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Abstract. Chemical mass balance models of
r solution chemistry, constrained by geologic
ta and thermodynamic models, provide a conais-
at description of the weathering processes that
ar in the Amazon Basin. In areas with high
athering rates, such as the Andes, caleium,
sgium, sulfate, and alkalinity come from the
hering of evaporite minerals, sulfides, and
thenates. The inputs of caleium, magnesium,
i alkalinity from exclusively carbonate ter-
s are limited by calcite, and perhaps by
iite, saturation. When evaporites are pre-
it, only the alkalinity inputs are so limited
use of additional weathering sources of cal-
and magnesium., Dissolved silica, potassium,
i sodium can be used to define mass balance
tionships that in turn establish the nature
'the clay mineral suites which are consistent
th solute compositions. Use of thermodynamic
nstraints, specifically kaolinite and quartz
sbility, assists in data interpretation. At
st weathering rates, all common primary min-
als exposed to weathering are broken down to
lease silica and cations; quartz, kaolinite and
2,41 )-sesquioxides all appear to be unstable.
~higher weathering rates, enough silica is
silable to stabilize kaolinite, then quartz.
g stabilization of Si-bearing phases is reflec-
by a drop in the ratio of silica to other
slved components. Finally, at the highest
hering rates, such as in the Andean catch-
its, high cation levels result in the formation
-the 2:1 clays, which sequester even more sil-
a, and any clear relationship between silieca
other solutes degenerates.

Introduction

This is the third in a series of papers de-
bing the aqueous geochemistry of the Amazon
ver system. The first [Stallard and Edmond,
] examines atmospheric contributions to the
olved load of salts derived from outside the
rage basin proper. The second [Stallard and
1983] relates the water chemistry of
butaries to the geology and environment par-
eular to their individual catchments (all geo-
gic background and chemical analyses are pre-
nted therein).

/A primary objective of the present paper is to
tify major chemical aspects of the weathering
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process that control the breakdown of silicate
and carbonate rocks. The basic approach is to
construct simple reaction mass balance models
which predict characteristic relationships bet-
ween various dissolved species. To delimit the
types of reactions which might play a major role
during weathering, compositional information
about bedrock, soils, and river solid load will
be considered. A further constraint of possible
reactions will come from thermodynamic models
specifying mineral stability. Carbonate weather-
ing will be examined first because of the simpli-
city of reactions.

Background

Erosion products are generated by a complex
series of weathering reactions acting in tandem
with a variety of physical processes. Erosional
regimes in the Andean and lowland parts of the
Amazon basin are characterized as weathering-
limited and transport-limited, respectively
[Stallard and Edmond, 1983; Stallard, 1985]. In
the Andes, physical transport processes effi-
ciently remove solids generated by weathering.
Erosional contributions to rivers by different
lithologies are proportional to both the fraction
of their catchments underlain by the respective
lithologies and the susceptibility of each litho-
logy to weathering. As a result of limited reac-
tion time, erosion products include fresh rock
fragments, primary mineral grains, and partially
degraded micas. In weathering-limited regimes,
the solutes in river water result from reactions
that presumably control susceptibility to weath-
ering and thus rates of erosion. 1In the low-
lands, transport processes are not particularly
vigorous, because of the slight slopes, and are
unable to effectively remove solid weathering
products. This results in the accumulation of
thick soils. Solid erosion products are cation-
poor. Water does not circulate efficiently into
deep or indurated soil profiles where it can con-
tact fresh rock. Chemical weathering rates are
thereby limited. The extreme case of transport-
limited erosion would involve a completely flat
landscape, being lowered at a uniform rate. Ero-
sional contributions from different 1lithologies
to a river draining this landscape would be pro-
portional to the fraction of the area underlain
by the respective lithologies. Parts of the Ama-
zon lowlands approximate this condition rather
well. In transport-limited regimes, solution
products reflect varying degrees of reaction with
primary and secondary minerals under conditions
where weathering rates are presumably controlled
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by hydrologic factors. For both types of weath-
ering regimes, kinetic factors rather than ther-
modynamic equilibria appear to control weathering
rate.

Reaction Mass Balance Models and Large River
Systems

The net effect of weathering reactions can be
examined, often graphically, through identifica-
tion of reaction mass balance relationships for
dissolved components. This approach is based on
the observation that different weathering reac-
tions produce dissolved species in characteris-
tic, though not unique, proportions. The set of
possible reactions can be constrained by examina-
tion of the composition of bedrock, soil, and
solid load, and by thermodynamic models of mine-
ral stability. The reaction mass balance
approach as the strong advantage of being appli-
cable to kinetically controlled reactions far
from thermodynamic equilibrium.

The use of reaction product ratios for Amazo-
nian waters is introduced by Stallard and Edmond
[1983]. Here, the composition of dissolved ero-
sion products is calculated from analyses of riv-
er waters by subtraction of ecyeclic salt contri-
butions and consideration of other possible per-
turbations (biological, human). Characteristic 1
to 1 equivalent relationships between (Na+K) and
cl, (Ca+Mg) and (SO4+a1kalinit.y), and in most
cases (Ca+Mg) and alkalinity are observed in
waters high in total cations (TZ+ > 400-500 eq/L)
typical of Andean rivers. In view of geologic
constraints, the major ion chemistry of these
waters is largely explained by the congruent
dissolution of carbonate and evaporite minerals.

A similar treatment involving silicate rock
weathering is much more difficult because of the
variety of solid phases (typleally clays and ses-
quioxides) generated by incongruent reactions.
The extent to which primary silicate minerals de-
grade and the nature of secondary products which
form are highly variable and depend on local geo-
morphic conditions; consequently, a potentially
wide range in solution compositions can result
from the breakdown of a single lithology.

Thermodynamic Models and Large River Systems

Thermodynamic modsls have proven valuable in
geochemical studies of systems where local aqui-
libration can be assumed. Such models provide a
test of whether particular minerals might form or
degrade as a result of weathering within a river
basin.

Rivers do not fulfill many of the requirements
that go into rigorous thermodynamic modeling of
simple closed systems. They are very heterogene-
ous spatially and temporally, very open, and
affected by complicated physical, biological, and
chemical processes. MWineral assemblages found in
soils and suspended loads of rivers are not equi-
librium assemblages.

The utility of applying thermodynamic caleula-
tions to Amazon surface waters must therefore be
evaluated. In doing such calculations, it is
implicitly assumed that rivers draining silicates
and carbonate rocks can be treated as having geo-
logically homogeneous catchments. Two observa-
tions suggest that this should not lead to unrea-
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sonable results. First, the nearly ubiqui
distribution of silicate rocks of acid to int
mediate composition (containing roughly the s
minerals, but in different proportions)
the number of silicate weathering reactions i
may ococur, especially in smaller catchm
Second, weathering of reactive carbonate mine
dominates the chemistry of catchments where
bonates are abundant [Stallard and Edmond, 1
Thermodynamic models are formulated logari
ally; consequently, considerable dilution
occur before the equilibria that characterize
carbonate system are obscured in plots of grou
data. The chemistry of the rare evaporite-dg
nated stream is very distinctive and cam
treated separately.

In rivers, a number of nonconservative chan
in the fluid composition caused by processes |
directly related to weathering can affect the
sults of thermodynamic modeling. The most
tant of these include gas exchange, mixing
different waters, precipitation of solids,
exchange, and biological release and uptake
solutes. Observations from vdrzea (flood p
lakes suggest that for samples from this stu
biological effects on the major ions and sil
are inconsequential [Stallard and Edmond, 1
Likewise, the cations sequestesred on excha
sites on river-borne clays are a small fra
of those in the dissolved load [Sayles and
gelsdorf, 1979]. For thermodynamic model
tropical rivers, perhaps the most signif
problem involves fluctuations of carbon d
partial preassure (Pcoz). These in turn
the hydrogen ion activity in the river water

Carbon Dioxide lLoss and pH Changes
Soil and groundwaters tend to have high °
values. FPCO, values in temperate soils
from 5 to >20 times that of the atmosphere
land, 1978]. There are few data for
rain forest soils. For rain forests of
Rica, Johnson et al. [1975] report seoil
values averaging 70 times atmospheric
Medina et al. [1986] report values at 30-om d
forest soils to be 4-5 times ambient values.
to increase linearly with depth.
ated caatinga soils nearby, COp levels are |
than tenfold higher than atmospheric leve
PCO;Z was not measured at greater depths,
values near fresh rock are probably higher,
range of 5-100 times atmospheric values for |
seems reasonable for tropiecal soils.
groundwaters join surface waters, the loss of
carbon dioxide to the atmosphere or loss to
organic carbon reservoir via fixation will
pH. This can lead to the supersaturation of ¢
phases such as carbonates. Respiration adds
and has the opposite effect. :
The Amazon River and most of its trib
exhibit high levels of respiration relative
productivity [see Richey et al., 1980].
situation is reversed in some ponded waters
the varzea and at the lakelike mouths of
tributaries (e.gz., Xingu, Tapajés, Negro).
topically, the inorganic carbon in river wa
throughout the basin is very light (-11 te
per mil). This is attributed to the high
fer rate of river-borne carbon from organic,
dissolved inorganic, thence to atmospherie




1400 T T T T T T
1200 | L] -

1000 -

800 + .
."

400 + /4

. 200 + a N

] 200 400 600 BOO 1000 1200 1400

Measured Total CO, pmaol/|

1. Total carbon dioxide measured directly
s that predicted from alkalinity and pH.
s are the greater of 10% or 10 mol/L for
ct and 10% or 50 mol/L for predicted.

In such a

sirs [Longinelli and Edmond, 1983].
Pco, values

ispiration-dominated system, high
expected.

' For the samples from this study, total carbon
ide (TCOp) and PCOp were calculated from mea-
d pH and alkalinity. To insure that sample
i was not affected by COp loss, pH was either
lyzed in situ or in a closed system using sam-
les that were sealed while submerged. Data are
bulated by Stallard and Edmond [1983, Appendix

]:

00y = ({alk + [H] - Ku/[HD([H]/Kq + 1 +
Ka/[H])) /"1 + 2Ko/[H])

= ([H](alk + [H] - K/[H])) / (KoKq(1 +
2Ko/[H])) (2)

(1)

, K1, Kp, and K, are the Henry's law and the
rent first and second association constants
carbonic acid, and the apparent association
tant for water, respectively. These con-
ts, corrected for temperature, are from Lang-
ir [1971]. The temperature of rivers not mea-
d directly was assumed to be 27°C. Activity
sfficients were calculated using the Davies
tion [ef. Butler, 1964]. Ton-pairing coeffi-
ents are from Kester and Pytkowicz [1975]. To
ack the validity of assuming that titration
kalinities were being controlled by carbonate
stem species (rather than organic acids), TCOp
s measured directly on some samples from am-
les sealed in the field. Measured and calcula-
4 TCOp are in good agreement (Figure 1).

The levels of PCOp in Amazonian surface waters
flect both productivity and the dynamic state
the river from which the samples were taken
gure 2). These observations indicate that ma-
r discrepancies between soil and surface water

are minor, with both falling in the range of
100 times the atmospheric value. Waters from
ift Andean rivers and highly productive lakes
11 below this range, suggesting that the pH
lues for these watera are high relative to
ose of the soil environment. If soil FCO, from
a Costa Rican rainforest is representative,
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then partial pressures for these waters have been
reduced by a factor ranging from roughly 10 to
100. The magnitude of the corresponding pH rise
is easily calculated, In Andean rivers, alkali-
nity ranges from 10 to 3000 eq/L; pH 5.3-8.5.
Thus alkalinity >> [H], [H] >> Ky, and [H] >> Kp.
After dropping minor terms, equation (2) can be
approximated by

log(alk) + pKg + pKq - pH = log(FC0p) (3)

A tenfold to hundredfold drop in PCOE for waters
moving from Andean soils into rivers would pro-
duce a pH rise of 1 to 2 pH units. As no good
estimates are available for PCOQ in either low-
land or Andean soils, no attempt is made to cor-
rect pH values in subsequent calculations.

Carbonate Weathering

Common carbonate minerals (calcite, aragonite,
dolomite) wsather completely to dissolved phases.
Typically, groundwaters from carbonate terrains
are just at or under saturation with respect to
calecite, dolomite, or both, indicating strong
thermodynamic control [Holland et al., 1964;
Thrailkill, 1972; Langmuir, 1971]. FcOp values
are usually high, approximately 10 to 100 times
atmospheric., In carbonate-dominated waters, a
1:1 relationship should exist between (Ca+Mg) and
alkalinity on an equivalent basis. Such a trend
is clearly displayed in Figure 3 over much of the
alkalinity concentration range. There is, how-
ever, an apparent upper limit for alkalinity at
about 2000 eq/L above which (Ca+Mg) is indepen-
dent and in excess of alkalinity. Presumably,
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Fig. 3. Alkalinity plotted against (Ca+Mg) for

rivers draining siliceous rocks, carbonates, and
evaporites but not sulfidic black shales.

the excesses of Ca and Mg results from the disso-
lution of evaporite minerals in the numerous
Andean evaporite deposits found in the catchments
of these particular rivers [ef. Stallard and
Edmond, 1983].

Thermodynamic models need consider only cal-
cite and dolomite dissolution:

Caleite

CaCOz = Ca2* + CO32- (4)
Dolomite

CaMg(C03)> = Ca2* + Mg2* 4+ 2C052- (5)

Saturation indices for calcite and dolomite are
given by

Calcite
SI. = log(a, .a. /K ) (6)
c Ca 003 SPoaleite
Dolomite
SIy = 105(&0&' fyg* fco / Kapdol ) (7)

When SIp is plotted against SIg, a number of sam-
ples are seen to be slightly supersaturated with
respect to calcite and/or dolomite (Figure 4).
A11 of those samples which are supersaturated
with respect to calcite have limestones as the
dominant lithology in their catchments. Sample
BPAO5 (Guapay River) of the Madeira group is the
only sample saturated with respect to dolomite
alone. Redissolution of soil salts at the begin-
ning of the rainy season is thought to control
the chemistry of this sample [Stallard and
Edmond, 1983, Appendix IV].

The degree of calcite supersaturation seen in
these river samples is greater than that typical-
1y observed in groundwaters from carbonate ter-
rains. Both loss of carbon dioxide during the
transition from soil to surface water environment
and the dissolution of CaS0y (A-05, A-10, A-16,
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M-08, BPAD8) may bring about supersaturation
Carbonate coatings are seen in a few springs an
streams [ecf. Stallard, 1980]. If the pH valus
of calcite-supersaturated samples are ad;]ustsd.'
that SIg = 0, then calculated CDg
crease from the observed average of 2.7 times th
atmospheric value up to an average 6.4 t
atmospheric, The latter value is still at ¢
lou end of the probable range for tropical si
002, but probably could be increased if corres
tions could be made for contributions of water
from parts of the basins having no ecarbonats
rocks. Thus it appears that the input of alis-
linity is limited by either saturation with re.
spect to calcite in soils, calcite precipitatim
in surface waters, or both.
The general agreement between thermodyn
and mass balance models for carbonates sugg
that it is valid to apply a similar approm
the examination of silicate weathering,
of silicate weathering, however, must deal
the problems of treating the wvarious solid
which result from incongruent reactions.

Silicate Weathering in Amazonia

A general description of the silicate wea
ing process has been developed over the past
decades [see Drever, 1985]. Cation-rich p
minerals are dissolved by proton-rich, ea
poor solutions that are initially far from
librium with the minerals. Alkalis and al
earths, silica, and some iron and aluminum
released into solution. It is accepted that
weathering rate of primary mineral grains
part controlled by the availability of a
of protons in solution. This is typically
nic and organic acids and less commonly m
acids. The hydrogen ions displace exchan
cations and hydrolyze the Si-0-, Al-0-, and
bonds. The effect of hydrolysis may vary und
lead to a cation-depleted surface layer, a
aering rind, or congruent dissolution depend
the mineral and on conditions. Some of the:
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, silica, iron and aluminum released from the
adation of primary grains reprecipitate as
y minerals and sesquioxides in the immediate
inity, if not as a weathering rind.
| The extent of leaching during weathering is
sht to be reflected in the chemical and min-
logical composition of the clays and sesqui-
s found in soils. Al and Fe (as Fe3+) are
mely insoluble under oxidizing conditions at
-neutral pH, with low concentrations of orga-
complexing agents. With increasing degree of
jution of soil material, the major cation
> Na > Mg, K) and Si content of bulk soils
ase relative to Al and Fe. This corresponds
& progression of Al-bearing minerals starting
 zeolites and 2:1 clays, then kaolins, and
ally Al-sesquioxides (gibbsite). Iron-bearing
1s formed during weathering are mostly Fe-
ioxides; however, some iron is sequestered
slay lattices.
In Amazonian soils, the end products of ex-
me leaching are not a mixture of pure Al-ses-
oxides and Fe-sesguioxides. Several common
1 mineral associations are found: (1) (Al,Fe)-
quioxides, (2) (Al,Fe)-sesquioxides + quartz,
(Al,Fe)-sesquioxides + kaolinite + quartz,
Fe-sesquioxides + kaolinite + quartz, and (5)
rtz [see Camargo and Falesi, 1975; Irion 1976,
8, 1984a; Klinge, 1967; Lopez and Bisque,
54 Menendez and Sarmentero, 1984; Pasquali et
1972; Sombroek 1966, 1984; Van Wambeke,
The third association is particularly
son in ancient soils (>10 Ma) formed on gra-
s rocks [see Aleva, 1984; Menendez and Sar-
tero, 1984]. The nature of the protolith
wences the composition of highly leached
1s, for example, the presence or absence of
z or especially high levels of iron [see
2z and Bisque, 1975; Irion, 1984a]. Montmo-
lonite following volecanic ash is abundant in
8.i1s in the southwest lowlands [Irion, 1984a].
f4isns are the only common primary minerals, other
quartz, that persist in soils, and illite
vermiculite represent important minor consti-
#ents of many less-developed Amazon soils.
. Moisture levels also appear to be important in
8 fstermining soil composition, and there is a
sugh correlation between moisture levels and
silica content of Amazonian soils [Stallard,
]. The most aluminous soils are found in
1l1-drained localities and in reglona having
al wet-dry climates with a pronounced dry
4§ season. Kaolinite—quartz soils are especially
511l developed in regions where the dry season is
vt so marked. In poorly drained localities
#éthin the region of continuously wet climates
inich straddles the equator, quartzose podzols
found.
| The very slow dissolution of quartz combined
#iith the mobilization of Al and Fe by organic
smplexing agents probably are major factors in
he development of the more siliceous soil suites
stallard, 1987]. Quartz dissolution is clearly
rtant during weathering in lowland areas, as
‘s avidenced by the breakdown of soil quartz
rains into fine particles [see Pasquali et al.,
1572], extreme etching of soil quartz grains [see
irantley et al., 1986], and solution pitting of
ver sands [see Potter, 1978]. If one assumes
“hat quartz dissolves to roughly the same extent
r volume of water passing through the soil,
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then the trend to less Al and Fe in soils with
increasing wetness would correspond to higher Al
and Fe mobility. This is reflected in the high
Al and Fe content relative to S5i ((Fe+Al)/Si >
0.2) of river waters in the wettest areas [Stal-
lard, 1987].

The suspended loads of lowland rivers, like
the most common lowland soils, are especially
rich in kaolinite and quartz. TIllite and gibb-
site are less abundant [Gibbs, 1965, 1967; Irion,
1976, 1984b; Stallard, 1987]. Smectites are only
abundant in the southwest lowlands where rela-
tively recent volcanic ash falls may be important
[Irion, 1976]. All river sands are very quart-
zose [Potter, 1978; Franzinelli and Potter,
1983]. Iron coatings are seen on particles in
the less acid (pH > ~5) rivers.

In contrast to lowland rivers, 2:1 clay mine-
rals are sbundant in sediments in rivers draining
the Andes and some foreland uplifts. Tale,
micas, illites, vermiculites, and smectites have
been identified [Gibbs, 1965, 1967; Irion, 1976;
Stallard, 1987]. Tale and micas are probably
intact primary minerals. Illites and vermicu-
lites may reflect some degradation of micas. The
smectites are widely distributed but are espe-
cially abundant where deposits of volecanic ash
occur. OSmectites are therefore the only 2:1
clays in Andean rivers that clearly result from
the degradation of primary minerals other than
mica. Kaolinite is found in the suspended load
of most Andean rivers.

Erosion in the Andes is suffieciently rapid
that unstable primary minerals in bedrock are not
completely broken down chemically. Primary mine-
ral and lithic fragments are common in the sand-
sized bed material [Franzinelli and Potter,
1983], and the suspended load [Gibbs, 1965, 1967]
in Andean rivers.

Mass Balance Model for Silicate Weathering

Kaolins and smectites are the principal secon-
dary clays to be considered in Amazonian waather-
ing. Two simple mass balance parameters, the al-
kalinity: Si ratio and the Na:Si ratio have been
used as a test of whether smectites are forming
during the weathering process [Feth et al., 1964;
Polzer, 1967; Garrels, 1967]. Both ratios are
higher in soil solutions when a smectite rather
than a kaolin is the weathering product. The al-
kalinity:Si ratio is obviously not directly usa-
ble where carbonates are also weathering. Mey-
beck [1979] used the alkalinity:Si ratio after
correcting for carbonates in preparing his global
mass balance of dissolved inputs to the ocean.
He assumed that the ratio is 1:2 for siliecate
weathering in the tropics, reflecting the predom-
inance of kaolinite formation, while in cooler
climates it is 1:1, reflecting montmorillonite
formation.

The ratios of silica to cations in solutions
derived from leaching lowland soils are expected
to differ markedly from those derived from Andean
soils. This is because the secondary 2:1 clays,
like those in Andean soils, retain the major cat-
ions in exchange sites, retain Mg and Fe in lat-
tice sites, and generally have a higher Si:Al
ratio than kaolinite. Tardy and Fritz [1981]
argue that the compositions of typical 2:1 clays
(containing Si, Al, Fe2*, Fe3+, Mg, Ca, K, Na, O,
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H) can be formulated in terms of solid solutions
having 16 end-members. Muscovites (H"’-Si;&lg()m
(0H)2) have the lowest Si:Al ratio (1:1) of these
end-members, the same value as kaolinite (A1,Sip
05(0H)4). Beidellites (H.33+-A1 .33513 67019
(OH)2) have the lowest Si:Al ratio 6‘11:7) of all
the smectites. Tdeal nontronite (M, z3z*-FepJ+
Al 33813 £7010(0H)2) and montmorillonite (M, 33*-
ﬂg.33ﬁl1.57814010(0HJ2). like all smectites with
Fe and Mg substitutions in their 1lattice, have
atill higher Si:Al ratios (11.1 and 12:5, respec-
tively).

Unlike Ca and Mg which have major carbonate
sources, Na and K receive major inputs only from
cyclic salts, silicate weathering, and halite
dissolution. The effects of cyclic salt inputs
can be corrected for ("#" superseript; see Stal-
lard and Edmond [1981, 1983] for procedure), and
the Na* derived from halite can be removed by
subtracting Cl* (Nagijjeate = Na*=Cl*). Rivers
draining massive halite deposits cannot be exa-
mined using this procedure, however, because when
Na is greater than 1000 mol/L the analytical
error propagated through this halite correction
is unacceptably large (> 10% of Si).

A mass balance scheme to use dissolved Si, K,
and Na to study incongruent silicate weathering
reactions is easily formulated. In the case of a
primary mineral (subscript "p") going to a secon-
dary mineral (subscript "s"), the dissolved (sub-
script "d") sodium plus potassium ratio to silica
ratio [(Na+K):Si]y can be calculated using the
following formula, assuming that aluminum is
immobile:

[(Na+K):A1]p = [(Na+K):Al]g 7)

[ST:A1]; - [S1:Al],

When this formulation is extended to bedrock
(subseript "b") going to a secondary mineral
suite (subseript "w"), quartz (subscript "q")
dissolution must be taken into account:

[(Na+K):Si]lgq =

[(Na+K):Ally - [(Na+K):Al],
[STiALTp-X[S1g Al Tp-[SL:A1 T,

X wvaries between 0 (complete dissolution of
quartz) and 1 (no dissolution of quartz). These
formulas can be used to prepare a number of refe-
rence reactions of minerals and bedrock for gra-
phical presentation of water chemistry data.
Inspection of these equations shows that the
incongruent weathering of minerals or rocks with
particularly high [(Na+K):A1] ratios and particu-
larly low Si:Al ratios will produce solutions
with high [(Na+K):Si]4q ratios. The breakdown of
all other common minerals to the same mineral
suite will produce solutions with lower [(Na+K):
Sil4q ratios. This providea a means of delimiting
permissible solution compositions associated with
gpecific soil mineral suites. The common mine-
rals which produce the highest [(Na+K):8i]y ra-
tios are alkali feldspars [(Na,K)A15i30g] and
muscovite [KSizAlz04g (OH)2]. Uncommon minerals
including paragonite [NaSizAls040(0H)p], Leucite
[KA1S1506], (Na,K)-nephelines [(Na,K)A1S104], and
(Na,K)-zeolites [(Na,K)AlSi50g+2Ho0] would pro-
duce even higher [(Na+K):Si)gq ratios, but they
will not be considered. The breakdown of feld-
spars to kaolinite is an especially useful refer-
ence reaction because the ratio [(Na+K):Si]y is

(8)

[(Na+K):81i]4q =

always 1:2, since the ideal reaction for anér
thite to kaolinite releases no Si, Na or Ki
solution: ;

HoO + 2H* + Cak128120g =>
Cas* + AlpSi05(0H),

Discussion of Silicate Weathering

Figure 5 is a ternary diagram which
31, K* and (Na*-Cl*) for waters from the
system along with fields that correspond to:
tain siliceous rock and mineral weathering
rios. The lines are calculated from (7) for
weathering of feldspars or Na-feldspar plus
covite mixtures to gibbsite, kaolinite, beis
lite, or montmorillonite. When a sample fall
the high-silica side of a line, its compesi
is consistent with the formation of the secon
clay described by that line. The only way f%
sample plotting below the line to be consis
with the formation of a specific clay would
invoke the weathering of minerals with t
[(Na+K):Al], ratios and lower [Si:Al]; ra
than a Na-feldspar plus muscovite mixturs,
is very unlikely in view of the geology. Smalls
ovoid fields are calculated using (8) for
weathering of common igneous rocks to
goil suites.

The interpretation can be refined somewha
analyzing the data in light of the thermod
stability of gibbsite and quartz. Reecall
these models are only a guide as to what is
tically permissible. Many very old (>10 Ma)
zonian soils, for example, contain the
namically impermissible suite quartz-kaolis
gibbsite; thus some reactions are clesarly
slow. In Figure 6, Si is plotted agains
(Na*-C1%). The stability fields for gib
kaolinite, and quartz depend only on Si(
activity. These fields have been drawn, as
the Na-feldspar plus muscovite to kaolinite 1
characterized by Si = 2(Na*-Cl*), In addi
regions, calculated from (8), corresponding
the formation of soil suites derived from cor
igneous rocks are indicated. There is very 1
tle overlap between these fields. Samples wi
short bar underneath fall between the feldspar
kaolinite and the Na-feldspar plus muscovite
kaolinite lines in Figure 5. Note that gibbs
may be thermodynamically stable in at best one
sample. This does not preclude its formation,
which could happen in the uppermost parts of soil
profiles, but it is certainly consistent with Lf
low level of abundance in the river solid load
Quartz, however, is undersaturated in a number ¢!
samples. The commonness of the quartz-kaolinits-
gibbsite association in very ancient soils suf
gests that these reactions are exceedingly slow
Andean data show no relationship of Si &
(Na*~C1#*), and many data plot below the Na-fali-
spar plus muscovite to kaolinite trend.

The marked separation of lowland from Andess
data in Figures 5 and 6 is consistent with sol
mineral suites described for the respectisn
areas. Most Andean samples plot below the li-
feldspar plus muscovite to kaolinite line in Fiz
ures 5 and 6. This can only happen if the pr
duction of 2:1 clays is important and agrees
the presence in these rivers of smectites
illites, and vermiculites (some part of which &
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, 5. Ternary diagram relating dissolved Si, K¥, and (Na*-C1*) in the Amazon and
noco basins. The "*" refers to cyclic salt corrected values [see Stallard and
1983]; Cl* has been subtracted to correct for halite inputs. Si, K* and
#-C1*) presumably relate to inputs from silicate mineral weathering. The lines
sspond to various weathering reactions ecalculated using (7). These were chosen to
. the highest Si:(K*+Na*-Cl*) ratio for reactions involving common minerals and
ting in the particular product. Data falling on the low-silica side of a reac-
line are not consistent with that reaction. In addition, water composition
1ds calculated from (8) for various reaction scenarios involving common igneous
ks going to typieal soil suits are indicated. Rock compositions were taken from Le
tre [1976, appendices 8-16, 23-28], who includes C.P.I.W. norms for quartz content.

Smbols are defined in Figure 3.
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Pg. 6. Si versus (Na*-C1*) for Amazonian surface waters. The value for quartz
‘saturation was taken from Brantley et al. [1986]. Estimates for the silica concentra-
tion for gibbsite-kaolinite equilibrium vary widely, from 7-70 mol/L Si(OH)4, and an
intermediate value of 35 mol/L was chosen [see Garrels, 1984]. Samples with 1&:9 short
bar underneath fall between feldspar to kaclinite and the Na-feldspar plus muscovite
to kaolinite lines in Figure 5. Symbols are defined in Figure 3.
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be products of physical erosion). Note that some
Andean samples fall batween the Na-feldspar plus
muscovite to kaolinite line and the feldspar to
kaolinite line. In thess, 2:1 elays do not have
to be forming, but the reaction muscovite to kao-
linite would have to be important. Silica levels
in the Andean rivers are no higher than those in
the most concentrated lowland rivers. This sug-
gests that high levels of cations rather than of
3ilica are driving the formation of 2:1 clays in
the Andes. The formation of these clays would in
turn limit the silica concentrations.

Two factors may lead to high levels of solute
cations in Andean soila. First, most of the sam-
ples where the formation of 2:1 clays is indica-
ted are from catchments having marine asediments,
red beds, or volcanic ash deposits, all of which
contain easily weathered minervals capable of
releagsing abundant cations. These lithologies,
however, are not common in other parts of the
Amazon basin. Second, the presumed higher solute
concentrations in waters in Andean soils may re-
sult from the evaporative concentration of water
migrating down the long vegstated slopes [Stal-
lard, 1985]. Evaporative concentrations of water
can occur when the efficiency of evapotranspira-
tion increases downslope due to more vegetation
{more reliable water supply) and higher tempera-
tures [ecf. Carson and Kirkby, 1972].

Outside of the Andes, data are consistent with
the genesis of so0il mineral suites ranging from
kaolinite plus quartz to the complete dissolution
of bedrock and/or gibbsite formation. The obser-
vation that data plot close to the igneous rock
to kaolinite fields is certainly in agreement
with the prevalence of kaolinite in soils and
river sediment.

Chemical trends for these data can be inter-
preted in terms of weathering rate, Presumably,
since runoff does not vary widely over the basin,
sample concentration is simply related to weath-
ering rate or mobilization rate for a given
element. Note +that in Figure 6, Si increases
with increasing (Na*-Cl1*), while the Si:(Na*-Cl¥%)
ratio gradually drops. At the same time, refer-
ring to Figure 5, the K¥*:(Na*-Cl*) ratio and the
Si:(K*+Na*-Cl*) ratios also drop. Where weather-
ing is sufficiently rapid, cation and silica con-
centrations are high, kaolinite forms, and quartz
ia stable. Where weathering rates are lower,
parhaps because of thicker soils or soils with
indurated zones (e.z. the podzols) silica conecen-
trations decrease, and quartz dissolution can
atart contributing additional silica. At this
point there is no limit to the Si:(Na*-Cl*) ra-
tio, especially where weathering occurs on quart-
zose substrates. Eventually, with sufficiently
low concentrations of silica, kaolinite is no
longer stable, and any rock that is exposed to
weathering can presumably have all its silieca
dissolved, leaving either gibbsite or nothing.
The proportions of Fe and Al to other major dis-
solved elements in some of these rivers are close
to those in average shield rocks, suggesting that
bedrock is actually dissolving completely [Stal-
lard and Edmond, 1983].

Stallard and Edmond [1983] observe that the
ratio of dissolved (Na*-Cl*) to K* in Andean riv-
ers 1s considerably higher than would be expected
if bedrock weathered completely. This presumably
reflects a greater resistance of K-feldspar and

micas to chemical breakdown and their enrichment
in the river solid loads during rapid erosion |
Recall that illite is a minor component of the |
solid load of many lowland rivers, implying that
some fraction of K 1is being eroded in a solid.
form outside of the Andes. The increasing
K*/(Na*-C1¥) ratio in Figure 5 with decreasing?
erosion rate (higher S5i:(Na¥*-Cl*) ratio) may
reflect more efficient breakdown of micas and}
thus more complete leaching of K into solution.

Conclusion

Chemical mass balance models, constrained by
geologic data and thermodynamic models, provide &
consistent description of the weathering proge:
ses that occur in the Amazon Basin. These
sults indicate that thermodynamic models can
used to constrain the interpretation of riv
chemical data even though, in a strict sens
their application is not proper. In partic
carbon dioxide loss to the atmosphere and a
responding pH rise does not appear to be a prol
lem for modeling. Most surface water samg
have P(‘.02 and pH values in the range of those
soils, because of high levels of respirati
high-productivity lakes and turbulent rivers
exceptions.

Calcium, magnesium, sulfate, and alkal
inputs in concentrated waters (TZ+ > 400~
eq/L) come from the weathering of evaporite u
rals, sulfides, and carbonates [Stallard and
mond, 1983)}. The inputs of calcium, magnes
and alkalinity from exclusively carbonate
rains are limited by calecite, and perhaps by
lomite, saturation. When evaporites are pre
however, only the alkalinity inputs are so
ted because of additional weathering sources
caleium and magnesium inputs. kL

Dissolved silica, potassium, and sodium can
used to define mass balance relationships that
turn establish the nature of the clay umins
suites which are consistent with solute compos
tions. Use of thermodynamic constraints,
fically kaolinite and quartz stability, as
in data interpretation. The attainment of
modynamic equilibria does not appear to cont
water composition. Instead, differences in
logy and kinetic factors, described in terms
transport-limited and weathering-limited eros
influence possible reactions and exert domin
control.

In the Andes, cation-rich 2:1 layer clays
ba forming, while elsewhere in the basin, f
tion of 2:1 clays appears to be important,
cation-depleted phases such as kaolinite are
minant. Si concentration, and presumably rag
nal weathering rate, increases with (Na*+Kﬁ4%
At the same time, Si:(Na*+K*-Cl*) decreases.
low weathering rates, all common primary miner
exposed to weathering are broken down to rele
silica and cations; both kaolinite and quartz
not appear to be stable. The lack of ab
pure sesquioxide soils indicates that (Fe,)
gesquioxides are unstable as well. At
weathering rates enough silica is available
stabilize kaolinite, then quartz. The stab
tion of Si-bearing phases is reflected by a d
in the Si:(Na*+K*-C1¥) ratio. Finally, in.
Andes samples, high cation levels result in
formation of the silica-rich 2:1 clays, and



ar relationship bastween Si and (Na*+K*-Cl%)
arates. The presence of unstable litholo-
notably evaporites, carbonates, and volca-
ash, under weathering-limited erosional con-
ons is the main factor that distinguishes the
thering environment of the Andes from the rest
the Amazon basin, where unstable ecation-rich
hologies are rare.

. The weathering reactions that control erosion
tes in the Andes are probably carbonate disso-
tion and the breakdown of calcium and sodium-
ing silicates. 1In the case of carbonates,
olution reactions approach equilibrium with
¢ite, and erosion can proceed as rapidly as
ssolved erosion products are removed. This
suld apply to both pure carbonate terrains and
3 carbonate-cemented clastic rocks. The low
jca level in Andean rivers indicates that in
sclusively siliceous terrains, equilibria with
rock minerals and concomitant removal of dis-
dilved products, in a manner analogous to carbo-
t%tes, is not rate limiting. TInstead, it seens
a likely that reaction rates are controlled by
tes of water penetration of soils and bedrock.
low weathering rates seen outside the Andes
a probably hydrologically controlled and rela-
to the development of thick or indurated
ils under transport-limited conditions.
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