mixture of DPPC and Bodipy-PC molecules under
the influence of the electric field, resulting in the
concentration gradient of Bodipy-PC in LE do-
mains near the boundary of LC domains. Even
though the monolayers were sampled only from
compression cycles and were not compared with
the samples from expansion cycles, we believe that
the partition of fluorescent molecules had reached
equilibrium at the moment of transfer. The interval
between compression and transfer (several min-
utes) was enough time for the distribution of fluo-
rescent molecules to reach equilibrium through dif-
fusion. The diffusion coefficient of DPPC in the LE
domain is 107 to 1078 cm?/s.

16. Averaged half-decay lengths (the lateral distances
where the fluorescent intensities fall to half those of
the maxima) determined from the cursor profiles

:

across the domain boundaries for the monolayers
sampled at 7 = 7, 10, 20, and 30 mN/m were 661 +
133, 181 *= 38, 65 *= 15, and 37 * 8 nm, respec-
tively, in DPPC/Bodipy-PC samples and 345 * 31,
143 + 38,57 = 17, and 56 * 13 nm, respectively, in
the samples with an additional 0.5 mol % of gangli-
oside Gy;q-

17. E. Betzig and R. J. Chichester, Science 262, 1422
(1993).

18. The peak signal from a single lipophilic carbocyanine
dye, dil-C,4(3) (Molecular Probes, D-282), molecule
in a transferred DPPC monolayer was ~250 counts
per second (cps) per nanowatt of tip power, which is
~20% of the typical value for a single molecule em-
bedded in polymethylmethacrylate (77). This implies
a quantum yield of ~0.2 for a Bodipy in the mono-
layer, resulting in the equivalent emission signal of

Rapid Clay Mineral Formation in Amazon Delta
Sediments: Reverse Weathering and
Oceanic Elemental Cycles

Panagiotis Michalopoulos and Robert C. Aller*

Formation of aluminosilicate minerals in marine sediments was proposed over 30 years
ago as a potentially important control on the chemistry of the oceans. Until now, this
reverse weathering process has been largely discounted because of insufficient direct
evidence for its existence. Experiments with unaltered, anoxic, Amazon delta sediments
showed that substantial quantities of K-Fe-Mg clay minerals precipitated on naturally
occurring solid substrates over times of ~12 to 36 months at ~28°C. A range of
pore-water, solute-flux, and solid-phase criteria indicates that comparable clay mineral
precipitation processes occur throughout Amazon shelf sediments, contributing =3
percent of the weight of the deposits and consuming ~10 percent of the global riverine

K* flux.

The rapid formation of authigenic clay
minerals during early sedimentary diagen-
esis was originally hypothesized as a likely
process substantially influencing oceanic
chemistry and closing a variety of elemental
cycles through reverse weathering (1). The
concept has not gained wide acceptance
because of the lack of direct evidence for
precipitation of such minerals in major del-
tas. Discovery of massive hydrothermal cy-
cling of elements at midocean ridges has
also decreased the obvious necessity for sed-
imentary sinks for certain solutes in geo-
chemical budgets (2). However, problems
concerning the geochemical balance of sev-
eral major and minor elements still exist
and can be overcome if early diagenetic
formation of aluminosilicate minerals is as-
sumed (3).

Authigenic glauconitic green clays form in
small but concentrated amounts in continen-
tal shelf sands, upwelling areas, and sedimen-
tary microenvironments, but such clays are
usually considered relict, forming over thou-
sands of years (4). Low-temperature authi-
genic smectites are also known to form from
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siliceous biogenic debris and metal oxides in
local regions influenced by hydrothermal met-
al sources (5). Evidence for clay formation in
nearshore depositional environments with
high sediment accumulation rates has been
indirect and has usually been inferred from
observed trends in pore water solutes (K, F,
Mg, and Al) or from small changes in solid-
phase elemental compositions and operation-
al leaches (6-8). In these latter cases, trans-
ported debris dominates accumulated material
and makes documentation of disseminated au-
thigenic clays difficult. In a few cases, direct
evidence for nearshore early diagenetic clay
formation (for example, the presence of non-
tronite, illite-smectite, and berthierine) has
been found (9, 10). The presence of authi-
genic clays documented to date in a range of
environments therefore makes it certain that
such minerals can form under the right con-
ditions. The major questions that remain are
whether the formation of such phases is rapid
and whether it is geochemically significant.
As part of a general study of diagenetic
processes in Amazon delta sediments, we in-
vestigated the potential formation of authi-
genic minerals during deposition (I11). The
Amazon River contributes ~6% of the total
river particulates delivered annually to the
oceans (12). Most of the Amazon river sedi-
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ment is deposited on the adjacent continental
shelf as a prograding delta. The suspended
matter in the river is primarily of Andean
origin (~82%) (13). The remainder is con-
tributed by weathering in the Amazon drain-
age basin and consists of cation-poor (such as
kaolinite and amorphous material) and cat-
ion-rich (such as smectite) aluminosilicate
particles and of Si,Al,Fe oxides and oxyhy-
droxides as discrete particles and particle coat-
ings (10, 14). Upon entering the ocean, this
material is mixed with reactive planktonic
debris (organic carbon and SiO,) and under-
goes a variety of diagenetic changes, including
extensive mobilization of Fe and Mn (15).
We simulated the conditions under
which authigenic mineral precipitation
must take place in a series of sediment
incubation experiments that allowed ready
separation of reaction products from the
sedimentary matrix. To do this, we inserted
small quantities (~0.5 g) of well-character-
ized solid substrates directly into otherwise
unaltered Amazon delta sediments. Sedi-
ment was collected from the upper ~1 to 2
m of both inshore and offshore delta sites by
means of box and kasten-type gravity cor-
ers. Except for possible diffusive exchange
with overlying water or physical reworking
by currents, material was subsequently
maintained under conditions typical of
burial in the delta. Substrates were (i) stan-
dard kaolinite, representative of the cation-
poor aluminosilicate material that is one
product of the tropical weathering regime of
the Amazon basin; (ii) quartz sand grains,
also a typical transported sediment compo-
nent; (iii) FeOOH-coated quartz grains,
representative of lateritic debris and com-
monly present in these sediments; and (iv)
glass beads, simulating amorphous silica di-
atom frustrules, a biogenic product of pho-
tosynthesis in the water column that is
deposited in Amazon delta sediments (16).
Each substrate type was attached by a thin
film of epoxy onto an acrylic slide, covered
with a 0.4-pm nuclepore membrane filter
and a nylon mesh outer screen, and inserted
into the center of 250- to 1000-ml plastic
bottles filled with natural Amazon delta
sediment (wet and unaltered). Bottles were
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filled and sealed under N, and anoxically
incubated in larger, sealed glass jars at 28°C
for 12 to 36 months. The precipitation
probe substrates were retrieved from the
sediment under a N, atmosphere, washed
with O,-free filtered seawater, and briefly
equilibrated with O,-free distilled, deion-
ized water in order to eliminate seawater
salt precipitation during subsequent freeze-
drying. Isolated substrates were stored under
N, until further solid-phase analysis.

Under the scanning electron microscope
(SEM), substrates (ii) and (iii) showed ex-
tensive precipitation of aluminosilicate ma-
terial between substrate mineral grains as
well as on both sides of the nuclepore fil-
ters. In the case of glass beads, precipitate
formed predominantly on the filter mem-
brane. Extensive dissolution of beads was
found in all the experiments, and in many
instances the glass had completely dis-
solved. The kaolinite grains were disinte-
grated but no enrichment in cations was
evident from microprobe analysis. In the
FeOOH-coated quartz substrates, we ob-
served alteration of the external parts of the
FeOOH coating to a Si-Al-Fe-rich phase
with traces of other cations. This was prob-
ably the result of a reconstitution reaction
similar to those documented in natural
coated particles from the same area (10).
Enrichment in P was also detected.

In the quartz grain and FeOOH-coated
quartz grain substrates, the precipitate filled
the space between the grains, forming a
mesh constructed from 1- to 10-um indi-
vidual crystallites (Fig. 1A). The crystallites
had a curved platy morphology (Fig. 1B)
with extensive development of the ab
plane. Transmission electron microscopy
(TEM) observations showed that some of
the platy crystals had a subeuhedral
pseudohexagonal morphology (Fig. 2) (17).
X-ray powder diffraction analysis (wave-
length = 1.14857 A, from a synchrotron
source) of the precipitate indicated the
presence of a 10.0 A peak and a broad 7.16

A peak. Higher order peaks are broad and
are indicative of a disordered structure (18).
Some alteration of the minerals due to de-
hydration during sample preparation
(freeze-drying) is likely. Energy-dispersive
system (EDS) analyses and single-crystal
TEM-EDS spectra show Si, Al, Fe, K, and
Mg as the predominant cations in most
crystals. The Al, Fe, and K content varied
substantially between individual crystals.

These observations indicate that the
precipitates are clay minerals. We ascribe
the 10.0 A type to a dominant K-Fe-rich
phase, which is consistent with a mica-type
clay mineral. The 7.16 A peaks probably
belong to a less abundant Fe-rich, K-poor
phase. We also conducted wave-dispersive
system (WDS) electron microprobe analy-
ses on precipitates. These analyses probably
represent an average composition of a mul-
ticrystal assemblage rather than a single min-
eral crystal (19). Elemental analyses were
converted to structural formulas with the
assumption of a total anion charge of —44
typical of a mica-type clay mineral. The
average structural formula is: (Kgo¢Nay os)-
(Al 57Fe %0 ooMgj 30Tig 03)(Sig 47Al, 53)-
O,o(OH,F,Cl),. We assume that most of the
iron is present in the mineral structure in the
form of Fe*?2, because the sediments are an-
oxic and are characterized by high concen-
trations of dissolved Fe*?, a typical property
of Amazon shelf sediments (15, 20). Traces
of Ca and Mn were also detected. NH, ",
which is abundant in the pore waters, is
probably also present in the clay but was
not measured. Comparison with reported
chemical compositions of other Fe-rich,
K-rich, mica-type clay minerals such as
glauconite (21) shows that the precipi-
tates are depleted in Fe and enriched in
Al

The incubation experiments directly dem-
onstrate the potential for rapid precipitation
of clay minerals in Amazon delta sediments
and indicate their likely structure and average
composition (22). A variety of additional field

I0kV X15,008

Fig. 1. (A) SEM picture of three-dimensional mesh precipitate of authigenic clay, formed between quartz
sand substrates after ~18 months of incubation (scale bar, 10 pm). (B) SEM picture of authigenic clay
crystallites demonstrating apparent monomorphological character with a curved flake shape (scale bar,
1 wm). The average structural formula given in the text was derived from microprobe analyses of

comparable multiple crystals.
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evidence suggests that substantial disseminat-
ed authigenic clay that is consistent with the
experimentally observed composition does in-
deed form. Pore water profiles in Amazon
delta topset beds show depletion of F~and K*
with depth, despite rapid physical reworking
of the upper ~1 to 2 m of the seafloor (8). On
the basis of pore water transport models, di-
rect measures of reaction rates, and operation-
al solid-phase leaches, Rude and Aller esti-
mated that ~7% of the riverine F~ supply to
the oceans is taken up on the Amazon shelf
and that formation or reconstitution of clay
minerals is the most probable cause of both F~
and K* uptake (8). Estimated F/K flux ratios
were in the general range expected for the
occurrence of clay mineral precipitation.

The compositions of aluminosilicate mate-
rial that we observed on the precipitation
probes agree with these previous inferences.
The F~ content of the experimental precipi-
tates is in the range of 0.0146 to 0.3056 mole
percent (mol%), with an average value of
0.148 mol%. The potassium content of the
precipitates ranges from 3.9 to 11.0 mol%,
with an average value of 6.98 mol%. Com-
pared with other K-rich clays (transported
illites), the neoformed clays are depleted in K.
This apparent depletion could be the result of
the presence of a K-poor phase that might
have contaminated the analysis or could re-
sult from the presence of a mixed-layer clay
mineral. Alternatively, it can be explained by
a process similar to but more rapid than the
one proposed by Odin and Matter for the
neoformation of glauconite (21). They pro-
posed that the first material precipitating from
solution is poorly crystallized, K-poor, and
Fe-rich with a high layer charge and that the
precipitate evolves with time to a better crys-
tallized K-enriched phase.

Simple mass balance calculations from
the available fluorine flux data and the
chemical composition of the precipitates
indicate that neoformation of K-rich clay
minerals in the Amazon delta has implica-
tions for the global K and F budgets. The

0.5um
Fig. 2. Bright-field TEM image of Fe-rich precipi-
tate. The crystallite exhibits a pseudohexagonal

morphology and is composed of smaller pseudo-
hexagonal crystals (scale bar, 0.5 pm).
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flux of fluoriné into the sediments predicted
from pore water profiles (nonsteady-state
minimum) ranges from 28 to 268 mmol m?
day~!. The estimated average annual fluo-
rine sink in these sediments, calculated
solely from aerially weighted pore water
profile fluxes, is 2.6 X 10° mol year™ (23).
The average F/K ratio measured on the
neoformed clays is 21 mmol mol™!, with a
range of 4.4 to 41.37 mmol mol™". If this
average compositional ratio holds for authi-
genic precipitates on the shelf, the annual K
sink in Amazon continental shelf sediments
amounts to 4.8 X 10'? g, representing
~10% of the annual riverine K supply to
the oceans (24). This process of K uptake
likely occurs in other depositional environ-
ments. Tropical river systems in general
deliver ~60% of the continental particle
flux to the oceans, and their muddy deltas
may have similar diagenetic characteristics
to that of the Amazon. Thus, the formation
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Fig. 3. (A) Representative pore water concentration
profile of dissolved Si(OH), in a piston core from
station 4213, Open Shelf Transect 3 (OST-3), ob-
tained from the high-accumulation-rate region of the
Amazon delta topset deposits. Concentrations are
typically 100 to 200 uM in the upper ~1 to 2 m of
sediment over much of the delta topset region and
tend to be ~300 pM at depth.The water column
value (~5 pM) close to the sediment-water interface
is shown by a solid triangle. (B) Frequency histogram
of net diffusive fluxes of dissolved Si(OH), across the
sediment-water interface obtained by incubation
cores (24 hours) at eight stations. Stations were
sampled seasonally at four different times. Inshore
stations often show net uptake of Si(OH), from over-
lying water despite the absence of benthic photosyn-
thesis. The mean annual flux from the delta deposits
is ~1.3 mmol m~2 day~".
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of K-rich clays in shelf environments with
high sediment supply combined with pro-
cesses of K uptake during low-temperature
alteration of the upper oceanic crust (25)
may contribute substantially to balancing
the global budget of potassium.

Clay mineral formation and FeOOH
coating alteration reactions require sources
of both Al and Si. The incubation experi-
ments demonstrate that Al must readily mi-
grate in solution in order to pass the precip-
itation probe membranes. The source of Al
must be the dissolution of relatively unstable
amorphous Al oxides or other highly weath-
ered aluminosilicate material (26). Because
there is no evidence for unusually high con-
centrations of dissolved Al in Amazon delta
sediments, there must be a close coupling of
dissolution and reprecipitation reactions
without buildup of dissolved Al intermedi-
ates. It is clear, however, that although Al
may not migrate large distances, a portion is
reactive. The common apparent immobility
of Al does not preclude its involvement in
near-simultaneous  dissolution-precipitation
processes.

There are a number of indications that
the major limitation on authigenic clay min-
eral formation in Amazon delta sediments is
likely to be the supply of reactive silica. The
dissolution of glass beads in the precipitation
experiments suggests that clay mineral pre-
cipitation results in substantial undersatura-
tion of pore waters with respect to amor-
phous silica. Measured levels of dissolved
silica in Amazon shelf pore waters are typi-
cally <200 pM over the upper ~1 m and
often reach only ~300 uM at depths up to
~8 m, which are some of the lowest concen-
trations reported from marine sediments and
are substantially below opaline silica solubil-
ity (Fig. 3A). In addition, diffusive fluxes of

dissolved silica across the sediment-water in-

terface are among the lowest ever measured
in shallow marine environments and often
show uptake from the water column, partic-
ularly in regions underlying turbid inshore
waters of low productivity that are away from
the dominant offshore sources of diatom de-
bris (Fig. 3B). Although there is a large flux
of diatomaceous debris to the bottom, little
is preserved or buried as such (27). At least a
portion of the solid biogenic silica flux may
be converted into authigenic clay. The pro-
posed control of biogenic silica over the
amount of authigenic clays formed has im-
plications for the geochemical budget of sil-
ica. If such control is confirmed in the fu-
ture, it would result in the addition of authi-
genic clay formation to the known list of
biogenic silica sinks in the oceans (28).
The pH of Amazon sediment pore wa-
ters is in the typical range of ~7.2 to 7.4
and is not particularly corrosive to siliceous
debris. One possible mechanism for Si mo-
bilization in the incubations and under field
conditions comes from the known coupling
of Fe redox cycling with Si (from quartz and
diatom frustules) dissolution (29). This cou-
pled mechanism is particularly viable in
Amazon shelf sediments, where Fe cycling
during organic matter remineralization
dominates early diagenetic properties, and
the extensive physical reworking of sedi-
ments causes repetitive redox oscillations,
regenerating FeOOH. The dissolution-pre-
cipitation process, balanced for the stoichi-
ometry of the neoformed clay minerals in
Amazon delta sediments, is shown in Fig. 4.
As the Si, Al, and Fe reactant sources are
essentially highly degraded weathering prod-
ucts, the general schematic reaction may be
viewed as a form of reverse weathering. Re-
constitution reactions of less degraded
weathering products almost certainly also oc-
cur. These reactions likely result in dissemi-

Release of reactants to solution (1)

6.47SI0, + 4.8AIOH), + 0.9Fe(OH), + 0.225C

+ BHCO,~ + 12.49H,0 —

org

6.47Si(OH), + 4.8Al(OH),~ + 0.9Fe*2 + 3.225C0O,
Clay mineral neoformation (2)
6.47Si(OH), + 4.8A(OH),~ + 0.9Fe*2 + 0.96K* + 0.39Mg*2 + 0.05Na*

+ 0.08Ti(CH), + 1.19CO, —

(Ko.06N@g 08)(Al3 27FE 25 6oMTg 39 Tlo 03)(Sls 47Al 53)Op0(OH), + 1.19HCO,™ + 20.01H,0
Net reaction (3)
6.47SI0, +4.8M(OH), + 0.9Fe(OH), + 0.225C,, + 0.96K* + 0.39Mg*? + 0.05Na*

+ 0.03Ti(OH), + 1.81HCO;~ —

(Ko.06Nag 05/ Al 57Fe™ 25 66MTg 30 Tl 03)(Sig 472l 55)020(OH) 4 + 2.035CO, + 7.52H,0

Fig. 4. Likely schematic reactions that lead to the neoformation of clay minerals. SiO, derives from
skeletal material or other sources (such as quartz dissolution during redox oscillation); Al(OH); comes
from Al-oxide dissolution. Aluminosilicate dissolution is another potential source of Aland Si. Even though
dissolution of an aluminum phase was not directly observed in our experiments, previous studies from the
same region have demonstrated that such a process occurs (6). Fe*2 is from Fe reduction coupled with
organic matter oxidation; K, Na, and Mg come from seawater; and Ti comes from dissolution of a
Ti-bearing solid phase. Comparable reaction schemes for the formation of authigenic nontronite and
ilite-smectite have been proposed for sediments in Kaneohe Bay, Hawaii (9). In this case, Mg, Ca, and (to
a lesser extent) Na and K showed depletions in pore water profiles and were present in the inferred
authigenic aluminosilicate phases. The aluminosilicate phases reacting were derived from basalt weath-

ering on land.
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nated authigenic clay minerals in a substan-
tial proportion of highly weathered conti-
nental debris and have important implica-
tions for global controls of elemental cycling.
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Limits to Relief
Kevin M. Schmidt* and David R. Montgomery

Comparison of slope profiles in areas exhibiting widespread bedrock landsliding with the
use of a model for the maximum size of stable hillslopes established that mountain-scale
material strength can limit topographic relief. Conventional laboratory values for intact
rock greatly exceeded integrative rock strength properties that were back-calculated from
the upper limit to hillslope relief and gradient in the northern Cascade Range and Santa
Cruz Mountains. Back-calculated strength values, however, were indistinguishable from
those obtained through field and conventional laboratory measurements on the weakest
members of each rock formation, as well as on glacial sediments along the Cascade front.
These results contrast with the conventional assumption that relief is incision-limited and
indicate that the relief of mountain ranges can reflect landscape-scale material strength,
as well as the interaction of tectonic and climatic processes.

Relief is a fundamental landscape attribute
that is widely recognized as reflecting the
interplay of uplift and erosion (1). The role
of material properties in relief development,
however, is poorly understood. The con-
ventional view that the relief of natural
landscapes is incision-limited (2) reflects
the observation that hillslope stability anal-
yses using intact rock strengths predict the
stability of cliffs kilometers in height (3).
However, rock mass strength decreases with
increasing spatial scale, because of the in-
fluence of spatially distributed discontinui-
ties (4), and it has been unclear whether
mountain-scale rock strength might be low
enough to limit relief in bedrock landscapes
(1). Through a regional field test of a slope
stability model, we demonstrate here that
mountain-scale material strength can limit
relief development in bedrock landscapes.
A model for bedrock landsliding pro-
vides a framework for prediction of the
maximum size of stable hillslopes or moun-
tain fronts and thereby for the evaluation of
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the influence of material properties on relief
development (5). As hillslope relief (H)
increases, topographically induced gravita-
tional shear stress across potential failure
surfaces increases until it exceeds material
strength and landsliding ensues. Culmann’s
two-dimensional, limit-equilibrium, slope
stability model (6), which has been widely
applied to unconsolidated deposits (7), pre-
dicts a bounding relation between hillslope
gradient (B) and relief such that the maxi-
mum hillslope height (H_) is given by

B ﬁ sinf cos ¢
Y [1 = cos(B — ¢)]

where c is cohesion, vy is unit weight, and ¢
is the internal friction angle. Hoek and Bray
(8) modified Eq. 1 to incorporate pore wa-
ter pressure, and Schmidt (9) integrated
seismic accelerations. Assigning a represen-
tative vy, we used Eq. 1 to calculate land-
scape-scale ¢ and ¢ from the upper limit to
the range of B and H within a landscape.
The actual material properties of incision-
limited landscapes will exceed back-calcu-
lated values of ¢ and ¢, which indicates that
bedrock strength could support deeper val-

c

(1)
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