0
36 Asu Reserva ZF2 1 2.608 60.216 <10 67 67 0.0
37  Miratucu Miratucu 4 1.963 61.848 520 34 32 0.0
38  Miratucu Miratucu 3ag 2.031 61.853 450 34 32 0.0
39  Cobra Miratucu 2¢ 2.027 61.813 <10 34 34 0.0
40  Purus Mouth 3.747 61.433 362,900 32 138 0.0
41  Purus Boca do Acre 8.732 67.378 111,630 100 235 0.0
42 Acre Brasileia 11.002 68.764 7,820 250 296 0.0
43 Jurua Mouth 2.722 65.803 217,370 56 176 0.0
44 Japura Mouth 1.817 65.683 260,010 55 255 3.4
45  Jurua Cruzeiro do Sul 7.622 72.637 43,960 188 259 0.0




Table 5.1 continued. Site and drainage area characterization.
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Elevation
Site # River Site Name Lat Lon Area Site Basin Mean % >
°S W km’ m m 1000 m
Mixed
1 Amazon Manacapuru 3.322 60.612 2,238,490 28 560 13.4
2 Amazon Itapeua 4.053 63.017 1,818,270 38 661 16.5
3 Amazon Vargem Grande 3.279 67.853 1,016,030 70 1040 28.3
4 Madeira Mouth 3.450 58.798 1,381,590 20 501 11.7
5 Mamoré Guayaramerin 10.848 65.347 601,470 120 541 12.5
8 Madeira Madeira at Abuna 9.677 65.417 906,120 127 681 17.8
11  Beni Riberalta Arriba 11.022 66.128 118,330 135 1372 46.2
46  Napo Napo 3.295 72.632 110,300 103 651 16.5
47  Maranén Marafion 4.528 73.568 358,170 113 1106 35.6
48  Ucayali Ucayali 4.522 73.487 341,200 112 1658 41.7
50  Pachitea Mouth 8.733 74.572 27,500 165 830 21.1
Mountain
12 Beni Rurrenabaque 14.542 67.548 68,130 504 2191 79.0
13 Alto Beni Sapecho 15.617 67.330 29,590 608 2735 91.6
14 Achumani Achumani 16.472 68.063 230 3834 4565 100.0
15  Yara Yara Caranavi 15.777 67.588 340 1012 1550 84.4
16  Zongo Zongo 16.253 68.118 260 4555 4519 100.0
49 Ucayali Ucayali at Pachitea 8.783 74.553 205,520 165 2500 65.7
51  Tambo Mouth 10.787 73.773 121,290 286 3199 84.6
52 Apurimac Cunyac 13.567 72.589 22,760 2425 4105 100.0
53 Urubamba Mouth 10.757 73.712 61,070 288 1890 51.3
54 Yanatili Quellouno 12.602 72.533 3,020 1083 3089 98.3
55  Urubamba Sahuayaoti 12.646 72.538 13,920 824 3791 97.1
56  Urubamba Quillabamba 12.867 72.682 12,640 1142 4001 99.3
57  Urubamba Pachar 13.273 72.250 9,290 3106 4284 100.0
58  Salcca Salcca 14.102 71.422 3,190 3792 4743 100.0
59  Vilcanota Tinta 14.166 71.402 1,610 3571 4239 100.0
60  Lago Langui-Layo  Langui 14.437 71.292 470 3877 4276 100.0




Table 5.2. Average geochemical properties for isotopic sampling sites, based on samples
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analyzed for carbon isotopes. Data used for averages are based only on samples where a '*C
measurement was made. Continued on next page.

Site# Temperature pH  Alkalinity FSS FPOC CO, DIC DOC FPOC CPOC
°C peqL'  mgL’! Yowt ppm umolL' mgL' mgL’ mg L
Lowland
6 254 592 98 19.1 7.13 7640 362 1.65 1.36 0.13
7 25.1 5.94 77 14.7 991 5723 275 0.69 1.46
9 24.7 6.41 98 15.6 942 2476 184 0.68 1.47 0.93
10 20.9 6.53 410 14.4 7.83 7837 681 341 1.13 0.19
17 315 7.07 344 11.6 2099 404 2.04
18 30.1 7.13 205 7.6 1063 236 2.57
19 293 6.72 125 13.7 1653 175 2.02
20 30.1 7.39 243 17.0 692 263 4.38
21 29.6 7.45 532 14.4 1312 570 4.75
22 259 6.31 9.2 10300
23 25.7 6.60 6.7 7100
24 26.5 6.97 248 21.9 571 1525 300 2.78 0.88 0.10
25 28.3 6.97 703 47.7 3193 797 8.43
26 29.6 7.44 26.0 2.68
27 293 7.15 131 14.8 643 150 243
28 252 6.25 39 20.7 9.60 1346 85 2.49 1.12 0.18
29 23.6 5.32 3 15.0 1.96 1872 70 1.60 0.53
30 28.9 7.12 197 14.0 1031 229 4.02
31 25.5 5.83 4 6.3 565 25 1.36
32 29.0 4.87 4 6.1 13.65 5197 184  10.24 0.61 0.01
33 249 4.15 3.54
34 25.5 3.94 34.94
35 303 3.84 6.74
36 24.8 4.02 9.11
37 7.02 0.77
38 6.21 0.69
39 6.09 0.39
40 26.9 5.94 135 16.3 591 10048 482 4.02 0.96 0.01
41 26.4 7.68 2047 1214 122 2757 2137 2.18 1.48 0.08
42 23.7 7.99 1467 70.2 2.92 964 1494 2.15 2.05 0.07
43 24.6 6.61 497  106.4 1.60 7824 767 3.50 1.70 0.05
44 25.7 5.30 15 19.9 3.64 4920 185 3.48 0.73 0.07
45 26.7 6.51 858  257.1 1.20 17173 1452 5.77 3.07
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Table 5.2 continued. Average geochemical properties for isotopic sampling sites, based on
samples analyzed for carbon isotopes.

Site# Temperature pH  Alkalinity FSS FPOC CO, DIC DOC FPOC CPOC

°C peqL'  mgL’! Yowt ppm umolL' mgL' mgL’ mg L
Mixed

1 27.7 6.37 338 161.7 1.14 8302 625 4.45 1.45 0.47
2 6.93 525 1140 1.60 4010 663 3.98 1.79

3 7.49 1269  203.0 1.00 2633 1358 2.68 1.95

4 273 6.68 265  671.7 0.56 3551 388 2.57 3.76 0.20
5 273 6.67 570 4219 0.56 8216 833 5.06 2.35 0.04
8 26.6 6.85 600 2763 1.14 5482 789 3.59 3.15

11 27.8 7.02 684  630.6 031 4431 823 1.98 1.93 0.47
46 29.7 6.94 270 1789 1.51 2689 455 2.44 2.71 1.11
47 26.0 6.97 790  333.1 1.67 5356 957 4.66 5.58 1.49
48 28.0 7.43 1280 3379 1.11 3149 1419 2.65 3.73 0.25
50 24.8 7.75 1290  269.2 1.84 1388 1257 221 4.95 7.24

Mountain

12 27.7 6.95 481  851.0 1.30 3658 597 1.89 8.40 0.61
13 239 7.76 762 1340.0 0.91 870 790 1.28 6.87 0.42
14 10.2 8.62 814  553.0 0.40 103 808 0.94 1.81 0.03
15 24.6 7.71 283 357 295 1.80 1.99

16 6.7 7.01 203 0.73 1036 266 0.04 0.69 0.04
49 26.1 7.70 1170 288.5 124 1623 1315 1.80 3.58 0.73
51 25.7 791 1170 250.8 1.47 921 1192 2.35 3.69 0.11
52 22.1 8.75 1960 6.6 8.84 205 1833 1.57 0.59 0.00
53 27.0 8.06 960  268.5 1.67 587 1066 1.81 4.50 0.97
54 233 7.67 470 59.8 1.16 704 534 1.08 0.69 0.20
55 235 8.28 1230 46.7 2.44 446 1340 1.40 1.14 0.09
56 19.7 8.21 1390 55.0 2.73 562 1438 241 1.50 0.03
57 17.6 7.89 2960  183.6 3.84 2572 3183 3.40 7.04 0.01
58 15.1 7.55 2060  289.5 1.15 3872 2259 1.32 333 6.63
59 18.7 7.69 3320 4.5 16.16 4103 3252 2.63 0.72 0.01

60 11.9 8.46 1900 1.5 30.27 400 1821 1.90 0.45
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Table 5.3. Isotopic composition of each carbon fraction in each sample. Isotope values are
reported in per mil (%o). Continued on next page.

Site # Date DIC CO, DOC FPOC CPOC
513C A14C 613C A14C 613C A14C 613C A14C 613C
Lowland

6 7/2/1996 -19.32 99.5 -20.60 1353 -30.77 206.6 -29.34
7 6/27/1996 -19.40 84.5 -20.77
9 7/5/1996 -13.18 108.1 -16.82

10 7/6/1996 -21.03 -145.9 -25.27 269.9 -26.59 -19.0 -31.64

17 9/20/2000 -11.77 91.1 -17.72

18 9/13/2000 -10.44 106.1 -16.65

19 9/13/2000 -14.47 100.1 -19.45

20 9/16/2000 -10.46 92.6 -17.14

21 9/16/2000 -11.92 103.5 -18.73

22 8/26/2002 -13.07 58.5 -16.81

22 12/2/2002 -12.92 105.3 -14.29

22 1/15/2003 -9.49 97.8 -13.92

23 8/28/2002 -10.93 110.6 -16.39

23 12/5/2002 945 103.3 -13.16

24 7/3/1996 -9.98 117.5 -15.60 244 .4 -27.03 124.4 -25.61 11.4 -27.63

24 9/17/2000 -10.46 106.1 -17.32

24 1/26/2003 -16.25 85.8 -20.31

25 9/12/2000 -11.52 110.5 -17.84

25 1/24/2003 -11.24 97.6 -16.50

26 9/11/2000 -11.63 101.3 -18.43

27 9/11/2000 -11.98 95.2 -18.30

28 7/3/1996 -14.88 127.2 -17.70 138.1 -28.56 142.3 -28.14

28 9/11/2000 -15.96 100.2 -19.48

28 1/18/2003 -20.40 87.5 -22.59

29 7/4/1996 -20.49 61.0 -19.83

29 9/10/2000 -21.83 74.2 21.77

30 9/11/2000 -12.94 94.0 -19.23

31 9/10/2000 -19.02 27.5 -19.95

32 1/31/1995 179.9 -29.10

32 6/20/1995 334.6 -29.10 120.5 -29.10

32 7/6/1996 -25.43 140.4 -24.44 129.0 -29.28 136.8 -29.75

32 7/15/2002 27.19 117.3 -26.15

32 11/12/2002 -24.15 99.2 2411

33 7/13/1995 150.4 -29.25

33 7/13/2002 -25.02 114.2 -23.89

34 12/12/1995 106.2 -29.08

34 7/13/2002 -27.49 83.9 -26.34

34 11/3/2002 -26.51 102.0 -25.36

35 7/15/2002 -26.29 89.9 -25.16

36 7/19/2002 -25.91 88.4 -24.74

36 11/6/2002 -26.82 94.8 -25.71

37 3/30/1995 168.4 -29.08

38 3/29/1995 174.3 -29.17

38 4/2/1995 170.2 -29.35

39 4/2/1995 165.8 -29.39

40 7/5/1996 -21.02 122.9 -22.38 94.9 -29.90 112.4 -31.55




Table 5.3 continued. Isotopic composition of each carbon fraction in each sample.
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Site # Date DIC CO, DOC FPOC CPOC
513C A14C 613C A14C 613C A14C 613C A14C 613C
Lowland
41 6/23/1996 -13.79 70.9 -21.10 174.4 -29.34 28.6 -30.81
42 6/22/1996 -14.62 1.8 2212
43 7/1/1996 -17.90 112.7 -22.53 114.7 -29.88 58.1 -30.03
44 7/2/1996 -17.57 109.5 -17.14
45 6/25/1996 -15.35 67.1 -19.49 171.6 -29.72 54.1 -29.81 84.4 -28.71
Mixed
1 1/10/1995 199.6 -29.40 -86.0 -28.30 -184.0 -28.73
1 6/16/1995 137.5 -29.60 -157.1 -28.70 -127.5 -27.80
1 7/6/1996 -17.72 75.7 -21.41
1 7/12/2002 -18.27 29.8 -20.53
1 7/12/2002 -18.67 41.5 -20.37
2 8/26/1991 -12.73 342 -18.62
3 8/12/1991 -11.39 -30.4 -18.51
4 1/19/1995 329.9 -28.70 -73.8 -27.40 -148.3 -27.40
4 7/8/1996 -15.75 95.7 -20.70 153.9 -28.79 -50.0 -29.82
5 5/3/1995 -329.5 -27.27 -93.6 -26.14
8 6/27/1996 -13.77 48.6 -19.39 196.2 -27.97 -131.5 -28.30 -233.8 -26.53
11 5/6/1995 198.3 -28.64 -440.6 -26.77 -146.6 -27.64
46 11/7/1996 -13.65 21.7 -19.38 229.7 -29.60 -24.9 -28.87 -18.9 -28.44
47 11/8/1996 -11.61 -196.8 -17.71 156.4 -29.21 -7.0 -28.47 -43.4 -28.11
48 11/8/1996 -11.49 -138.5 -18.43 157.2 -29.46 -59.3 -28.59 -125.0 -28.24
50 11/5/1996 -11.07 -142.4 -18.67
Mountain
12 11/14/1994 -9.90 -154.4 -15.81
13 11/15/1994 -6.87 -116.9 -14.19
13 5/11/1995 -30.7 -27.47
14 11/20/1994 -5.38 -61.3 -14.88
15 11/16/1994 -6.91 14.3 -14.50
16 5/15/1995 2214 -25.62 49.9 -27.60
49 11/5/1996 269.9 -28.70 -81.1 -28.07 342 -28.60
51 11/1/1996 -6.07 -155.6 -13.67 152.5 -27.92 -73.9 -27.63 78.8 -28.33
52 10/21/1996 -2.60 -148.9 -10.77 26.6 -21.84 18.2 -23.66 -19.9 -23.77
53 11/1/1996 -9.96 -151.2 -17.49 110.3 -28.95 -301.2 27.11 74.6 -28.47
54 10/27/1996 -3.46 453 -11.14
55 10/27/1996 -3.34 -248.7 -11.31
56 10/27/1996 -3.34 -273.6 -11.71 219.7 -25.23 -89.4 -24.33 16.5 -26.19
57 10/26/1996 -3.04 -645.2 -11.49
58 10/23/1996 -2.35 -748.8 -10.69 -613.0 -24.65 -208.5 -25.89
59 10/23/1996 -2.77 -523.1 -10.94 -221.9 -23.28 -257.8 -24.59 -353.6 -26.35
60 10/24/1996 -2.04 -110.0 -11.33




Table 5.4. Summary of '*C and "’C isotopic composition for each carbon fraction, by topographical site category. All carbonate-free
sites are in the lowlands. Data are reported as mean + standard deviation (number of samples), in per mil (%o). The number of samples
for °C is the same as that shown for '*C. 8"C-DIC summary values are -4.9 + 2.7%o (mountain), -14.2 + 2.9%o (mixed), -17.0 £ 5.9%o
(lowland), and -17.1 + 6.2%0 (carbonate-free).

Site CO, DOC FPOC CPOC
Category AMC 3"°C AYC 3"°C AYC 3"°C AYC e
Mountain 241+232(14) -129+22  93+176(6) 26.0+3.0 -202+198(8) -257+1.7 -40+146(9) -27.0+1.6
Mixed A15+£99(11) -19.4+12 195+58(9) -29.0+£0.6 -136+141(10) 28209 -125+66(9) -27.7+0.9
Lowland 89 +£44 (43) -20.1+3.6 177+64(15) 29.0£09  89+55(10) -298+1.8 111+83(4) -285+0.7
Carbonate-free 98+£20(38) -19.8+3.7 174+£67(11) -29.1£0.7 128+10(6) -292+2.1 120£99(3) -284=09

[44!
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Figure 5.1. Amazon basin and river sites sampled for carbon isotopes. [ used GTOPO30
elevation (Gesch et al. 1999) and a regional river network dataset (Mayorga et al. submitted)
to categorize each site by topography according to the percent of the drainage area above
1000 meter elevation: mountain (diamond), > 50% (16 sites); mixed (square), > 10% (11
sites); and lowland (circle), < 10% (33 sites). Mountain sites are found only in the Andean
Cordillera, while mixed sites are large rivers draining both mountain and lowland areas. Site
numbers are displayed. The distribution of sites by drainage area (river size) and mean basin
elevation is shown in the inset. See Table 5.1 for additional site information.
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Figure 5.2. Distribution of '“C and "°C isotopes across all carbon fractions. More negative
A"C values indicate older carbon. Symbol shapes and numbers are the same as in Fig. 5.1,
while symbol color indicates carbon fraction. Representative isotopic ranges of potential
carbon sources are shown by gray boxes. Plant 8"°C ranges from -32%o to -26%o for lowland
plant material fixed via the C; photosynthetic pathway typical of the majority of plants, to
-16%o to -12%o for tropical grasses relying on the C, pathway (Hedges ef al. 1986a; Bernardes
et al. 2004). Phytoplankton take up dissolved CO, and impose "°C fractionations of about
20%o, leading to observed and potential biomass 8"°C values of -32 to -40%o. in mixed and
lowland rivers (Hedges ef al. 1986a; Mook & Tan 1991; Clark & Fritz 1997; Devol &
Hedges 2001), beyond the range found in lowland OC and CO, observations. Carbonate
rocks and CO, from solid earth degassing are '*C-free (A'*C = -1000%o) (Clark & Fritz 1997).
8'"°C of carbonate rocks is approximately 0%o, whereas 8"°C of degassed CO, can range from
-6%o for volcanic to +10%o for metamorphic sources (Clark & Fritz 1997). The carbonate
weathering region represents CO, in equilibrium with HCOs™ resulting from weathering by
CO, derived from respired, contemporary C; or C, plant material (Clark & Fritz 1997).
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Figure 5.3. Temporal evolution of '*C-CO, at four lowland sites from mid to large rivers in
the Ji-Parana basin and Rio Negro, which drain continental Shields. Symbol shapes and
numbers are the same as in Fig. 5.1. These sites were analyzed for '*C-DIC 23 times
between 1996 and 2003. Atmospheric '*CO, represents time-weighted annual means at
Schauinsland, Germany (Levin & Kromer in press), plus a constant offset of +8%o to account
for the estimated gradient between Schauinsland and tropical South America. Natural
regional and seasonal variability within the Amazon basin may be as high as 10%o.
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Figure 5.4. Relative proportions of silica (umol L™), alkalinity (ueq L), and CI' + SO,*
(peq L), indicative of dominant weathering regimes controlling the dissolved load (Stallard
& Edmond 1983). Symbol shapes and numbers are the same as in Fig. 5.1. Only samples
with '*C-DIC analyses are shown; data were not corrected for seasalt aerosols. Rivers falling
near the alkalinity and CI" + SO,4” vertices have high-solute waters draining primarily areas of
carbonate sediments and evaporites, respectively. Evaporite dominance is typically
associated with substantial carbonate outcrops, whereas relatively high alkalinity may also
result from weathering of cation-rich aluminosilicates. Rivers draining cation-poor
aluminosilicates cluster near the silica vertex. I delineated regions very likely to have high or
insignificant weathering contributions from carbonates (Stallard & Edmond 1983). A
heterogeneous set of 5 intermediate sites is more difficult to classify, but I assigned them to
the carbonate influence group. 7 additional lowland sites where silica, alkalinity, and major
anions were not measured were assumed to be carbonate-free based on dominant lithology,
observations from neighboring rivers, or previous studies.
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CHAPTER 6: ISOTOPIC TRENDS AND DISSOLVED INORGANIC CARBON
CYCLING THROUGHOUT THE AMAZON RIVER SYSTEM

INTRODUCTION

Spanning a wide range of lithologies, topographic settings, vegetation
communities, and climates (see Chapter 2), a continental-scale river system such as
the Amazon presents unique opportunities for examining a variety of terrestrial DIC
and CO; sources to streams; the impact of dynamic riverine processes with increasing
river size in a variety of heterogeneous regions; and the mixing and integration of
waters draining highly diverse landscapes. However, as discussed in Chapter 4, little
work has been done in this regard outside the Amazon mainstem corridor, and '*C-
DIC has not been used at all.

To examine biogeochemical patterns and processes in tributaries across the
basin, the CAMREX program conducted over the last decade a series of sampling
expeditions to a variety of rivers of vastly different sizes from Andean and lowland
headwater regions, including revisits to several Amazon mainstem sites (for results
focused on organic matter, see Hedges et al. 2000; Bernardes et al. 2004;
Aufdenkampe et al. submitted). In a collaborative project with A. Aufdenkampe
(Stroud Water Research Center), I analyzed the BCand "C composition of DIC and
three organic carbon fractions from a large collection of samples from these
expeditions (see Chapter 5), representative of a wide range of rivers and watersheds.
This isotopic dataset and supporting biogeochemical measurements carried out jointly
may constitute the most comprehensive, integrated survey of riverine carbon cycling
within a single large basin that exploits the dual isotopes. In Chapter 5, I used these
isotopic observations to analyze the interactions between organic and inorganic

fractions, concluding that while bulk OC fractions are eventually degraded during
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their transit and long-term storage in the river system, in-channel respiration is largely

fueled by a contemporary, uncharacterized organic fraction that typically makes up a

small fraction of total OC and is generally a mixture of C; and C4 plant material. This

fraction is often isotopically distinct from bulk DOC, FPOC, or CPOC fractions.

High rates of respiration in turn drive CO, evasion and ultimately lead to complete

downstream replacement of terrestrially originated DIC with contemporary carbon.

In this chapter I concentrate on the use of '*C and ">C of DIC to address the
following questions:

- What is the range in variability of isotopic composition across the basin, and
the main sources of this variability?

- What are the primary terrestrial sources of DIC and CO; and their regional
distribution?

- How do DIC and CO, evolve downstream from their sources across the basin
in response to fluvial processes and a changing landscape composition
draining into a growing river?

- Is there seasonal variability in the isotopic signatures? If so, what do they tell
us about changing sources and processes?

As many of the sites were sampled only once, do not have associated
discharge data, or form discontinuous longitudinal transects sampled on different
years, construction of DIC mass balances by reach generally was not possible.
Instead, I will examine trends in major ions, DIC, pCO,, and carbon isotopes in
several regions and longitudinal transects, using these observations as a baseline
survey to characterize regional patterns of riverine DIC cycling and controlling
processes across the basin. I conclude by summarizing the main trends and findings

across the basin. This initial framework will be invaluable in future studies for



129

developing quantitative carbon models and constraining carbon budgets across

specific transects.

STUDY AREA

River samples analyzed in this study for carbon isotopes and related
geochemistry were collected by several CAMREX teams on over a dozen expeditions
all across the Amazon basin, between 1991 and 2003 (Fig. 6.1). These sampling
programs are briefly described in Table 6.1. Sampled rivers range from first-order
springs to the mainstem Amazon in the central part of the basin near Manaus (Table
5.1); their drainage areas span vegetation types from humid lowland forests to arid
highlands and newly deforested lowlands converted to pastures. Lithology is also
highly variable, ranging from freshly exposed and highly weatherable carbonate and
evaporite sediments in the Andes to bleached white sands in the Precambrian Guyana
Shield in the Rio Negro basin (Stallard & Edmond 1983; Putzer 1984; Sombroek
1984; Stallard 1985). The physical characteristics of the basin and general
geochemical variability of its rivers are described in more detail in Chapters 2 and 4.

Sample collection and river environments along the Amazon mainstem and
the mouths of its major tributaries have been described previously from a series of
earlier cruises (Richey et al. 1986; Richey et al. 1990). These cruises traced a 1,800-
km transect from Vargem Grande upstream near the border with Pert and Colombia,
to Obidos, about 650 km upstream of the Amazon mouth (Fig. 5.1; see also Figs. 2.1,
2.2). The Mainstem 1991 cruise (MS91) followed that same transect, while the
Mainstem 1996 cruise (MS96) had a reduced coverage and extended only from Tupé

downstream to the mouth of Rio Madeira (Figs. 6.1, 5.1, 2.2).
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Bolivian expeditions in 1994-95 (BO94 and BO95) focused on the Beni river

draining the high Andes near the city of La Paz and extending for approximately
1,200 km to the confluence with the Rios Madre de Dios and Mamor¢ in the
depositional lowlands, before the Beni meets the Mamoré to form the Rio Madeira
near the border with Brazil (Figs. 6.1, 5.1, 2.2). Hedges et al. (2000) described
organic matter cycling on this transect for the 1994 low-water expedition; the 1995
high-water expedition revisited largely the same transect. The geomorphology and
geochemistry of the region has been described in detail elsewhere (Guyot et al. 1992;
Guyot 1993; Guyot & Wasson 1994; Aalto et al. 2003).

The Peruvian 1996 expedition (PE96) focused on the Vilcanota-Urubamba-
Ucayali transect, from the Altiplano headwaters of the Vilcanota South of Cusco, at
an elevation of nearly 4,000 m; to the confluence of the Rios Ucayali and Marafion
forming the Rio Amazonas in the lowlands 2,100 km downstream, and the mouth of
the Rio Napo 200 km farther downstream (Figs. 6.1, 5.1, 2.2). Aufdenkampe et al.
(submitted) described this transect in their study concentrating on organic matter
cycling; with few exceptions (Stallard & Edmond 1983), rivers in the upper and
central Ucayali region have never been characterized geochemically. The fluvial
geomorphology and biogeography of the central and lower Ucayali has been
described in detail elsewhere (Puhakka et al. 1992; Résédnen et al. 1992; Kalliola et
al. 1993; Kvist & Nebel 2001), and the inorganic geochemistry of the lower Ucayali
and upper Amazonas has been examined by Stallard & Edmond (1983).

The Southern Tributary Transect 1996 expedition (ST96) covered a large
swath of southern lowland headwaters, from the Jurua near Cruzeiro do Sul in the
West, going East through the Purus in Acre, and crossing the Madeira to Rondonia,

and the Guaporé headwaters in the southern part of the Amazon basin near the
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Bolivian border (Fig. 6.1, 5.1, 2.2). This region spans a climatological and

lithological gradient from humid climates, cation-rich soils, and relatively pristine
forests in the Western end, to more seasonal climates, more weathered soils, and
savannas and highly deforested areas replaced with pastures in the Eastern end. The
geochemistry of many of these rivers has never been examined before.

The Ji-Parand river system in the Brazilian state of Rondonia (Fig. 5.1) has
been the focus of intensive biogeochemical study as part of the LBA initiative, with
11 expeditions (JIP) conducted between 1998 and 2002 (Ballester et al. 2003;
Bernardes ef al. 2004; Krusche ef al. in prep.). This basin represents a major
deforestation front in the Brazilian Amazon (Roberts ef al. 2002; Ballester et al.
2003). While it drains the weathered Precambrian Brazilian Shield, many of its
Southern tributaries drain cation-rich lithologies (Ballester et al. 2003; Holmes et al.
2004). Nutrient, major ions, metabolism, and the impact of anthropogenic
disturbance on rivers and streams have been studied previously in this region
(Ferreira et al. 1988; Mortatti et al. 1989; Mortatti et al. 1992; Neill ef al. 2001; Biggs
et al. 2002; Biggs et al. 2004; Thomas et al. 2004).

Additional samples (AA) were obtained in 1995 and 2002-03 from small and
mid-size streams north of Manaus, at the same Reserva Ducke and Reserva Campinas
sites where McClain ef al. (1997) conducted their hillslope and stream
biogeochemistry studies, as well as from streams in the ZF-2 site at the Reserva
Biologica do Cuieiras (Aratjo et al. 2002; Luizao et al. 2004) and from the Cuieiras
river draining the Reserva; the Solimdes river near Marchantaria (Devol et al. 1995);
and the mouths of the Negro and Madeira rivers. Also, samples from the Ji-Parana
basin in Ronddnia were collected from many of the same sites included in the Ji-

Parana LBA transects.
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METHODS

I will describe sampling and chemical methods only for CAMREX samples
with unpublished major ion or DIC isotope data first presented here (see Table 6.1).
Sample collection, field processing, and chemical analysis methods sometimes varied
across expeditions. With few exceptions, they have been described in previous
publications, as discussed above. Here I will summarize procedures commonly used

and discuss in more detail sample processing and analysis for '>C and '*C of DIC.

Sampling

Samples were collected from boats and bridges, except in small streams where
samples were grabbed directly near the surface. Samples for carbon isotopes of DIC
were obtained from Niskin bottles near the middle of the channel or at the main flow
section (thalweg) when it could be determined based on depth profiles. In most cases,
a horizontal Niskin bottle oriented with the direction of flow was used, submerged to
a depth of 6/10 the total water column (4/10 from the bottom). The procedure is
described in Quay et al. (1992). Briefly, a 250 ml glass bottle was gradually
overfilled (2x) from the bottom with water extracted from the Niskin bottle, without
disturbing the water surface to avoid degassing or contamination by air. The
unfiltered sample was then preserved with HgCl, to a concentration of 100 pM, and
the bottle capped with a greased ground glass stopper and stored at ambient
temperature. In the Ji-Parana program (JIP, Table 6.1), an additional sample for
analysis of DIC concentration was extracted from the Niskin bottle and preserved
with HgCl, to a concentration of 300 uM after filtering through pre-combusted 0.7

um glass fiber filters (Whatman GFF) (Krusche et al. in prep.).
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Samples for major ion, silica, and alkalinity were collected through different
procedures. For Bolivia and the mainstem cruises, a collapsible-bag apparatus was
used to collects depth-integrated, discharge-weighted samples (Richey et al. 1986;
Hedges et al. 2000). PE96 and ST96 relied on a submersible pump at a depth of 6/10
from the surface to the bottom (Aufdenkampe et al. submitted). For JIP, samples
were extracted from Niskin bottles (Ballester et al. 2003; Krusche et al. in prep.).
Finally, AA used Niskin bottles for larger rivers and direct bottle submersion for
small streams. Samples were preserved with HgCl, to a concentration of generally
50-100 puM; in such cases a separate, unpreserved and unfiltered sample was collected
for CI ion analysis. For all JIP expeditions except the first one (8/1998), major ion
and silicate samples were preserved with thymol salt (Krusche et al. in prep.). All
samples were passed through 47 um Whatman GFF or 45 pm cellulose acetate filters
soon after field collection, usually after sieving through a 63 pm Nitex screen.

Temperature, pH, dissolved oxygen, and electrical conductivity were
measured in the field by submerging probes into the Niskin bottle or directly into the
water column to a 6/10 depth from the surface. Different probes were sometimes

used across expeditions; model types are listed in the corresponding publications

(Table 6.1).

Chemical analyses

BC-DIC and "C-DIC. "C of DIC was analyzed in the lab at the University
of Washington (UW) according to the method presented in (Quay et al. 1992).
Briefly, the top half of DIC samples was drawn into a vacuum line to avoid stirring
particles settled at the bottom. Extracted DIC was stripped of all CO; after
acidification. Cryogenically purified CO, was then analyzed for ">C by dual-inlet

isotope ratio mass spectrometry (IRMS). When sufficient mass remained after >C
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analysis, CO, was reduced to graphite using hydrogen and a cobalt catalyst, and
analyzed for radiocarbon by AMS (Vogel ef al. 1987; Vogel 1992). More than 90%
of the '*C analyses were carried out at the Center for Accelerator Mass Spectrometry
(CAMS), Lawrence Livermore National Laboratory; the rest were done at the
University of Arizona AMS Laboratory.

B¢ and "C are reported in the conventional 8'°C and A'*C per mil (%o)
notation, respectively, as described in Chapter 4 (eqtns. 4.1 to 4.4). Absolute 5"°C
and A'*C analysis errors (1) in this dataset are typically <0.2%o and <6%o,
respectively. For A'*C, I did not apply a correction for the difference between sample
collection year (z) and analysis year (y) as described in Chapter 4; however, given
typical 14Rsample values, typical y — z values of 5 years or less, and a maximum y — z
value of 10 years (2001 — 1991), the correction is smaller than 1.5%0 and on average
<1%o, less than the analysis error.

DIC, alkalinity, pCO,, major ions, and silicate. DIC was measured
manometrically during sample preparation for °C analysis. For JIP samples, DIC
was measured at the Centro de Estudos Nucleares na Agricultura (CENA, Piracicaba,
Brazil), using a Shimadzu 5000A TOC analyzer. When not measured directly, DIC
was estimated from pH, alkalinity, and temperature (see below); the error incurred
using values estimated with this approach has been shown to be <10% (Devol et al.
1987; Stallard & Edmond 1987; Devol ef al. 1995). Alkalinity was measured using
micro-Gran titration (Neal 2001) at the UW (MS91 and PE96), CENA (ST96 and JIP
1998 expedition), and at the Instituto Nacional de Pesquisas da Amazodnia (INPA,
Manaus, Brazil) (BO94 and BO95). When not measured, alkalinity was estimated
from pH, DIC, and temperature measurements (see below). In nearly all cases free

CO; partial pressure (pCO;) was estimated from pH, DIC, temperature, and pressure
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(see below); in the AA samples, pCO, was analyzed directly by headspace

equilibration (A. Aufdenkampe, pers. comm.).

All major ion analyses were carried out at CENA. Major cations (Ca*", Mg*",
Na', and K") were analyzed with Inductively Coupled Plasma — Atomic Emission
Spectrometry (ICP-AES) for all expeditions before 1999. Major anions (CI" and
SO,>) from these samples were measured through colorimetry with flow injector
analysis (FIA). Starting with 1999 JIP expeditions, major ions were analyzed with a
Dionex DX500 liquid chromatograph. Major ions were not measured for MS91 and
AA. Silicate was analyzed at CENA with ICP-AES (BO95, MS96, ST96, PE96, and
JIP from 1999 and later), at INPA via colorimetry (MS91 and BO94), and at the UW

with a colorimetric Technicon “AAII” Auto Analyzer (JIP 1998 expedition).

Previously published data

With the main exception of the Ji-Parana sampling program (Ballester et al.
2003; Bernardes et al. 2004; Krusche et al. in prep.), most sites analyzed for carbon
isotopes in this study were sampled only once or twice in this study. To place this
new sample set within a more general context of seasonal and regional variability, I
have gathered and included in my analysis relevant datasets from previously
published studies. These additional sampling programs and the type of data available
from them are listed in Table 6.1; site locations from these studies not sampled again
during the 1990s CAMREX expeditions are shown with distinct symbols in Fig. 6.1.
Sites from this new study also sampled previously are found mainly along the
Amazon mainstem and in the Beni headwaters of the Madeira.

Most previous studies characterized major ions, pH, and titration alkalinity
(Table 6.1), providing sufficient information to determine dominant weathering

regimes in their drainage areas (for prominent examples, see Stallard & Edmond
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1983; Guyot 1993). '*C-DIC has never been measured before in Amazonian rivers.
C-DIC has been analyzed only along the Amazon mainstem, floodplain, and mouths
of major tributaries, as part of the CAMREX program (Quay et al. 1989; Quay et al.
1992; Devol ef al. 1995) and during the two Alpha-Helix cruises (Longinelli &
Edmond 1983). A preliminary comparison of *C-DIC results from Longinelli &
Edmond vs. CAMREX (including new analyses from this study) for river sites
sampled under both programs suggests the occurrence of offsets of up to several per
mil that may be the result of sampling or analytical differences. For this reason, I did

not use *C-DIC results from Longinelli & Edmond (1983).

Site and basin characterizations

While the location of many sites was extracted from Global Position System
(GPS) units, consistent analysis of basin characteristics and relative position along the
river network requires georeferencing against a digital river network reach. All sites
were manually georeferenced against the most likely sampling location in the river
network dataset presented in Chapter 3; as the river network dataset has errors of up
to a kilometer or more, georeferencing against the network may involve substantial
distortions when accurate GPS location was available (see Chapter 2). Sites sampled
by multiple programs were often aggregated into a single site when descriptive
information warranted it (e.g., Mamoré at Guayaramerin from BO94, BO9S,
BOLIRD, and BOLEP, Tables 6.1 and 5.1), or when sites were sufficiently near each
other that geochemical differences can be expected to be negligible (e.g., Manacapuru
and Marchantaria on the central Amazon mainstem, MS91, MS96, AA, MS,
MARCH, and AHSTA, Tables 6.1 and 5.1). Drainage area and distance along the
river network was extracted using the methods discussed in Chapter 3. Site elevation

was measured using field altimeters in some cases (BO94, BO95, and PE96) or by
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extraction of elevation from the GTOPO30 gridded 1-km Digital Elevation Model

(DEM) dataset (Gesch et al. 1999) for the river-georeferenced location. Mean basin

elevation is the mean elevation from GTOPO30 over the extracted drainage

boundaries. Mean monthly discharge was calculated by averaging multi-year daily

data from the Brazilian agency ANA (Agencia Nacional das Aguas).

Regional and topographic site grouping

Fig. 6.1 shows the location of new and previously published sampling sites.

Symbol shape represents site topographic classes, as presented in Chapter 5 (lowland,

mixed, and mountain; see Fig. 5.1 and description therein). To facilitate the

examination of DIC and CO; sources and trends, I have grouped all sites into 6

regions:

The Guyana and Brazilian Shield sites (see Fig. 2.1 for maps of these two
morphotectonic regions) drain largely lowland regions that are generally
deeply weathered, including large white sand regions in the Guyana Shield
(Putzer 1984; Bravard & Righi 1990); some regions are interspersed by abrupt
sandstone and granite massifs (inselbergs or tepuis) or relatively elevated
plateaus, especially in Roraima to the North and in eastern and southern
sectors of the basin (Putzer 1984; Dubroeucq et al. 1991; Edmond et al.
1995). Isolated outcrops of silicate lithologies with high base cations can be
found, particularly in the Brazilian Shield (e.g., Ballester et al. 2003; Holmes
et al. 2004).

The Jurua and Purus basins are southern tributaries in the central-western
lowlands whose headwaters are relatively raised and dissected, and appear to
drain significant carbonate outcrops that may represent uplifted former

Andean depositional areas from an epoch when hydrographic drainage



138

patterns were dramatically different (R. Aalto, pers. comm.; also, anecdotal
evidence of limestone caves and outcrops).

- Subandean foreland and mainstem floodplain tributaries represent a range of
widely distributed, heterogeneous lowland sites not in the Shields or in the
Jurua and Purus basins, but with either small Andean headwaters or draining
through substantial Tertiary or Quaternary depositional sediments.

- Peruvian Andes and Amazon mainstem are all sites in central and southern
Peru with substantial Andean drainages, and the large mainstem rivers issuing
from them, including the Ucayali, Marafién, Solimoes, and Amazonas (see
Figs. 2.2, 3.6).

- Bolivian Andes and Madeira mainstem, like the Peru-Amazonas class,
includes Andean sites in Bolivia and the large mainstems issuing from them,
including the Beni, Madre de Dios, Mamor¢, and Madeira (see Figs. 2.2, 3.6).
Additional geomorphological, geological, pedological, and vegetation

information may be found in RADAMBRASIL (1973-1984).

Geochemical equilibrium calculations

DIC, alkalinity, and pCQO,. Eqtn. 4.18 was used to estimate DIC when it was
not analyzed directly but pH and alkalinity were, and to estimate alkalinity when only
DIC and pH were analyzed. Equilibrium constants were corrected for temperature as
described in Chapter 4. Water temperature in rivers throughout the Amazon basin
spanned a large range, from approximately 6°C in the Andean mountains to 31°C in
some open lowland rivers (see Table 5.2). When a temperature observation was not
available for a sample (typically in the lowlands), I assumed a value of 27°C based on
an average of 28+2°C in the Amazon mainstem (Devol et al. 1987; Devol et al. 1995)

and the common occurrence of lower temperatures in the lowlands (Table 5.2).
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Alkalinity was not corrected for the influence of dissolved organic acids as discussed
by Devol et al. (1995) for the Amazon mainstem, as sites in this study represent a
larger range of geochemical characteristics than the mainstem.

To estimate activity coefficients requires knowledge of ionic strength, which
in turn commonly requires measurements of all major ions. In the datasets used in
this study, some major ions were often not analyzed. However, except in salt springs
in the Andes (Stallard & Edmond 1983), ionic strength is generally not very large; for
unpublished, new datasets (Table 6.1), it reaches a maximum of 0.018 M in the Peru
1996 expedition and is much lower elsewhere (not shown, but see Table 5.2 for major
ion concentrations). For these reasons, I did not correct for ionic strength in this
study; equilibrium calculations are based on the assumption that y,= 1 and ‘K = K
(see eqtns. 4.8 and 4.9).

As pCO; was rarely analyzed directly, I estimated it from DIC and pH via
eqtn. 4.20. The degree of CO, saturation with respect to the atmosphere, pCO; /
pCO™™, was calculated by assuming a mean 1990s sea-level tropospheric pCO, of
360 ppm (Keeling et al. 1995; Rayner et al. 1999a; Keeling & Whorf 2004), and
correcting this value for the effect of site elevation on atmospheric pressure (eqtn.
4.21).

B3C and "C of COy(g). Following the approach used in Chapter 5, I will
discuss sources and cycling of DIC by examining the isotopic composition of CO,(g)
in equilibrium with bulk DIC. Relative to using the isotopic composition of DIC, this
approach is more straightforward for comparing isotopic signatures against typical
end-member sources like plant material and air, and for comparing observations from
widely different geochemical environments by largely removing the possibly

confounding effect of pH (Quay et al. 1992; Clark & Fritz 1997). pH- and
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temperature-dependent calculations for §'°C are discussed in Chapter 4 (eqtns. 4.22 to

4.26); A'"C does not require adjustments (A'*C-CO,(g) = A"*C-DIC).

RESULTS AND DISCUSSION

DIC isotopic data analyzed as part of this study are presented in Table 5.3.
The number of DIC samples analyzed for '*C in this study is more limited than those
analyzed for °C (68 vs. 90), especially when previously published data are included
(172 previous *C measurements). As '*C and "*C are closely linked, I expand on
information gleaned from dual isotopes by placing such measurements in the context
of overall *C-DIC variability from the same expeditions or previous data from the
same sites. Likewise, I will discuss isotopic results in the context of concurrent and
previously analyzed major ion, alkalinity, and DIC observations.

The DIC isotopic dataset collected for this study is extensive and spans large
areas of the Amazon basin. However, its scattered nature and general absence of
discharge data prevent the use of quantitative, mass-balance analyses. For this
reason, the approach used will be more qualitative and descriptive. I first build on
Stallard & Edmond’s (1983) work using inorganic solutes to delineate dominant
lithologies and weathering sources of DIC across the basin. Next, | examine broad
isotopic, DIC, and pCO, trends by topographic class (lowland, mountain, and mixed)
in each of the six regions (Fig. 6.1) to identify the primary terrestrial sources and
channel processes controlling DIC cycling across the basin. After a examining
regional variability in terrestrial DIC sources to smaller rivers and streams (< 9,000
km?), I focus on downstream trends in DIC, alkalinity, pCO,, pH, and CO; isotopes
along several longitudinal transects in order to determine the changing, relative

importance of processes such as gas exchange, respiration, and tributary inputs on the
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downstream evolution of inorganic carbon. This approach is warranted by the unique
combination of vegetation, climate, topography, and lithology found in each subbasin.
Finally, I conclude by synthesizing individual subbasin trends into a basin-wide
assessment of the importance and regional variability of terrestrial DIC sources and of

processes controlling its fluvial cycling.

Weathering regimes and DIC sources

Stallard & Edmond (1983) introduced an approach to assess the relative
importance of different lithologies and associated weathering regimes based on the
concentrations of major inorganic solutes in rivers (see Chapter 5, and Stallard 1985;
Stallard 1995; Edmond et al. 1996). This scheme relies on a ternary diagram where
total cation concentration increases from the Si vertex, to the alkalinity vertex, to the
CI+S0O4” vertex, as the dominant weathering source shifts from silicates, to
carbonates, to evaporites, respectively. Fig. 6.2 presents data from all across the
Amazon basin. As CI and SO, were not analyzed at Vargem Grande and Itapeua in
the 1991 expedition (MS91, Table 6.1), I used mean values from adjacent sites from
the two Alpha-Helix cruises (AHSTA, Table 6.1). Major ions were not corrected for
cyclic salts (marine aerosols). Inthe Andes, such correction is largely unnecessary as
the presence of weatherable lithologies produces high major ion concentrations, and
concentrations in rainfall are very diluted due to the large distance from the Atlantic
Ocean source (Stallard & Edmond 1981; Guyot 1993; Edmond et al. 1996; Mortatti
& Probst 2003). While the correction may be important in central and eastern parts of
the basin, this geochemical data is used only qualitatively to characterize regional
lithological patterns. Conclusions in this study are not affected by a lack of cyclic salt

correction.
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Shield sites cluster along the silicate weathering regime, with Guyana Shield
sites tending closer towards the Si vertex; several Rio Negro samples would have
plotted near the Si vertex, but were excluded because they had negative alkalinity.
Highly weatherable silicate lithologies are apparent in many Brazilian Shield sites
from the Ji-Parana basin and nearby watersheds (Ferreira et al. 1988; Ballester et al.
2003; Holmes et al. 2004; Krusche et al. in prep.), as well as Rio Branco, a northern
tributary to Rio Negro in the Guyana Shield (Stallard & Edmond 1983). Shield sites
overlap partly with the Subandean Foreland sites, which extend into the alkalinity
dominance region characteristic of carbonate dissolution and into the interior of the
diagram that is influenced by sulfate originating from the oxidation of black shale
(Stallard & Edmond 1983). Jurua and Purus sites, particularly in the headwaters,
have reduced overlap with the silicate regime, and generally extend farther into the
carbonate-dominated region compared to Shield and Foreland sites; this trend was
first suggested in previous studies sampling the Jurud and Purus mouths (Stallard &
Edmond 1983; Palmer & Edmond 1992).

Both Peru-Amazon and Bolivia-Madeira sites cluster in the carbonate
dissolution region, but the former also extends into the CI'+SO,” vertex characteristic
of evaporite dissolution, while the latter has extensive incursions into the lower
interior of the diagram characteristic of black shales (“kerogen’). Carbonate
dissolution in the Andes is therefore a source of DIC with high concentrations,
depleted '*C, and enriched ’C (see discussion in Chapter 4). The presence of black
shales in Bolivia-Madeira sites is supported by a general excess of SO, compared to
Ca’" in this region compared to Peru-Amazon (Fig. 6.3), indicative of oxidation of
reduced sulfur from black shales in the former vs. gypsum (CaSO,) dissolution in the

latter (Stallard & Edmond 1983; Elbaz-Poulichet et al. 1999; Dalai et al. 2002; Millot
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et al. 2003). An important consequence for the origin of DIC in Bolivia is that
oxidation of black shales may provide both a direct source of aged CO, (Bacon &
Keller 1998; Keller & Bacon 1998; Petsch et al. 2001; Berner et al. 2003) and a
source of protons for dissolution of carbonates where the resulting HCO3;™ comes
exclusively from carbonate minerals and is therefore '*C-dead and highly enriched in
BC (e.g., Galy & France-Lanord 1999; Yoshimura et al. 2001; Dalai et al. 2002;
Millot et al. 2003).

Regional trends

Lowlands. Lowland river CO, is predominantly contemporary, has a §'°C
between the range of lowland Cs; (-32 to -26%0) and Cy4 (-16 to -12%o) plant material,
and is always relatively enriched in 8"°C compared to the lowland C; end member
(Fig. 6.4; see Fig. 5.2 for end-member delineation and explanations). Lowland river
DIC concentrations ranges from nearly zero in Shield and Subandean Foreland sites
to >1,000 uM in the Jurua and Purus (Fig. 6.5), while pCO, ranges from atmospheric
equilibrium (~ 360 ppm) to >13,000 ppm (Fig. 6.6). At ~ -8%o, atmospheric §'"°C-
CO; (see Chapters 4 and 5) is considerably more enriched than C,4 grasses and the
most enriched lowland CO, sample; this isotopic separation together with high CO,
supersaturation suggest that mixing with air may be a relatively minor influence on
lowland CO:..

The most 8'"°C-enriched lowland sites occur in Ji-Parana basin in Rondénia in
the Brazilian Shield, where C,4 pastures are abundant; the relative influence of air and
respiration on river CO, in this region will be addressed in another section. The 8'°C-
CO; of Rio Negro (Guyana Shield) sites clusters closer to the C; end-member than all
other lowland sites. Brazilian Shield sites span a wide range in §'"°C but also include

the only lowland sites with 8'°C-CO, fully overlapping the C4 grass end-member;
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these 8'°C-enriched sites generally have higher DIC concentrations than the rest of
that region (Fig. 6.5b). Shield DIC is low (<250 uM), except in the Ji-Parana; while
pCO; is as variable as lowland pCO, in general, it concentrates in the 2,000 to 6,000
ppm range (Fig. 6.6). The most 3"°C-depleted Shield sites generally have the lowest
DIC concentrations (Fig. 6.5b), suggesting C; sources in weathered lithologies.

Other lowland regions have 3'°C-CO, intermediate between C3 and C, end
members. Subandean Foreland lowland sites (Rios Jutai, I¢a, and Japurd, see Fig.
3,6) show considerable variability in §"°C (-24.84 to -17.14%o), low to intermediate
DIC concentrations (Fig. 6.5b), and widely variable but generally highly
supersaturated pCO, (Fig. 6.6) likely reflecting varying mixtures of CO, from C; and
C4 respiration, and relatively weatherable silicate lithologies in the Andean
headwaters and lower depositional areas. The only A'*C-CO, measurement available
(Japurd mouth) reflects contemporary atmospheric CO,, like most lowland CO,. In
contrast, Jurua and Purus sites have intermediate to high DIC, widely ranging but
generally highly supersaturated pCO, fairly depleted 8'"°C similar to the mainstem
(Quay et al. 1992), and A'*C ranging from contemporary to depleted (1.8%o); this
signature supports a diluted contribution from carbonate dissolution by soil CO, in
forested (Cs) watersheds under largely open conditions (see Chapter 4 for discussion
on carbonate dissolution).

Lowland A'*C-CO, outliers are limited to an aged (A'C = -145.9%o), 8'*C-
depleted (-25.27%o) Brazilian Shield observation in the Guaporé river South of
Rondonia, which drains large wetland areas and has low oxygen content (Table 5.2);
and an aged (A'*C = 1.8%o) site in the Purus headwaters, which together with two
other relatively aged sites (below contemporary atmospheric A'*C-CO,) in the Purus

and Jurua headwater, have substantially higher DIC concentrations compared to all
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other lowland sites (Table 5.2, Figs. 6.5a, 6.5b), indicating a larger contribution from
carbonate dissolution.

Mountains. All mountain sites are depleted in A'*C, enriched in §'"°C, have
medium to very high DIC concentrations, and pCO; ranging from below saturation to
~ x10 atmospheric CO; (Figs. 6.4 to 6.6). Such composition is characteristic of areas
highly influenced by carbonate weathering (see Chapter 4) and is consistent with the
major ion trends discussed earlier. 3'"°C-CO, overall is more enriched than what
would be expected from closed-system carbonate dissolution by biogenic soil CO,
derived from Cs; plant material (~ -16%o) (Chapter 4, and Mook & Tan 1991; Clark &
Fritz 1997; Aucour et al. 1999) dominant in mountain environments (Cabido et al.
1997; Ehleringer et al. 1997), even after accounting for the altitude enrichment effect
on carbon fixed by plants (see Chapter 5, and Korner ef al. 1991; Bird ef al. 1994).
Mixing with air in these generally turbulent and low-pCO; rivers may therefore play
an important role (Stallard & Edmond 1987).

Peruvian Andes sites are generally more extreme in both isotopes and have
much higher DIC concentrations compared to Bolivian sites (Figs. 6.4, 6.5), possibly
the result of more abundant carbonate lithologies in Peru as indicated by major ion
trends and lithological information (Stallard & Edmond 1983). However, three DIC-
rich mountain sites in the upper Peruvian headwaters of the Vilcanota (Figs. 6.1, 5.1)
have A'C < -500%o. Such a signature would require weathering under fully closed
conditions with aged CO; or aging in aquifers. Groundwater residence times in
mountainous regions are likely relatively short, leading to only limited aging along
groundwater flowpaths. As discussed in Chapter 4, weathering commonly occurs
under partially open conditions involving considerable exchange between DIC and

biogenic soil CO,, yielding waters with isotopic composition intermediate between
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open and closed conditions, including A'*C > -500%o (see also Clark & Fritz 1997;
Aucour et al. 1999). Instead, this baseflow, low-water signature may be influenced
by carbonate weathering with '“C-dead CO, degassed from the lithosphere (Fig. 5.2
and further discussion below) in this tectonically active cordillera.

Mixed sites. Mixed sites in the Subandean Foreland (Napo mouth), Peru-
Amazonas, and Bolivia-Madeira regions clearly display transitions from mountain to
lowland isotopic and DIC signatures, evolving towards younger, more 8'°C-depleted
CO,, lower DIC concentrations, and higher pCO, (Figs. 6.4 to 6.6). This trend is
probably the result of dilution of Andean influenced waters containing substantial
carbonate dissolution contributions with lowland inputs from more weathered
terrains, combined with high in situ respiratory fluxes of contemporary CO, as
discussed in Chapter 5. However, while Rio Madeira CO; at the mouth appears
isotopically undistinguishable from most large lowland rivers, the Solimoes-
Amazonas at Manacapuru (Fig. 6.1) retains a relatively aged A'*C composition (29.8
to 75.7%o). If the OC fraction being respired is contemporary, as concluded in
Chapter 5 from lowland sites, this aged signature suggests that a dynamic equilibrium
between CO, evasion and respiration has not been reached with respect to A'*C; this
conclusion is in contrast with what has been postulated for CO, and 3'"°C on the basis
of mass balance, respiration experiments, and 8'°C analyses in the mainstem (see

Chapter 5 discussion, and Quay et al. 1992).

Terrestrial sources of DIC
As rivers grow larger downstream, riverine processes such as gas exchange,
photosynthesis, and respiration can swamp and erase the biogeochemical signature

exported from ferra firme components of the watershed (see Chapters 2 and 4 for
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additional discussion). In order to identify terrestrial sources of DIC across the basin,
I selected rivers draining relatively small areas, <9,000 km®. While only a few of
these are actually first- and second-order streams and many may be strongly
influenced by fluvial processes, overall this set provides the best opportunity to
examine the range of terrestrial inputs in this study. I have further separated smaller
streams within this set, those draining areas <4,000 km’.

Fig. 6.7a is analogous to Fig. 6.4 but focuses only on smaller rivers and a
narrower, younger A'*C range. Only one river outside the shields is represented
among lowland sites, implying a regionally biased view of lowland variability in
terrestrial sources. Most small lowland rivers have contemporary CO, and 8'°C-CO,
reflecting an apparent mixture of Cs; and C4 end members, indistinguishable from the
isotopic signatures of larger lowland rivers. However, only the smallest streams have
8> C-CO; close to pure C,4 contributions; these occur in fully and partially deforested
areas of the Ji-Parand basin (NS1 and NS2, see Table 5.1). In addition, in carbonate-
free regions only the large Guapor¢ river (see discussion above) and some of the
smallest streams (NS1, PB-1, COM-1, and Azul, in Ronddnia) show any significant
aging, with atmospheric A'*C-CO, offsets ranging from —66.7 to —20.0%o for the
small streams (refer to Chapter 5 and Table 5.3). 8'3C-CO, of PB-1, COM-1, and
Azul fall near the depleted end for Ronddnia sites (—21.77 to —19.83%o), suggesting
that soils and groundwater in that region can export aged CO, with substantial
influence from C; respiration. The aged NS1 observation and the Guaporé have the
lowest oxygen concentrations measured, 67.5 and 176 uM, respectively, where
atmospheric saturation at 28°C is ~ 250 uM (Devol et al. 1995); they provide
tentative evidence for decomposition of aged organic matter in low-oxygen

environments such as wetlands.
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In contrast, CO, in small Rio Negro streams (all <4,000 km?) is contemporary
and highly depleted in 8'°C, though relatively enriched in 8'°C compared to C; plant
material (see Fig. 5.2). All but one are first-order streams (Table 5.1), and their
watersheds span a range of ecosystems from white-sand (spodosol), relatively open
campina forest to closed forests above clayey Oxisols, and the larger Cuieiras stream
draining a combination of both. They are unlikely to have any C4 contributions, as
most sites are canopy-covered streams where C,4 grasses are absent. However, their
8'°C-CO, is within the range of clayey (Oxisol) forest soil CO, (-25 to -23%o)
identified at the Paragominas site in eastern Amazonia (Trumbore et al. 1995; de
Camargo et al. 1999); such CO, was also contemporary.

As discussed in Chapter 4, Telles ef al. (2003) found that soil organic carbon
in sandy Manaus Spodosols is more depleted in 8'°C and remains uniformly young
with depth, while SOC in clayey Oxisols becomes enriched in 3"°C and much older
with depth; in Rio Negro, clear-water streams with watersheds dominated by clay
soils often have sandy valley soils (Bravard & Righi 1990; McClain ef al. 1997,
Telles et al. 2003; Luizdo et al. 2004). Isotopic differences between small streams in
Rondonia and in Rio Negro may result from such differences in SOC, which are in
turn the product of different soil sorptive capacity. Nevertheless, both soil types
produce acidic, low-conductivity streams, while certain soils in Rondonia yield more
solute-rich and neutral streams (Fig. 6.7b).

Carbonate dissolution exerts considerable influence on the headwaters of the
Jurua and Purus, and on mountain sites. This is especially noticeable in the small
Acre river in the Purus (Fig. 6.7). Small mountain sites have a wide range of ion
content (conductivity), but all tend to be "°C-rich . As observed earlier, this is

particularly true in Peru, where Vilcanota headwaters also appear to be influenced by
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evaporite dissolution and A'*C that is unusually depleted compared to normal

carbonate dissolution processes.

Downstream evolution

Ji-Parana. As an extensive dataset was collected in the Ji-Parana basin, I will
examine regional and downstream trends closely in this region, highlighting regional
variability within the basin (Fig. 6.8). As discussed earlier, small streams in the
Comemorag¢do (COM-1) and Pimenta Bueno (PB-1) headwaters are generally the
most aged (Fig. 6.9a) — below contemporary atmospheric A'*C-CO,. These streams
together with the larger, blackwater Rio Preto near the mouth of the Ji-Paran4, are
generally the most acidic, solute poor, least supersaturated in pCO,, and most 5'"°C-
depleted waters in the Ji-Parand basin (Figs. 6.9b, 6.10, 6.11). In contrast, small
pasture streams (NS1 and NS2) in the southwestern tributaries are generally
contemporary and are the most 5'°C-rich waters, matching Cy4 signatures closely. In
these sites pastures often grow right into the streams (A. Aufdenkampe and A.
Krusche, pers. comm.). These solute-rich sites (Fig. 6.11) are highly supersaturated
in pCO; (Figs. 6.10a, 6.12) and are characteristic of the cation-rich lithologies of the
southwestern tributaries to the Ji-Parana (Biggs et al. 2002; Ballester et al. 2003;
Biggs et al. 2004; Holmes et al. 2004; Krusche ef al. in prep.).

Mid to large rivers in the Ji-Parana basin have contemporary A'*C values (Fig.
6.9a), varying closely with atmospheric A'*C-CO, (see Fig. 5.3). However, the
southwestern tributaries are generally somewhat more 8'°C-enriched than the
Comemoracdo and Pimenta Bueno (Figs. 6.9b, 6.11a); this may be the result of more
widespread deforestation and replacement by Cy4 pastures in the southwestern

tributaries (Ballester ef al. 2003). In terms of 8'°C and conductivity, the Machadinho
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is the most variable river in the basin; it appears to be influenced by both cation-rich
and cation-poor lithologies, and by pastures, forests, and possibly by respiration of
algal material. Finally, the mainstem is rather uniform isotopically and may be a
mixture of C4 and C; respiration, possibly with some additional §'°C enrichment
resulting from high evasion rates due to a relatively turbulent, wide, and shallow river
bed with scattered rocky outcrops (pers. obs.).

Relatively low pCO, supersaturation in some samples in the region can result
in substantial invasion of atmospheric CO; in these turbulent rivers. Contemporary
mixtures of atmospheric CO; and respired CO; from C; and C4 organic matter cannot
be distinguished based on 8'°C alone. Increasing influence of atmospheric invasion at
lower pCO, should be reflected in a negative correlation between 8'°C-CO, and
pCO»; such correlation is not present (Fig. 6.12), indicating that the importance of
atmospheric CO; invasion is not clearly established, though it cannot be discounted.
See Chapter 5 for additional discussion.

Fig. 6.11 suggests largely two sources of water in the basin, one made up of
the Comemoracao, Pimenta Bueno, and Preto, which are solute-poor, acidic, and
relatively depleted in 8'"°C from lower deforestation extents and highly weathered
lithologies; and another made up of solute-rich, neutral, and more enriched 5"°C from
higher presence of pastures and more cation-rich lithologies (Ballester et al. 2003;
Holmes et al. 2004; Krusche ef al. in prep.). Fig. 6.11 also indicates a downstream
evolution from small streams in each of these terrains. In solute-poor terrains, rivers
become less acidic, more solute-rich, and more enriched in '°C downstream,
possibly as a result of the inclusion of pasture areas and weatherable lithologies, and
the effect of CO; evasion. In solute-rich terrains, rivers remain equally solute-rich,

but become generally more basic and somewhat less depleted in 8'°C. This change
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appears to be the result of CO, evasion and the inclusion of respiration of organic
matter from scattered forests in the larger tributaries, compared to the purer pasture
composition of the small streams. Finally, near constancy in "°C and A'*C of CO, in
the mainstem over ~ 600 km suggests the occurrence of a dynamic equilibrium
between respiration, evasion, and possibly atmospheric invasion.

Rio Negro. Small streams and the mouth of the Rio Negro are very similar
isotopically — all are contemporary and depleted in "°C (Fig. 6.13; see also Fig. 6.4).
However, smaller streams appear to be generally more acidic and somewhat §"°C-
depleted overall, compared to the Rio Negro mouth. C, grasses are rare on the banks
of the Rio Negro (see discussion in Chapter 4). This effect may then be the result of
CO, evasion, which preferentially removes the lighter '>C isotope and enriches the
remaining CO,, while leading to a small increase in pH.

Jurua and Purus. As discussed earlier, the headwaters of these basins appear
to have substantial outcrops of carbonate sediments that are being weathered with
forest soil CO,. Alkalinity and major ion concentrations in these headwaters are as
high as many Andean rivers draining carbonate sediments. No data are available
from the middle of the basins, but at their mouths, these rivers are still rich in DIC
and solutes compared to all other lowland rivers (Figs. 6.2, 6.5); the Jurué at low
water has alkalinity values as high as Vargem Grande in the mainstem, and much
higher than the Madeira near Bolivia. However, the isotopic signature of carbonate
dissolution has been completely erased through the input of lower tributaries and
respiratory inputs of contemporary organic matter fractions (see Chapter 5).
Evidence of this transition can be gleaned from unpublished data from the
HiBAM/IRD Amazon river geochemical program. They sampled the middle and

lower Purus only a month before CAMREX sampled the headwaters. While only pH,
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conductivity, and discharge data are available on their web site, these data clearly
show a transition from higher conductivity and pH closer to the headwaters sampled
by CAMREX, to lower conductivity and pH downstream. Replacement of DIC
derived from carbonate dissolution by contemporary DIC derived from riverine
respiration, and accompanying CO, evasion, are likely to take place along this
transition zone in the middle of the basin

Bolivian Andes and Madeira mainstem. As discussed earlier and pointed
out by Stallard & Edmond (1983), carbonate and evaporite sediments appear to be
less common in the Bolivian Andes compared to the Peruvian Andes (Fig. 6.2),
leading to overall lower concentrations of solutes and alkalinity (Fig. 6.5, where DIC
may be used as a proxy for alkalinity). Alkalinity generally decreases from the
mountains to the Madeira mouth in the Beni-Madeira system, a result from dilution
with lowland rivers draining mostly weathered lithologies (Fig. 6.14b). Even in the
mountains, Beni tributaries have low alkalinity relative to the Beni and the Peruvian
Andes. In addition, the range of variability in alkalinity at the mixed “Riberalta
Arriba” site (Fig. 5.1, Table 5.1) in the lowland depositional fan just before the
confluence with the Madre de Dios, is similar to that in the Andean headwaters of the
Beni. It appears that carbonate outcrops may be highly scattered across the Beni,
intermixed with less weatherable silicate lithologies such as black shales.

Enriched 3'*C-CO, in the mountains (first 500 km, Fig. 6.14a; see also Fig.
6.4) results partly from carbonate weathering inputs, as suggested by alkalinity (Fig.
6.14b), inorganic solute composition (Fig. 6.2), and depleted A'*C values (Fig. 6.4).
Low pCO; levels (Fig. 6.14c) in these high-relief, turbulent rivers indicates that
atmospheric CO; invasion is an important source of CO; in the mountains. Oxidation

of black shales (Figs. 6.2, 6.3) may play a significant role as well, but its importance
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can not be assessed quantitatively with current data. For the next 600-800 km
downstream from the foothills, to the Madeira at Abuna near Rondonia, a 8"°C
depletion and A'*C enrichment is accompanied by an increase in pCO, to
supersaturation levels >10 x atmospheric pCO,, while alkalinity remains nearly
unchanged. These trends may be the result of lower atmospheric CO; invasion
possibly combined with higher fluxes of respired CO; from Cs organic matter.
Farther downstream to the mouth of the Madeira there is an additional, small
depletion in 8'°C, while CO, becomes contemporary as a result of lowland tributary
inputs and in situ respiration of contemporary organic matter. Ji-Parana fluxes appear
to have higher alkalinity and unusually enriched 3'°C-CO, compared to other
tributaries in the region.

Peru from Vilcanota Andean headwaters to Ucayali mouth. Compared to
the Beni-Madeira transect, much more isotopic data are available for this transect.
The transect may be divided into four reaches according to their geochemical and
isotopic data (Figs. 6.15, 6.16). For the first 250 km in the Rio Vilcanota along the
Altiplano to Pachar, site elevations decrease only from 3,900 to 3,100 meters and
channel slope is generally gentle. In this relatively arid region, low-water samples
show some of the highest alkalinity and major ions anywhere (Figs. 6.16a, 6.2);
evaporite and carbonate dissolution are clearly widespread, with the latter leading to
highly depleted A'*C and enriched 5"°C (Fig. 6.15). However, as pointed out earlier,
the isotopic signatures are beyond the range of typical waters derived from carbonate
dissolution (see Chapter 4, and Clark & Fritz 1997; Aucour ef al. 1999). Several
processes can lead to this anomaly, but highly elevated pCO; in the middle of this
reach compared to most Andean sites (Fig. 6.16b, but also see Stallard & Edmond

1987) indicates an additional source of CO,. High in-situ respiration from
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agricultural runoff is unlikely because 8'>C-CO, is too enriched and oxygen levels are
near atmospheric saturation at the local temperature and elevation (not shown).

High pCO,, highly depleted A'*C (<-500%o), enriched &'°C, high uplift rates,
relative abundance of hot springs, and existence of Quaternary volcanism (R.
Marocco, pers. comm.) all point to a substantial input of lithospheric CO; of volcanic
or metamorphic (non-volcanic) origin (see Fig. 5.2). Volcanic CO, flux to rivers has
been documented in the western Andes in Chile (Aravena & Suzuki 1990);
metamorphic CO; flux is a phenomenon that has been widely documented elsewhere
but not in the Andes, despite favorable geotectonic conditions (Rose & Davisson
1996; Kerrick & Caldeira 1998; Chiodini et al. 1999; Galy & France-Lanord 1999;
James et al. 1999; Kerrick 2001; Yoshimura ef al. 2001; Morner & Etiope 2002;
Yoshimura et al. 2004). Metamorphic, thermal decarbonation of carbonate sediments
at depth produces CO; and dissolved Ca®" which are then hydrothermally transported
to the surface. This process may impact river DIC through direct input of '*C-dead,
8"*C-enriched lithospheric CO,, and weathering of aquifer carbonates with
lithospheric CO,. Additional dry-season sampling of hot springs and groundwater is
needed to isolate the occurrence of lithospheric degassing in this reach.

Over the next 150 km to Quillabamba on the Urubamba river, the river drops
rapidly by about 2,000 meters. Alkalinity decreases and pCO, becomes close to
equilibrium with the atmosphere (Fig. 6.16). A'*C is rapidly enriched to levels more
typical of carbonate dissolution by contemporary CO; under partially open
conditions. However, 8'°C remains highly enriched, possibly a result of atmospheric
CO, invasion which would also enrich A'*C. In the next 400 km to the mouth of the
Urubamba at Atalaya, where the Ucayali begins at the confluence of the Tambo and

Urubamba (Figs. 6.1, 5.1, 2.2), alkalinity and pCO, remain unchanged, but the major
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shift is a large depletion in 3'"°C accompanied by a smaller enrichment in A'*C. In
this forested and humid reach, carbonate dissolution appears to continue at high rates,
but the CO, involved in weathering has shifted largely to soil CO; from forests (Cs).
On the other hand, the Tambo and its upstream tributary (Cunyac, along the
Apurimac river) are still enriched in 5"°C, suggesting that they are not yet as impacted
by lowland environments, as implied by the Tambo’s higher mean basin elevation
compared to that of the Urubamba (Table 5.1).

Over the next 1,400 km along the lowlands, alkalinity remains stable and
high, and isotopes also remain nearly unchanged, suggesting that carbonate
dissolution with CO; derived from lowland Cs or possibly C4 plants remain very
important. However, pCO; increases from near atmospheric equilibrium to ~ 10 x
atmospheric levels, more typical of lowland rivers and indicative of the growing
influence of lowland inputs and in-sifu respiration. This evolution and the persistent
influence of carbonate dissolution indicate that the Ucayali is still a river in transition
and not typical of lowland rivers or even the Amazon mainstem downstream. It is
important to note that previous measurements (Stallard & Edmond 1983) of major
ions and alkalinity at two reaches along the Urubamba and Ucayali (Fig. 6.16a) are in
the same range as CAMREX measurements, suggesting that CAMREX observations
are not anomalous. On the contrary, higher alkalinity measured by Stallard &
Edmond (1983) in the middle Ucayali suggests that there may be periods of the
hydrograph when carbonate dissolution is even more vigorous.

Amazon mainstem from Ucayali-Maraifion confluence to Manacapuru.
The Amazon mainstem (Solimdes-Amazonas) from Vargem Grande to Manacapuru
and Obidos has been studied before in detail (Longinelli & Edmond 1983; Stallard &
Edmond 1983; Richey et al. 1990; Quay et al. 1992). Here I will discuss only some
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salient points. First, 3'°C-CO, appears to transition smoothly from the upstream end
to Vargem Grande and Manacapuru (Fig. 6.17b), following the same gentle depletion
trend already observed from Vargem Grande to Manacapuru (Martinelli ef al. 1991;
Quay ef al. 1992) and possibly controlled by a 8'°C dynamic equilibrium between
respiration and evasion postulated in previous studies (see Chapter 4, and Devol et al.
1987; Richey et al. 1990; Quay ef al. 1992). A'*C-CO,, on the other hand, is still
evolving and not in equilibrium, steadily increasing from the Ucayali and Marafion to
Vargem Grande, Itapeua, and Manacapuru, over a distance of 2,100 km (Fig. 6.17a).
Manacapuru A'*C has a bomb component but is still below contemporary
atmospheric levels, implying that it is not in equilibrium with respiration of
contemporary organic matter; see additional discussion on this issue above (Regional
trends, mixed sites). Alkalinity decreases steadily from the Ucayali-Marafién
confluence to Manacapuru, as a result of dilution by lowland tributaries (Fig. 6.18a).
pCO; at the Ucayali and Marafion mouths appears to have already reached
supersaturation levels typical of the mainstem (Fig. 6.18b), though additional
observations are needed to assess the range of variability at those sites. Nevertheless,
CAMREX Ucayali and Marafion alkalinity measurements are consistent with

previous measurements from Stallard & Edmond (1983).

Seasonal variability

Seasonal cycles in river hydrographs can bring about large biogeochemical
responses resulting both from differential contributions from different regions in large
rivers as well as changing soil and in-channel processes (Richey ef al. 1991; Devol et
al. 1995; Richey et al. 2002). In this study, '*C and "*C DIC observations were

sparse, rarely encompassing more than one sample per site (Table 5.3). To address
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seasonal DIC and CO; cycles, I will focus on 8'°C-CO,, alkalinity, and pCO, at a

range of representative sites with an adequate number of observations, including
previously published data. As river discharge or stage data for sampling times were
often not available, I will examine seasonal variability by matching each sample with
the corresponding long-term monthly mean discharge for the sampling month. Plots
for several sites are shown in Figs. 6.19 to 6.22.

In the lowlands (Ji-Parana sites and Jurué and Purus mouths, Figs. 6.19, 6.20),
there is a weak trend of depletion in §'°C-CO, with increasing discharge, and a well
defined increase in pCO; supersaturation with discharge. These trends may be
explained by higher depth-integrated respiration rates and higher CO; inputs from
soils and inundated areas at high water, as suggested by Devol ef al. (1995) for the
Amazon mainstem. More depleted 8'°C-CO at high water may result from larger
contribution by respiration of C; organic carbon, or conversely, increased
atmospheric CO, invasion at low waters when shallower depths and lower river pCO,
may facilitate exchange with the atmosphere. In the Purus and especially the Jurua,
alkalinity increases substantially at low waters (Fig. 6.20), indicating a dilution of
carbonate weathering DIC at high waters; therefore, in these systems depleted 3'°C-
CO; at high water may be partly the result of dilution of carbonate weathering DIC
with waters originating in weathered regions of these basins. In contrast, the two Ji-
Parana sites and the Japura mouth do not display any clear seasonal variability in
alkalinity. Krusche ef al. (in prep.) pointed out that alkalinity is indeed positively
correlated with concurrently measured discharge at these Ji-Parana sites, and
suggested that these relatively dilute sites follow the soil-dominated pattern of
Markewitz et al. (2001) for weathered soils, where cations and HCO; are

preferentially released during the wet season. In contrast, Ji-Parana rivers draining
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more weatherable silicate lithologies follow the more common pattern of dilution at
high waters (Krusche ef al. in prep.).

Seasonal variability at the mouth of Rio Madeira resembles that of the Purus
mouth, although 8'"°C-CO, does not display clear seasonal changes (Fig. 6.21). At
three sites in the Amazon mainstem (Fig. 6.22), pCO, and §'°C-CO, generally show
the same trends described earlier, with increasing pCO, and decreasing 8'°C with
discharge. However, the seasonal variability of alkalinity changes downstream, as
pointed out by Probst ez al. (1994). While at the most upstream site (Vargem Grande)
alkalinity may increase slightly with discharge, farther downstream the relationship
displays a hysteresis effect, with higher alkalinity at mid-range discharge levels (Fig.
6.22b); in contrast, at Obidos, the relationship becomes the more common dilution
with discharge (not shown). The reasons for this downstream change are not clear,
but likely involve differential seasonal contributions of large tributaries draining

regions with strong contrasts in climate and lithology (Devol ef al. 1995).

CONCLUSIONS

The geochemical survey presented in this study revealed large contrasts in
DIC characteristics and controls across the basin. The dominant sources of basin-
wide riverine isotopic variability are the presence of carbonate lithologies, the relative
contribution of C3 and C4 organic carbon to respiration, and atmospheric CO;
invasion in turbulent, low-pCO; rivers. Clear regional trends exist. Lowland rivers
are predominantly supersaturated in pCO, and carry a DIC load that is at most only a
few years old. '*C-depleted DIC in the lowlands occurs only when carbonate

lithologies are present (Jurua-Purus headwaters), in certain small streams receiving
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aged groundwater CO, , and possibly in low-oxygen, wetland environments
conducive to the decomposition of aged organic matter.

The isotopic signature of terrestrial DIC and CO; inputs into small streams
varies across carbonate-free watersheds in the shields. Sandy soils north of Manaus
and deforested regions in Rondonia export contemporary inorganic carbon, though
the 8"°C of CO, reflects the dominant vegetation type. In contrast, weathered clayey
soils in open and closed forests in the Ji-Parana headwaters export aged inorganic
carbon. C4 vegetation, whether as riverine macrophytes or pastures in deforested
areas, appears to exert a disproportionate influence on fluvial respiration and CO; in
the lowlands. Riverine CO; is typically more supersaturated and more depleted in
8'°C at high water periods.

Carbonate lithologies are common throughout the Peruvian and Bolivian
Andes, but are more abundant in Peru. Rapid, extensive erosion carries fresh,
unweathered sediments into large depositional floodplains. As a result, carbonate
dissolution occurs in depositional lowland environments as well as in mountainous
areas, providing high DIC fluxes and distinctive isotopic signatures. The extensive
presence of carbonate sediments above the Solimdes results in slow replacement of
'“C-depleted DIC in the Amazon mainstem, in contrast with 8'°C-DIC, which appears
to reflect an equilibrium between evasion and respiration across the mainstem in
addition to a very gradual downstream increase in contributions from C; respiration.

High rates of riverine respiration of contemporary organic carbon maintains
CO; supersaturation with respect to the atmosphere, and will gradually “flush out”
DIC of terrestrial origin via exchange with DIC and evasion of CO,. Consequently,
regardless of original sources, DIC in all rivers gradually becomes contemporary,

approaching atmospheric '*C-CO,. High river turbulence can accelerate exchange
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with the atmosphere; such conditions occur not only in steep Andean terrains, but also
in rivers in the Brazilian and Guyana shields where rocky beds may be common.

In the Andes, tectonic activity and heterogeneity of lithologies can lead to
local influence by marginal processes such as oxidation of black shales containing
reduced sulfur, and volcanic and metamorphic lithospheric CO, degassing. At this
point, further studies and surveys are needed to determine the regional extent of such
processes. More generally, this study has only revealed the main patterns of DIC and
CO; sources and cycling across the basin. Much more work is necessary to develop a
solid, quantitative assessment of the regional extent of each end-member source and

process identified in this study.



Table 6.1. Sampling programs with data used in this study. Columns DIC-'*C, DIC-"C, and Major Ions indicate the type of
geochemical data used from each program or expedition.

Program DIC  Major
Code Description and Regional Extent Time Period References “C BC Ions
CAMREX Datasets with Unpublished DIC Isotopes
MS91  Amazon mainstem and mouths of major tributaries, from Vargem Grande to Obidos 8-9/1991 X X X
MS96  Central Amazon mainstem and mouths of major tributaries 7/1996 X X X
BO9%94  Bolivian low-water transect. Beni Andean headwaters; Beni, Madre de Dios, and Mamore 11/1994 (Hedges et al. 2000) X X X
confluences
BO95  High-water follow-up to 1994 Bolivian transect 5/1995 X
PE96  Peru low-water transect. Ucayali-Vilcanota Andean headwaters; Ucayali, Maraiion, and 10-11/1996 X X X
Napo mouths
ST96  Southern lowland tributary headwaters; Rio Jurua to Rondonia and Rio Guapore 6-7/1996 X X X
JIP Rondonia Ji-Parana LBA expeditions (11 total) 8/1998 —4/2002 (Ballester et al. 2003; Bernardes et al. X X X
2004; Krusche ef al. in prep.)
AA Small and mid sized streams near Manaus and in Rondonia; Rio Solimoes near 1-12/1995, X X
Marchantaria, and Madeira and Negro mouths. Collected by A. Aufdenkampe 7/2002 - 1/2003
Fully Published Datasets
CAMREX
MS 12 cruises on the Amazon mainstem and mouths of major tributaries, from Vargem 5/1982 —5/1990 (Richey et al. 1986; Richey et al. 1990; X X
Grande to Obidos Quay et al. 1992)
MARCH Monthly sample collection at Marchantaria, in the Rio Solimoes near Manaus 1983 — 1993 (Devol et al. 1995) X X
MAD 2 cruises along the Rio Madeira from Porto Velho to the mouth 4/1984,1/1986  (Ferreira et al. 1988) X
OTHERS
AHSTA Alpha-Helix Amazon mainstem cruises, and additional collections from Peru, Bolivia, and 5/1974 — 12/1978 (Stallard & Edmond 1983) X
central-lower Rio Negro by R. Stallard. '°C data available but not used (see text)
BOLIRD PHICAB/IRD Bolivian Andes and lowland surveys. Only site average data are available 1983-1991 (Guyot et al. 1992; Guyot 1993; Guyot X
et al. 1996)
BOLEP Bolivian Andes and lowland surveys 4,11/1994 (Elbaz-Poulichet ef al. 1999) X
PACH 5 Pachitea expeditions (Ucayali tributary) in Peruvian Andes, part of AARAM program 7/1998 — 8/2000 (Gomez et al. in press) X
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Figure 6.1. Amazon basin and sampling sites. Smaller site symbols represent sites with
published *C-DIC or inorganic geochemistry data, not sampled in this study. Fig. 5.1
describes the topographic categories (lowland, mixed, and mountain). On the Amazon
mainstem, V= Vargem Grande, T = Tupe, J = Jutica, M = Manacapuru-Marchantaria, and O
= Obidos. Boundaries of major tributaries are shown; see Fig. 3.6 for tributary names.
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Figure 6.2. Major weathering regimes across the Amazon basin. Relative proportions of
silica (umol L™, alkalinity (neq L™), and CI' + SO, (neq L™), indicative of dominant
weathering regimes controlling the dissolved load. Symbology is the same as in Fig. 6.1.
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Figure 6.3. Sources of sulfate in rivers draining the Peruvian (red) and Bolivian (orange)
Andes. Symbology is the same as in Fig. 6.1.
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Figure 6.4. Basin wide CO, isotopic variability, A'C vs. 8°C. Symbology is the same as in
Fig. 6.1. Horizontal lines show the mean atmospheric A'*C-CO, in tropical South America for
the first and last sampling years (1991 and 2003, respectively). See Chapter 5.
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size does not distinguish previously published data. Small symbols represent sites with
drainage area <4,000 km’. A) A"C-CO, vs. § *C-CO,. Two sites in the Andean headwaters
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Figure 6.8. Ji-Parana basin, sampling sites, and their drainage areas. Different colors are
used for sites in the Ji-Parana mainstem (light blue), upper headwaters (orange,
Comemoracao and Pimenta Bueno), cation-rich southern tributaries (red, Rolim de Moura,
Urupa, Jaru, and Nossa Senhora stream), and northern tributaries in the lower reaches (green,
Machadinho D’Oeste and Preto). Sites in small streams are shown with smaller symbols. No
previously published data will be presented.
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Figure 6.15. Downstream CO, isotopic evolution from the Vilcanota headwaters in the
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3 ’C-CO,. B) Alkalinity. C) pCO..



513C-C O, (%o)

Alkalinity (peqL™)

pCO; (x 1000 ppm)

-16

181

-18 -

L Je)

©@o

1200 |
1000 :
800 |
600 |
400 :

200 -

12

-
o

(o]

O
00

10

15

Mean monthly discharge (x 1000 m*sec™)

20
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