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Abstract-Low-angle X-ray powder diffraction (XRD) measurements of soil samples, made at controlled 
relative humidities, showed the presence of major reflections at 20-33, 10-27, and 7-8 A. The first 
reflection, which increased in intensity but did not shift in spacing with decreasing relative humidity, 
represents curved smectite layers. This spacing was also observed by high-resolution transmission electron 
microscopy, The value of 10-27 A for the second reflection, the 001 reflection of smetite, is unusually 
high, probably due to poorly stacked, irregularly curved layers. The 7-8-A reflection originates from 
kaolinite or dehydrated halloysite, which also contain curved layers. The more curved the layer structure 
of the smectite, the more difficult it is to detect this phase; therefore the XRD relative peak heights are 
not directly proportional to the percentages of the smectite. 
Key Words-Curved layers, Kaolinite, Low-angle X-ray powder diffraction, Smectite, Soil clay, Relative 
humidity, Volcanic ash, 

INTRODUCTION 

Volcanic ash is generally thought to transform into 
other noncrystalline material by weathering in arid and 
semi-arid tropical regions. This transformation is seen 
by the absence of distinct 00 1 clay mineral reflections 
in X-ray powder diffraction (XRD) patterns of soils in 
East Africa (De Wit, 1978; Jager, 1982; Wielemaker 
and Wakatsuki, 1984; Mizota and van Reeuwijk, 1986). 
Many of these soils are thought to contain 2: 1 phyl
losilicates or incipient forms of phyllosilicates on the 
basis of their chemical composition, chemical-disso
lution behavior, physical properties, and strong 02,11 
XRD reflections (Mizota and van Reeuwijk, 1986), De 
Wit (1978) attributed a broad diffuse band between 10 
and 14 A to the presence of mixed-layer clay minerals. 
Allophane, a major weathering product of volcanic ash 
in humid regimes of cool temperate to tropical climatic 
zones, however, was not present (Wielemaker and 
Wakatsuki, 1984; Mizota and van Reeuwijk, 1986). 

Low-angle XRD studies in this laboratory have 
yielded new data which have enabled us to determine 
the composition and structure of clay minerals in these 
soils and to augment our insight in weathering pro
cesses in volcanic ash soils in semi-arid and arid re
gions. From measurements on soil samples from Ken
ya and Tanzania we demonstrate here that the weak 
intensities of the 00 1 reflections of the phyllosilicates 
in the clay fraction of these soils originate from curved 
smectites. 

SOIL SAMPLES AND METHODS 

Soil samples 

Samples of Kenyan and Tanzanian soils formed from 
peralkaline volcanic ash (Wielemaker and Wakatsuki, 
1984; Mizota and van Reeuwijk, 1986) were studied. 
Brief descriptions of the sample localities, rainfall, 
sample-depth, soil horizon, and soil classification are 
listed in Table 1. For comparison, a halloysite of vol
canic ash origin from Naike, New Zealand, and a smec
tite from a black soil in Addis Ababa, Ethiopia, were 
used as reference samples. The halloysite is pure, as 
shown by transmission electron microscopy (TEM), 
XRD, and acid-oxalate dissolution, a specific method 
for allophane extraction, The smectite contains traces 
of quartz, illite, and kaolinite. 

Methods 

Pretreatment. The soil samples were air-dried and 
passed through a 2-mm sieve. Air-dried material (10-
20 g) was treated with 1 M NaOAc buffer solution (pH 
5) to remove calcium carbonate and with HzOz to re
move organic matter. The residue was treated ultra
sonically to break down aggregates. Small amounts of 
dilute NaOH solution were added to adjust the sus
pension to about pH 9. The clay fraction ( < 2 ttm) was 
collected by repeated sedimentation and decantation 
and stored as a dilute NaCl suspension, In samples 4 
and 5 this fraction contained substantial amounts of 
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primary minerals. To concentrate the clay minerals of 
these samples, the <0.2-JJm fractions were collected 
using a centrifuge. Samples 4 and 5 were treated with 
DCB and subsequently with 113 M Na-citrate (PH = 

7.3) at 100°C for 18 hr (Wada and Kakuto, 1983). 
Coatings of Fe and Al hydroxides commonly prevent 
parallel orientation oflayer silicates. They are also in
corporated in the interlayer space of swelling minerals 
(chloritization) in the soil during or after clay mineral 
formation, thus hampering the swelling of the layers 
used for identification in clay mineral analysis. 

Transmission electron microscopy (TEM). A drop of 
well-suspended clay material was dried on a self-per
forated microgrid. The grids were examined by high
resolution transmission electron microscopy (HR TEM) 
(IEM 100 B) at a direct magnification of 50,000 x. 

X-ray powder diffraction (XRDJ . For low-angle XRD, 
the method of Van der Gaast and Vaars (1981) was 
employed. The apparatus was modified with a com
puter-controlled divergence slit system, which provid
ed a constant irradiated sample area independent of 
the angle of incidence and allowed measurements to 
be made as low as 0.5°20. CoKa radiation was pro
duced by a long, fine-focus-type Co tube. Oriented 
specimens were obtained by suctioning Ca-exchanged 
clay suspensions onto polished, ceramic tiles. Instead 
of glycolation and K-saturation, the samples were 
equilibrated in a humidity generator at 100, 50, and 
0% relative humidity (RH) which was maintained dur
ing the XRD measurements. This technique resulted 
in reproducible patterns of clay minerals and facilitated 
and improved the identification of swelling minerals. 
In 100% RH, smectites swelled to about 19.3 A. In 0% 
RH, Ca-exchanged smectite lost most of its interlayer 
water and collapsed to about 11.6 A. The XRD data 
were stored on a floppy disc and corrected for the Lo
rentz polarization factor and irradiated sample vol
ume. To avoid errors in interpretation, the patterns of 
samples held at 100, 50, and 0% RH were plotted at 
comparable intensities, using the 00 I kaolinite reflec
tion as a reference. In the absence of a clear kaolinite 
reflection, some MoS2 (reflection at 6.09 A) was added 
as an internal standard. 

Following routine analytical procedure currently used 
in soil clay mineralogy, XRD analysis was made of 
clay specimens saturated with Mg (50% RH), glyco
lated after Mg-saturation, saturated with K (50% RH), 
and saturated with K and heated to 300° and 550°C 
(0% RH). After Mg-saturation the characteristic XRD 
reflections of the swelling minerals and the low-angle 
reflections (see below) appeared at the same d-values 
at 100, 50, and 0% RH as those obtained after Ca
saturation. Heat treatments of the K-saturated sam
ples, however, caused an increase of intensity and a 
peak shift of the low-angle reflections. Therefore, such 
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Figure 1. X-ray powder diffraction patterns of halloysite, 
Naike (A) and smectite, Ethiopia (B) in 100% relative hu
midity (RH) (solid line), 50% RH (dashed line), and 0% RH 
(dotted line). IS = internal standard (MoSz). 

com bination of heat treatments and glycolation did not 
provide a reliable means of identification of clay min
erals in the soil samples discussed here. Consequently, 
the Ca-exchanged clay samples, measured at 100, 50, 
and 0% RH, as discussed in the present paper, were 
representative of all treatments. 

RESULTS 

X-ray powder diffraction 

On the basis ofXRD patterns made before and after 
DCB and 113 M Na-citrate treatment, no chloritization 
appeared to have taken place. The XRD pattern of all 
soil samples showed (1) a broad, low-angle reflection 
(27-33 A) which increased in intensity with decreasing 
RH; (2) a broad reflection (19-27 A) which shifted 
towards low d-values with decreasing RH, indicating 
the presence of a swelling clay mineral; (3) an illite 
reflection (10-10.6 A); and (4) a kaolinite or halloysite 
reflection (7-8 A) (Figures 3-5). 

Reference clay minerals. Figure IA shows the behavior 
of the low-angle reflection of the halloysite sample at 
100, 50, and 0% RH. The 00 I reflection of halloysite 
shifted from 10.04 to 7.45 A with decreasing RH. The 
spacing of the broad reflection at 30-40 A remained 
constant, but increased in intensity. The smectite sam
ple behaved similarly. Its 001 reflection also shifted to 
lower d-values, and at 0% RH it overlapped a Iow
angle reflection (Figure IB). 

Soil samples. The XRD reflections of the soil samples 
at different RHs are shown schematically in Figure 2. 
The XRD reflection of the swelling clay mineral in 
sample 1 shifted from 24.5 to 13.1 A with decreasing 
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Figure 2. Schematic presentation oflow-angle X-ray powder 
diffraction patterns. With decreasing relative humidity (RH), 
the low-angle reflection (A) increases in intensity and the 
smectite reflection (B) shifts to lower d-values; the kaolinite
halloysite reflection (C) is stable. For legends see Figure I. 

RH (Figure 3A; Table 2). At 50% RH a shoulder formed 
which at 0% RH developed into a well-defined, low
angle reflection at 33 A. Sample 2 behaved similarly 
(Figure 3B); the spacings characteristic of a swelling 
mineral were somewhat larger and had no discrete 
maxima at 0% RH. Similarly, the XRD pattern of 
sample 3 (Figure 4A) at 0% RH showed only a broad 
hump between 10 and 20 A. The principal reflection 
of the swelling mineral of sample 4 (Figure 4B) shifted 
from 19.5 A at 100% RH to 16 A at 50% RH. At 0% 
RH a partial collapse of the structure was indicated by 
the increased intensity between 10 and 16 A; the main 
part of the reflection, however, remained at 16 A. A 
low-angle reflection was expressed by an increase in 
intensity at about 27 A. In sample 5 (Figure 5A), the 
most intense peak shifted from 19 A at 100% RH to 
16.5 A at 50 and 0% RH. At 0% RH, the low-angle 
reflection was present as a shoulder at about 20 A. 
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Figure 3. X-ray powder diffraction patterns of samples I (A) 
and 2 (B). For legends see Figure 1. 
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Table 2. X-ray powder diffraction data for soil samples at 
different relative humidities (RH). 

100% RH O%RH 
50%RH 

Smectite 7-8-A 
Sam- + wave~ Wave- Wave- reflec-

pIe structure Smectite structure Smectite structure tion 

1 24.5 16.2 (sh) 13.1 33 
2 27.5 17.5 (sh) 16 32.5 + 
3 27 20 10-20 (b) 32.5 
4 19.5 16 10-16 (b) 27 
5 19 16.5 (sh) 10-16 (b) 20 + 
6 27.5 24 26.5 + 

sh = shoulder; b = broad; - = absent; + = present. 

Sample 6 showed a weak reflection characteristic of a 
swelling clay mineral which shifted from 27.5 A at 
100% RH to 24 A at 50% RH and to a shoulder at 21 
A at 0% RH (Figure 5B). At 0% RH, the low-angle 
reflection was a discrete peak at 26.5 A.. 

The low-angle reflections of all clay samples were 
more intense that those of the two reference samples. 
The rates of increase of intensity with decreasing RH, 
however, were about the same. The d-values of the 
swelling clay mineral in the soil samples were generally 
too large for smectite. The kaolinite-halloysite reflec
tion, present but weak in all samples, was broad in 
samples 2 and 5. In addition, weak illite reflections 
were present in the XRD patterns of all samples. 

Transmission electron microscopy 

Figure 6 (sample 3) shows particles having poor layer 
stacking, with d-values of about 15-20 A, and irregular 
structures 20-40 A in diameter that commonly display 
curved shapes. Clay particles showing these structures 
were noted in all samples. The structures were rela
tively unstable in the electron beam even at low volt
ages. Sample 3 was the only sample for which micro
graphs could be obtained without damage to the 
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Figure 4. X-ray powder diffraction patterns of samples 3 (A) 
and 4 (B). For legends see Figure 1. 
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Figure 5. X-ray powder diffraction patterns of sample 5 (A) 
and 6 (B). For legends see Figure 1. 

structure. Small amounts of micaceous minerals were 
also observed in all samples. 

DISCUSSION 

Reference samples 

The low-angle reflection of the halloysite sample (30-
40 A) did not shift with decreasing RH (Figure 1A), 
indicating that it was not a 00 1 reflection. The intensity 
of the low-angle reflection, however, increased about 
twofold with decreasing RH. For the smectite reference 
sample, the rate of increase of the low-angle reflection 
was the same or somewhat higher (Figure 1). A com
parable feature was observed in allophane, where a 
weak 34-A reflection was noted at 100% RH, probably 
caused by allophane spherules of similar shape and size 
(van der Gaast et al., 1985). At 0% RH this reflection 
increased eightfold in intensity due to increased or
dering of the spherules caused by the removal of in
tercalated water molecules. Inasmuch as the reference 
samples contained no allophane, the low-angle reflec
tion of the reference samples must have been due to 
the morphology of the phyllosilicate layers which re
sembled that of stacked allophane spherules. 

Pauling (1930) predicted curved layers for kaolinite 
(1: 1 layer) because the repeat distance of the octahedral 
sheet is larger than that of the tetrahedral sheet. For 
2: 1 layer clay minerals he predicted the same type of 
curving, because the constituent sheets are also not 
equivalent in size. Curved layers were also measured 
for antigorite (l: 1 layer) by Zussman (1954) and Kunze 
(1956, 1958, 1961) who called this feature a super
structure. In these antigorites, spacings were noted at 
16-19,35-45, and 80-100 A (Chapman and Zussman, 
1959) and at 43.3 A (Kunze, 1961). The latter value 
can be regarded as the distance between successive 
crests of a wave-shaped layer. We propose here that 
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the low-angle reflections in the halloysite and smectite 
reference samples were caused by such wave-shaped 
layers. The increase in intensity with decreasing RH is 
attributed to a rearrangement of the layers by the re
moval of intercalated water molecules. 

Soil samples 

Low-angle reflection. The low-angle reflections in the 
XRD patterns of the soil samples cannot be attributed 
to admixed allophane because this mineral is not pres
ent (Mizota and van Reeuwijk, 1986). The soil samples 
are similar to the reference samples, in that their low
angle XRD peaks did not shift in d-value but increased 
in intensity with decreasing RH. Thus, these low-angle 
reflections, like those of the reference samples, repre
sent curly phyllosilicate layers. Strong 02,11 and weak 
001 reflections of oriented and non-oriented specimens 
indicate poor orientation of the phyllosilicate layers 
(Mizota and van Reeuwijk, 1986; Van der Gaast, un
published results). The curvature of these layers was 
probably greater than those of the reference samples 
because the low-angle reflections were also more in
tense. The curvature is corroborated by the TEM ob
servations of curved structures, 20-40 A in diameter, 
in sample 3 (Figure 6), which agree fairly well with the 
d-value (32.5°) of the low-angle reflection recorded for 
this sample. 

Because XRD reflections of illite and kaolinite-hal
loysite of the soil samples were present (see also Mizota 
and van Reeuwijk, 1986), the phyllosilicates charac
terized by curved layers must be the major component 
of the clay mineral fractions of the soil samples. 

Swelling mineral reflection. The above results show 
that the layers did not collapse to spacings > loA, 
suggesting that the responsible swelling mineral was a 
2: 1 layer or a mixed-layer clay mineral. The irregular 
sequence of d-values, however, indicates that this min
eraI was not a mixed-layer phase. Thus, the swelling 
mineral must have been a smectite, however, its d-val
ues must be higher than those usually reported. These 
high d-values reflect in part an apparent peak shift 
caused by an overlap of the low-angle reflection. Com
parison ofthe d-values ofthe smectite reference sample 
(19.9, 15.8, and 12.8 A at 100, 50, and 0% RH, re
spectively) with the d-values measured for Ca-ex
changed Wyoming montmorillonite, which shows no 
measurable low-angle reflection (19.3, 15.4, and 11.6 
A; Van der Gaast and Kuhnel, 1986) indicates apparent 
peak shifts of 0.6, 0.4, and 1.2 A at 100, 50, and 0% 
RH, respectively. Correcting the d-values of soil sam
ples 1-3 and 6 for these apparent shifts, however, gives 
spacings which are still much too large for smectite. 
This is also true if we consider that the overlap of the 
low-angle reflection is somewhat stronger than that of 
the smectite sample. For samples 4 and 5, the corrected 
d-values recorded at 100 and 50% RH, but not at 0% 

Figure 6. Transmission electron micrograph of sample 3. 
Arrows indicate areas having curved structures. (Middle) en
larged area from upper figure (rectangle) showing extended 
layers and curved structures. (Lower) drawing of the trans
parent parts of the samelarticles showing spacings of 20-40 
A at the top and 15-20 at the bottom. 
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Figure 7. Relation of the low-angle reflection, representing 
curvature of smectite layers to annual rainfall. The spacing 
of the curvature is independent of annual rainfall. 0 = soils 
with stagnant water regime, e = well-drained soils. Numbers 
in the figure correspond to those in Table I. 

RH, approximate the values of smectite. For all sam
ples having corrected spacings still too large for smec
tites, a hump is present at 10-16 A, pointing to an 
incomplete collapse of layers. This interpretation is 
corroborated by layer spacings of 15-20 A in the TEM 
image of sample 3 (Figure 6). Ca-exchanged smectite 
should show a spacing of 10-11 A due to dehydration 
caused by the vacuum in the specimen chamber of the 
electron microscope. 

Because the observed d-values are too large for smec
tite (because of the incomplete collapse of the layers at 
0% RH in all samples) and because of the irregularity 
and strong curvature of the layers, the swelling mineral 
in the soil samples must have been a smectite having 
expanded spacings at most humidities. These large 
spacings are probably due to poor stacking of the phyl
losilicate layers of the smectite, irregularly curved in 
sequential layers. Possibly, the curvature originates from 
a replacement of Si in the tetrahedral sheet, a feature 
which is known for serpentine, a curved I: I layer min
eral (Roy and Roy, 1954; Gillery and Hill, 1959). 

Although smectite was present in large amounts, cur
vature of layers led to poor orientation and weak 00 I 
reflections in XRD patterns. Consequently, the curved 
smectite is poorly ordered along the c-axis due to a 
poor stacking of layers. The strong 02,11 reflection, 
however, indicates that the smectite is well ordered 
along the a and b axes; the atomic arrangement within 
the separate layers is very regular. The smectite cannot 
therefore be regarded as an incipient mineral. 

Kaolinite-halloysite. The broad XRD reflection at 7-

8 A in samples 2,5, and 6 possibly represents kaolinite 
or dehydrated halloysite having slightly expanded lay
ers. Expanded layers have also been found in a hal
loy site from New Zealand. TEM observations of this 
halloysite show curved layers having spacings of 8.1 
A, which is consistent with XRD measurements of 
broad reflections between 7.44 and 8.12 A (McKee et 
aI., 1973). Therefore, the large spacings of kaolinite
halJoysite in the clay samples 2, 5, and, possibly 6 are 
also likely due to curvature. 

Occurrence of curved smectite 

Figure 7 shows that the degree of the curvature of 
the smectite layers is independent of the annual rainfall 
of the sample sites. The chemical composition of the 
porewater of the soils is possibly an important factor 
in the formation of curved-layer minerals. The rela
tively weak 00 1 smectite peaks in samples 4-6 suggest 
the presence of relatively small amounts of smectite; 
however, because curvature also leads to weak OOl 
reflections and these three samples contain the most 
highly curved smectites, smectite may be most abun
dant in these samples. The only quantitative inference 
is that sample 3 contains the smallest amount ofsmec
tite. Its curvature resembles that of samples I and 2, 
but its low-angle XRD peak is weaker; compared to 
samples 4-6, its low-angle peak intensity is similar but 
the layer curvature is less (Figure 7). Therefore, the 
more curved the smectite, the more difficult it is to 
detect; the relative peak height does not appear to be 
proportional to the percentages of smectite. 

SUMMARY AND CONCLUSIONS 

The low-angle XRD technique reported here, cou
pled with the divergence slit technique and RH control 
used in these studies, has allowed new properties of 
soils to be examined which have previously been over
looked. Smectite is the major weathering product in 
samples from volcanic ash soils in the Great Rift Val
ley, East Africa. The 2: 1 layers of this mineral are 
curved causing (1) weak 001 smectite reflections and 
(2) expanded layer spacings generally producing d-val
ues that are too high for this reflection. For this curved 
mineral the intensity of the 001 reflection is not pro-
portional to its content in a sample. . 

The curved smectite formed in arid and semi-arid 
tropical areas, in both soils in stagnant water-regimes 
and in well-drained soils. These occurrences are in con
trast with the current view that such environments 
produce mainly noncrystalline weathering products. 
Because all of the examined samples appear to contain 
a considerable amount of smectite, this clay mineral 
is probably far more abundant in volcanic ash soils 
than has been generally believed. There is no reason 
to believe that the presence of curved minerals is re
stricted to this type of soils, and the low-angle XRD 
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technique may be of great importance in studying the 
physical and chemical behavior of soils and sediments. 
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