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SUBMICROSCOPIC STRUCTURE OF Fe-COATINGS ON
QUARTZ GRAINS IN TROPICAL ENVIRONMENTS
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Abstract—Formation of Fe-coatings or segregation at the expense of quartz grains is a common process
in the tropical environment. Limited information is available about their internal structure at the submi-
croscopic level. The transmission electron microscope (TEM) and energy dispersive X-ray microprobe
analyses (EDXRMA) techniques were used to identify the nature and arrangement of fundamental mineral
particles within the Fe-coatings. Chemical and mineralogical studies showed that the coatings were com-
posed of well-crystallized Fe-oxides, quartz and kaolinite. The EDXRMA analyses revealed the presence
of linear concentrations (laminae) of nearly pure Fe oxide along the edges and the contact zone with
quartz and within the coatings. Similar atomic proportions of Al and Si in several areas within the interior
regions of coatings and the XRD pattern of the crushed coatings are supportive evidence for the presence
of kaolinite. Under the TEM, the dense laminae (<10 um thick) consisted of elongated Fe-oxide particles
(<1.5 um long and 0.2 pm thick) accommodated in subparallel arrangement. The interior areas had very
high porosity and, in addition to Fe-oxides, contained other minerals: mainly kaolinite, quartz and isolated
areas of Al-oxides. High amounts of ultramicroscopic pores (<0.5 wm) in the interior region suggested
that dissolution of Fe-oxides occurred under reduced conditions, with subsequent reprecipitation of pure
Fe-oxides in the laminae. Very low porosity and parallel arrangement of Fe-oxide particles (laminae)
provided new surfaces (barrier) for Fe-accumulation when soil solutions provided new influxes of iron,
thereby creating a thicker Fe-coating. The size and geometry of the ultramicroporosity were shown to
play a significant role in the dissolution and precipitation of soil minerals, especially those involved in
redox reactions.

Key Words—Electron Microscopy, Fe-coating, Fe-nodules, Fe-oxide Forms, Submicroscopic Structure,
Ultrathin Sections, X-ray Microprobe Analysis.

INTRODUCTION reduction to oxidation, Fe may become immobilized
(Krauskopf 1967).

Sposito and Reginato (1992) pointed out the impor-
tance of electron microscopic techniques, used in con-
junction with the quantitative energy-dispersive X-ray
spectral analysis, in evaluating the nature and behavior
of soil minerals. They suggested that there is a major
gap in understanding the composition of mixed solid-
phase minerals, their size, morphology and arrange-
ment in the soil matrix and the possible interactions
with the soil solutions and biosphere. Research on the
role of Fe-concentrations in adsorption of phosphorus
(Taylor and Schwertmann 1974; Tiessen et al. 1991)
and in the acceleration of iron pan formation by con-

Iron can accumulate in various forms in soils and
sediments that experience alternating wet and dry pe-
riods, which not only favor redox processes, but also
hydration and dehydration processes (Sherman and
Kanehiro 1954; Brewer 1976; Arshad and St. Arnaud
1980). In many Oxisols, sand-size quartz grains are
corroded and coated with Fe-oxides. In extreme cases,
the entire quartz grain is replaced by Fe-oxides. Es-
waran and Stoops (1979) pointed out that the corrosion
of quartz, despite the fact that it is a slow reaction,
could result in a steady supply of silica to the soil
system.

It is known that the particle size and morphology of
Fe-oxides are dependent on the precursor and condi-
tions of transformation (Schwertmann et al. 1977;
Lewis and Schwertmann 1979). Schwertmann and
Taylor (1989) discuss the environments favoring the
formation of various Fe-oxides. For example, silicate
anions usually coexist with Fe-oxides and retard or
inhibit the transformation of these minerals to more
crystalline products (Herbillon and Tran 1969;
Schwertmann 1985). Vempati et al. (1990) showed
that the morphology of hematite synthesized from fer-
rihydrite is influenced by the presence of SiO;2~. Mo-
bilization of Fe usually takes place through the reduc-
tive reactions. As the condition changes from that of

Copyright © 1996, The Clay Minerals Society

https://doi.org/10.1346/CCMN.1996.0440611 Published online by Cambridge University Press

tinuous rice paddy cultivation (Mohr et al. 1972) have
shown the need for the expansion of knowledge on the
fabric and mineralogical characteristics of these con-
stituents.

Bruemmer et al. (1988) indicated that knowledge of
porosity provided a better understanding of the prob-
lem of irreversibility of metal desorption hysteresis
during adsorption-desorption reactions. Studies on the
nature and arrangements of Fe-oxide accumulations
have been performed using the scanning electron mi-
croscope (Cescas et al. 1970; Gallaher, Perkins and
Radcliffe 1973; Gallaher, Perkins, Tan and Radcliffe
1973; Pawluk and Dumanski 1973; Eswaran et al.
1978), at relatively low magnifications. These workers
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Table 1. Selected characteristics of the soil used in this study.
pH
Depth 1:1) EC
{cm) Horizon (soil : water) cmol, kg™! Texture oC Fegt Fe, Ti, Fe/Fe,
Seill e e B

0-12 A 4.1 8.3 scli 1.05 1.67 3.12 0.55 0.54
27-60 BA 5.0 5.4 scli 0.56 1.75 3.33 0.73 0.53
98-150 Bo2 5.4 32 scli 0.34 1.73 3.51 0.74 0.49

+ DCB-extractable Fe, Fe, and Ti, = Total Fe and Ti in the untreated soil samples.
f Sandy clay loam. pH, CEC, texture and organic carbon from Santos et al. (1989).

observed definite zoning patterns for Fe, infilling of
voids by Fe-oxides and the compact nature of the gen-
eral matrix. Amouric et al. (1986) characterized
Fe-oxyhydroxides and the accompanying phases in un-
disturbed samples of lateritic iron-crust pisolites, using
the ion-milling technique and TEM to determine the
internal structure and the processes that led to their
formation. Detailed analyses of the internal structure
of Fe-oxide concentrations, including coatings, at sub-
microscopic levels appear to be rare.

The objective of this study was to evaluate the sub-
microscopic structure within the Fe-coatings on quartz
grains occurring in an Oxisol.

MATERIALS AND METHODS

A Haplustox from the Pernambuco state in Brazil
was used for this study. The soil is developed on a
Cretaceous sandstone and located on a gently sloping
to nearly level plateau, at an elevation of about 900 m
MSL. The area has a semi-arid climate with mean an-
nual precipitation of 750 mm and mean annual tem-
perature of 24 °C. The fractured, pitted (and, appar-
ently, etched) sand-size quartz grains in the soil are
generally coated and their cracks infilled, to various
degrees, by Fe-oxides.

Quartz grains coated with Fe-oxides were hand-
picked. The coatings were separated from the grains
under a dissecting microscope and crushed to pass a
50-pm sieve. The organically complexed Fe (Fe,) was
determined using sodium pyrophosphate (Bascomb
1968), poorly crystalline Fe-oxides (Fe,) (McKeague
and Day 1966) and the well-crystalline Fe-oxides (Fe,)
(Mehra and Jackson 1960). Total elemental analyses
were carried out using the HF digestion method (Jack-
son 1973). In the soil samples, the total Fe (Fe,), total
Ti (Ti) and dithionite-citrate bicarbonate (DCB) ex-
tractable Fe (Fe,) were also determined by the same
procedures. Mineralogical composition was deter-
mined by X-ray diffraction (XRD) techniques using a
Philips diffractometer with an Fe tube. Liquid mag-
netic separation of the clay fractions was performed
according to Ghabru et al. (1987). The Hinckley Index
for kaolinite was determined according to Plangon et
al. (1988). Organic carbon (OC) was analyzed using a
Leco CR-12 Carbon System (Leco Corporation, Mich-
igan) operated at 840 °C.
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The coated grains used for this study were selected
from the BA horizon (27-60 cm depth) of the soil,
embedded in epoxy resin. They were cut and polished
with diamond paste to avoid any contamination. Ele-
mental mapping and line scans were carried out using
EDXRMA attached to a JEOL JXA-8600 Superprobe
(operated at 15 kV and 10 nA) with scanning electron
microscope (SEM) ability. Oriented fragments of the
Fe-coatings were selected using a binocular micro-
scope and embedded in Spurr’s resin (Spurr 1969;
J.B.E.M. Services, Inc., Dorval, Quebec). Fe-coatings
=2 mm thick were selected to obtain an intact ultracut
approximately 150 pm thick with a diamond knife,
using a microtome (Smart and Tovey 1982). TEM
studies of the ultrathin sections were carried out using
a Zeiss CM 10 TEM (Oberkochen, West Germany)
operated at 120 kV.

RESULTS AND DISCUSSION
General Characteristics of the Soil

The soil has low pH, OC contents, cation exchange
capacity (CEC) and total Fe and Ti, but has a uniform
texture throughout the profile (Table 1). Iron and Ti
increase slightly with depth. The DCB extracts (Fe,)
contained 49 to 54% of the total Fe. The soil is well-
drained due to the presence of stable soil-microaggre-
gates and large interaggregate pore spaces.

Chemical and Mineralogical Characteristics

The ground Fe-oxides coating has very low amounts
of pyrophosphate (Fe,) and oxalate (Fe,) extractable
Fe. The insignificant amounts of Fe, are likely due to
very low OC contents (Table 2) that favor the precip-
itation of hematite, as suggested by Schwertmann
(1985). The DCB-extractable Fe (Fe,) is about 41% of
the total Fe content (Fe). Low Fe /Fe, and Fe/Fe, val-
ues show that the material is essentially composed of
well-crystallized Fe-oxides. Lower solubility is also
attributed to larger size of the ground materials. The
DCB-extractable Ti (Tiy) is very low, which suggests
that Ti exists as discrete minerals. Total analyses of
the coatings confirmed that, in addition to very high
contents of Fe, Al and Si are also present (Table 2),
implying the existence of phyllosilicates. The Si that
is in excess of Al is probably due to the presence of
quartz in the coatings.
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Table 2. Chemical properties of the coating (average collected from a large number of grains).

%

Sample oC Fe, Fe, Fe, Tiy

Fe, Al Ti, Si Fe /Fe, Fe /Fe,

Coating 0.08 0.03 0.30 17.50 0.54

42.34 8.73 2.80 11.42 0.02 0.41

XRD (Figure 1) confirms that the ground materials
comprise hematite (0.260 nm), kaolinite (0.72 nm) and
quartz (0.428 and 0.336 nm). There appear to be no
peaks for geothite. This is to be expected, since the
Fe-coatings have formed over a long period of time
under the dry soil moisture regime, which would en-
courage the transformation of geothite to hematite, as
suggested by Schwertmann and Taylor (1989). The
peaks for kaolinite are sharp and narrow in the XRD
pattern of the crushed coatings.

Light Microscopy

Iron-oxide concentrations occur concentrically
around grains of quartz (Bullock et al. 1985). The frac-
tured quartz grains with Fe infillings are termed ‘“‘ru-
niquartz” (Eswaran et al. 1975). Under polarized light,
the coatings are dark with distinct external boundaries.
The enclosing soil microaggregates (Santos et al.
1989) have a similar color. Under plane-polarized
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Figure 1. X-ray diffractograms of the powdered coatings in

comparison with the fine-clay magnetic (FCM) and coarse-
clay magnetic (CCM) fractions of the BA horizon in the soil
used for this study (400 cps). Hm = hematite, Q = quartz,
K = kaolinite, Gt = goethite, A = anatase.
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light, the coatings appear to be somewhat darker than
soil aggregates.

SEM Observations

At low magnifications, the external surfaces of the
coatings are smooth (Figure 2a), but, with higher mag-
nifications, they appear to be pitted and exhibit some
degree of porosity (Figures 2a and 2b). Back-scattered
electron images of polished sections show that the thin
accretionary layers (laminae) exhibit a concentric
(Figure 3a) and cross-concentric internal morphology
(Figures 3a and 3b), probably indicating interruptions
in the development stages. The Fe-coatings are not in
direct contact with the quartz grain, and there is a
space between the 2 constituents. The quartz grain has
numerous dissolution pits infilled to varying extents
by clay-size particles, mostly of Fe-oxides, with some-
what accommodating arrangement.

The EDXRMA analyses revealed distinct laminae
of Fe precipitates at the edges, within the coating and
at the surfaces close to the quartz grain (Figures 4a
and 4b). Small (<2-3 pm) aggregates of Fe-oxides
can also be observed within the coatings (Figures 4a
through 4d). There is less Fe-oxide accumulation in
the interlaminae regions. Several lines of evidence
show that the Fe-coatings on the mineral surfaces are
formed by diffusion of Fe to particle surfaces, follow-
ing the weathering of Fe-bearing minerals (Cho and
Mermut 1992).

Each lamina most likely represents a phase in the
development of accretionary material. The soil is the
origin of the basic supply of Fe. Quartz dissolution
may take place in the soil in a slow but steady fashion
(Eswaran et al. 1975). Quartz grains are likely to serve
as nuclei for the concentration of Fe-oxides when there
is enough Fe. The general grainy appearance of the
interior part of the Fe-coating supports the view that
this region has porosity and/or consists of minerals
which are made up of light elements. Aluminum and
Si distributions examined by EDXRMA show that, in-
deed, these elements are present within the coatings
(Figures 4c and 4d) and do not occur in the laminae.
The similarity in the distributions of Al and Si sup-
ports the XRD results and confirms that kaolinite is
present in the interlaminae regions. As can be seen in
Figures 4a, 4c and 4d, there are pockets that appear to
be rich in kaolinite (indicated as “k’ in Figures 4c¢
and 4d). Such areas are less dense and probably rep-
resent trapped soil microaggegates. Silicon and Al dis-
tributions show that there are areas (thick and diffuse
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Figure 2. Scanning electron microscope micrographs of the coated quartz grains, showing: a) cracks and incomplete coatings;
and b) pitted surface at higher magnifications and quartz grain with linear grooves and etch marks. Note the void between

the quartz and the surrounding coating.

laminae) indicating a layer of probable kaolinitic clay
coatings (Figures 4a, 4c and 4d).

The interior areas of the infillings within the quartz
grain (corroded areas) also contain high concentrations
of Al and Si. Locally, small pockets containing Al as
a predominant element can also be found (Figure 4c),
suggesting the presence of gibbsite. Titanium is found
in discrete particles (Ti-bearing minerals) in the inter-
laminae regions (Figure 4e), implying that these par-
ticles were probably trapped with the clay particles
during the accretionary process. Milnes and Fitzpat-
rick (1989) describe a variety of conditions under
which Ti can be accumulated.

The similarity in the distributions of Al and Si in
the EDXRMA line scans confirmed the presence of
kaolinite (Figures Sa and 5b). Results of elemental

analysis across the coating also indicate that the dis-
tribution patterns for Fe and Ti are different, support-
ing the previously mentioned view that Ti exists most-
ly as discrete mineral particles.

Ultrathin Sections

Under the TEM, 2 zones within the Fe-coatings, the
dense laminae and interior regions, can easily be iden-
tified.

DENSE LAMINAE. This region (Figures 6a through 6¢)
comprises electron-dense, elongated hematite crys-
tals. Some particles are kinked, despite the fact that
they are in subparallel arrangement. The fundamen-
tal particles of this region are large (up to 1.5 pm
in length) and exhibit face-to-face associations. The

Figure 3.
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Back-scattered electron images of polished specimens: a) concentric laminae (L); and b) cross-concentric laminae.
Note the dissolution pits (V) in quartz (Q) with infillings, and concentration of electron dense particles in the coatings (white
spots). Note that A-B and C-D refer to line scans shown in Figure 5.
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Figure 4. Selected X-ray microprobe micrographs of a coated quartz grain: a) back-scattered electron image of the Fe-

coating; b) elemental distributions of Fe; c¢) Al; d) Si and e) Ti in that region. Fe =

Th = titanium.

particles are <200 nm thick and the entire thickness
of the laminae is <10 pm. As mentioned previously,
this zone consists of Fe-oxides with little or no Al
(Figures 4 and 5). The large particle size supports
the suggestion (Schwertmann et al. 1977) that
Fe-oxides increase in particle size and have better

https://doi.org/10.1346/CCMN.1996.0440611 Published online by Cambridge University Press

iron oxide, G = gibbsite, K = kaolinite,

crystallinity with decreasing amounts of Al substi-
tution; thts also favors hematite formation (Lewis
and Schwertmann 1979; Schwertmann et al. 1979).
In places, the sizes of the Fe-oxide particles are
smaller than the rest of the laminae, suggesting con-
tinuous dissolution and precipitation with a possible
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Energy dispersive X-ray line scans of the coatings in 2 regions: a) transect A-B (See Figure 3a); and b) transect

C-D (see Figure 3b). Notice the dissimilarities in distributions of Fe and Ti. The elements Al and Si have a similar distribution

and are concentrated between the laminae,

supply of Fe from the interior parts of the coating
(Figures 6b through 6d).

The characteristic feature of this region is the dense
packing arrangement of the fundamental particles. The
very low porosity would reduce the infiltration of soil
solutions into and from the nodules. Shadfan et al.
(1985) stated that the hardness of Fe accretions de-
pended on the mineralogy, content, crystallinity and
mean crystallite dimension of the Fe-oxides. However,
the arrangement of the fundamental particles is also
an important factor determining the hardness.

Moving from the edge toward the interior, there are
a few randomly distributed domains consisting of
shorter Fe-oxide particles (hematite) and lighter par-
ticles (kaolinite and quartz), which are still arranged
in a densely packed mode (Figure 6d). Several silicate
minerals, such as kaolinite and quartz, coexist with
hematite, suggesting that these particles are either
trapped or neoformed in this environment. Well-crys-
tallized kaolinite may have developed from the poorly
crystallized precursor kaolinite. Tardy and Nahon
(1985), Trolard and Tardy (1989) and Nahon (1991)
have suggested that formation of kaolinite is possible
within the Fe accretionary formations.

Other types of electron-dense particles were also de-
tected, but these have different morphology and are
not kinked like those in the laminae (Figure 7a). The
particles are generally <0.5 pm in dimensions. Poros-
ity increases with increasing distance from the lami-
nae. The coexistence of kaolinite and hematite in the
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transition zones could be attributed to the increase in
H,O0 activity, which increases the stability of kaolinite
and favors the precipitation of hematite (Tardy and Na-
hon 1985).

Another feature of the transition zones is the occur-
rence of domains within which particles are connected
by a gel-like material (Figure 7b). This material has
previously been interpreted as coatings of short-range-
order oxides or oxyhydroxides of Fe, Al or Si (Jones
and Uehara 1973), indicating hydrolysis processes that
could have occurred with decreased H,O activity (Tar-
dy and Nahon 1985). The presence of such interme-
diate dissolution or precipitation products indicates a
supply of Fe originating from the interior regions that
appears to precipitate in the laminae.

THE INTERIOR REGION. This region consists predomi-
nantly of light minerals (kaolinite, quartz and Al-oxi-
des) (Figures 7c and 7d). The Hinckley Index for the
crushed coatings suggests that the kaolinite particles
are well-crystallized. The principal difference in min-
eralogy between this region and those discussed earlier
is the presence of some spindle-shaped Fe-oxide par-
ticles (Figure 7d). Studying the clay fractions of the
Oxisols used in this study, Padmanabhan and Mermut
(1995) showed that these particles are magnetic and
well-crystallized, consisting of Fe and Ti oxides. The
presence of Ti-bearing particles was also proven by
X-ray elemental mapping techniques, as previously
discussed (Figure 4). Pore geometry is developed by


https://doi.org/10.1346/CCMN.1996.0440611

Vol. 44, No. 6, 1996

Fe-coatings on quartz

807

i

Figure 6. Transmission electron micrographs of ultra-thin sections: a) and b) from the edge of the coating; c) the various
sizes of Fe-particles; and d) the transitional zone between the laminae and the central portion of the coating. i = Fe-oxides,

k = kaolinite, arrows indicate smaller Fe-oxide particles.

random packing of strongly interconnected, individual
grains sized mainly <0.5 pm (Figure 7). The abun-
dance of voids differentiates the structure of this re-
gion from the laminae. The particle geometry of this
region appears to be similar to that of soil microag-
gregates (Santos et al. 1989).

The formation of pure Fe-oxide laminae can be ex-
plained in terms of redox reactions. Compared to the
laminae, the interior regions have lower concentrations
and amounts of Fe-oxides. High porosity and low
Fe-oxide content suggest that the Fe-oxides are mo-
bilized by reducing conditions that exist in this region
and that the reduced Fe?" migrates towards the surface,
where oxidation conditions exist. As the pore sizes are
very small (<500 nm), it is likely that, under field
conditions, the pores are filled by water, regardless of

https://doi.org/10.1346/CCMN.1996.0440611 Published online by Cambridge University Press

the moistness of the soil. The moisture available here
would require a matric potential of >—1.5 MPa (Bui
et al. 1989). In the initial stage, the porosity may have
been lower than what is currently observed (under a
much higher matric potential).

Considering the redox reactions (Krauskopf 1967),
Fe-oxides can, under acid conditions, accept electrons
from water molecules. They become reduced and mo-
bilized, making the environment perhaps somewhat
basic in pH, in comparison to the regular soil matrix:

Fe,0, + 6H" + 2e- — 2Fe?* + 3H,0  [1]

However, when reduced Fe diffuses to the surface of
the coating, oxidation reverses the reaction and H~ is
released to the environment, making the precipitation
zone acid:
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Figure 7. Transmission electron micrographs of the interlaminae regions: a) showing transition zone; b) gel-like coatings of
Fe, Al and possibly Si in the transition zone; c) general submicroscopic fabrics of the interior regions at low magnification;
and d) at higher magnification. Note differences in porosity, mineral assemblage and particle size between the various regions.
i = Fe-oxides, s = spindle-shaped Fe-oxides.

Fe2* + 3H,0 — Fe(OH), + 3H* + e~ [2]

These reactions may be influential in the weathering
of quartz (corrosion) and other mineral particles en-
trapped within the coating. Amouric et al. (1986) de-
scribe similar situations for the lateritic iron-crust pi-
solites from western Senegal. Wetting and drying of
soil also influences the migration process.

As the Fe solubilized, dissolution voids were cre-
ated and conditions for reduction may then have de-
creased. Surprisingly, the porosity observed within the
interior regions of the Fe-oxide coating appears to be
higher than that within the soil microaggregates of the
same Oxisol studied by Santos et al. (1989). Consid-
ering the higher porosity and the concentration of Fe
at the external part of the Fe-oxide coatings (Figures

https://doi.org/10.1346/CCMN.1996.0440611 Published online by Cambridge University Press

3 and 4), the hypothesis regarding Fe migration from
the centers of coatings appears to be plausible. This
study shows that the size and geometry of the ultra-
micropores play a significant role in the dissolution
and precipitation of soil minerals, especially those that
exercise redox reactions.

The rigid surface of Fe-coatings would serve as a
site for a new phase of Fe accumulation when the soil
solution provides a new influx of iron, thereby increas-
ing the thickness of the coating. The presence of sev-
eral sets of Fe-laminae within the coatings seems to
prove this view. The shape of discrete quartz and ka-
olinite grains suggests that they are stable in regions
of high porosity and low Fe-oxide contents. Quartz
and kaolinite are probably initially cemented by the
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Fe-oxides and remain within the coating. Sites that
were covered by Al-oxides suggest that kaolinite (the
major Al-bearing mineral in the system) has under-
gone a dissolution process, and/or that they were also
engulfed during the formation of Fe-coatings. Large
amounts of void spaces may have, in part, been
formed by the dissolution of the quartz and kaolinite.

CONCLUSIONS

Ultramicroscopic analyses provided a window to
observe the size, shape, orientation and distribution of
the fundamental particles within the Fe-oxide coatings
developed on quartz grains. The quartz surfaces served
as nuclei for the formation of Fe-coatings. Changes in
the physical chemistry in ultramicropores probably re-
sulted in the corrosion of quartz grains. The contact
zone with quartz and the edge of the coatings (lami-
nae) are all composed of elongated Fe-oxide particles
(up to 1.5 pm in length) arranged in a subparallel and
compact manner. No other minerals exist in this re-
gion, which is <10 pwm thick. The absence of Al and
the dry soil environment favor the formation of large
hematite particles in these very narrow zones.

The interior regions are composed of Fe-oxides,
which are smaller in size and more rounded, together
with kaolinite, quartz and some Ti-bearing minerals. It
is likely that kaolinite, quartz and other minerals could
have been trapped initially within the coating.

The marked increase in pore size (500 nm) in the
interior and the presence of gel-like material close to
the surfaces of the laminae (the transitional regions)
suggest that Fe has been solubilized. This appears to
be due to the nm pore size that created a very high
matric potential (>—1.5 MPa) and reducing conditions
within the Fe-coating, which caused the outward mi-
gration where oxidation conditions existed. This pro-
cess appears to have helped the development of dense
laminae. In addition to iron migration, voids may have
been formed, at least in part, by the dissolution of
kaolinite, quartz and other minor minerals. The low
porosity at the edge provides rigidity to the coating
and also controls the inward diffusion of soil solution.
Iron continues to accumulate on the rigid surface, sub-
sequently increasing the thickness of the Fecoatings.

The information obtained from the ultramicrotomy
is pertinent to the further understanding of the behav-
ior of fundamental mineral particles and physico-
chemical processes that occur in ultramicro sites of
soils and sediments.
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