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Neoformation of palygorskite in Calcids of Central Iran
Peyman Amin and Mohammad Akhavan Ghalibaf

Abstract: Palygorskite has been reported in alluvial sediments and in soil clays in Central Iran, but it is not known
if it is inherited or formed in situ. Here, we sampled Calcids developed from Triassic and Cambrian dolomitic
formations in the southwestern part of Yazd and performed soil and clay characterization by X-ray diffraction
and fluorescence, optical and scanning electron microscopy and energy dispersive X-ray spectrometer analyses.
Our results suggested palygorskite neoformation in the calcic soil horizons in Calcids. The soils with aridic soil
moisture regime and high Mg concentration, during the formation of a calcic horizon by precipitation of
secondary calcite, conditions were suitable for authigenic palygorskite crystals of long size (>10-20 pm) and their
stability. In addition, the occurrence of short-size (about 2 pm) palygorskite fibers in the lower gypsic horizon
probably resulted from its translocation from the upper horizons. Therefore, such results suggested palygorskite
neoformation in the calcic soil horizons in these Calcids of Iran.

Key words: Aridisols, soil mineralogy, soil microscopy, soil genesis, secondary minerals.

Résumé : La présence de palygorskite a été signalée dans les alluvions et les sols argileux du centre de I'Iran, mais
on ignore si le minéral s’est formé in situ ou y a été importé. Les auteurs ont échantillonné les calcides qui se sont
développés au Trias et au Cambrien dans les formations dolomitiques du sud-ouest de Yazd pour caractériser le sol
et ’argile par diffraction et fluorescence aux rayons X, microscopie optique et électronique a balayage, et
spectrométrie dispersive en énergie. Les résultats obtenus indiquent la néoformation de palygorskite dans I’hori-
zon calcique des calcides. Dans les sols arides trés riches en magnésium, les conditions sont propices a la forma-
tion et a la stabilisation de longs (>10 — 20 pm) cristaux authigénes de palygorskite durant la genése de I’horizon
calcique, par précipitation de la calcite secondaire. La présence de courtes (environ 2 pm) fibres de palygorskite
dans I’horizon inférieur de gypse est sans doute attribuable a une translocation a partir des horizons supérieurs.
Ces résultats appuient donc la néoformation de palygorskite dans 1’horizon calcique des calcides iraniens.
[Traduit par la Rédaction|.

Mots-clés : aridisols, minéralogie du sol, microscopie du sol, pédogenése, minéraux secondaires.

Introduction the stability of this mineral is possible under alkaline

The occurrence of palygorskite in the soils of Central
Asia (Minashina and Gradusov 1973; Travnikova 1980;
Khabarov and Chizhikova 1984) is a lithological legacy
from the evaporation basins of Tertiary times. Soil
scientists in a number of countries have mentioned the
prevalence of palygorskites in soils that have developed
on deposits of Tertiary, mainly of Eocene period
(Bigham et al. 1980; Golden et al. 1985). According to
Gradusov (1992), neoformation of palygorskite in soils
has been the focus of individual attention in Australia,
Israel, and the Planosols of Argentina. Equilibrium con-
ditions and concentration charts of palygorskite by
Elprince et al. (1979) and Brinkman (1979) indicate that

conditions and the high concentration of Si** and Mg>*
in the soil. The structure of palygorskite presents con-
tinuous planes of tetrahedral basal oxygen atoms spaced
approximately 0.65 nm apart from one another (Singer
2002). The ribbons have an average width along the
b-axis of two linked tetrahedral chains. Ribbons with
apices pointing up are linked vertically to ribbons
with apices pointing down by forming octahedral
coordination groups around Mg and Al. 2:1 layers con-
tinuous along the a-axis and with limited lateral extent
along the b-axis are thus formed (Bailey 1980). Monger
and Daugherty (1991) reported that palygorskite was the
dominant clay mineral in a petrocalcic horizon of the
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Fig. 1. The study area on the geological map of Iran. The map is from Haghipour and Aghanabati (1989) and has been modified

using Arc Map version 10.
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@P1: Soil profile 1, TRn: Naibandan Formation on Triassic, Cs: Soltanieh Formation on Cambrian deposits.

Rotura soil series (a coarse-loamy, mixed, thermic, Typic
Haplargid), a soil of middle Pleistocene age in southern
New Mexico. The state of H,O associated with the miner-
als has been investigated, as well as the characteristics of
the adsorption sites. These aspects are very important
for the development of industrial uses for palygorskite
in its pure form, as well as for an appreciation of the
role of this mineral in agro-chemistry and ecology.
Kaplan et al. (2014) showed that the development of
palygorskite mainly on relict calcite crystals indicates
its formation during or shortly following calcite forma-
tion in calcretes.

Altaha (1997) proposed the possible formation of
attapulgite formation in salt-affected soils in semiarid
environments in the Southern Iran. The existence of
palygorskite in floodplain soils, alluvial and eolian
sediments of Yazd and other parts of Central Iran, as
the Rudasht River alluvial terraces, has been reported
by Akhavan Ghalibaf and Chizhikova (1998, 1999,
2000) and Akhavan Ghalibaf and Mohammadi (2011).
However, the authigenic origin of this mineral remains
open to argument. According to Hashemi et al. (2013),
the highest amount of palygorskite was observed in soils
with aridic moisture regimes, and its lowest amount was
estimated in soils with xeric moisture regimes. Also,
their results indicated that large amounts of well-
bundled and elongated palygorskite in soils of piedmont
plain are related to their authigenic formation. The
formations of Nayband (Mesozoic) and Soltanieh
(Paleozoic) are located in the vicinity with the same

Fig. 2. Position of the sampled profiles (P1, P2, P3 and P4) on
the topographic-geological sequence.
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semiarid climatologic zone in Yazd. The soils on the
Soltanieh formation of the lower Paleozoic with a higher
quantity of dolomite have a limited pedogenesis; they
are Entisols with shallow soil profiles. The Lower
Mesozoic Nayband formation and its detritus are charac-
terized by higher quantities of calcite and by deeper soil
profiles classified as Petronodic Xeric Haplocalcids
(Akhavan-Ghalibaf and Rahbar-Alam-Shirazi 2013).
Rahbar-Alam-Shirazi and Akhavan-Ghalibaf (2014)
suggested that limestone and dolomite sediments of
Triassic and older ages could serve as the sources of
palygorskite in the southwestern part of Yazd and sup-
posed the inherited nature of this mineral in the local
soils. This hypothesis was based on the abundance of
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Table 1. Some physicochemical properties of the study soils.

CH.CO3
O.M. lime CaSO,4 x 2H,0
Depth, EC, (lime) i Ca**Mg>*

Horizon cm dS/m % in lime Texture
Profile 1, on the Nayband formation

A 0-15 0.22 0.66 2175 0.20 nd sl

Bk1 1545 0.15 0.47 28.5 0.15 7.02 1

Bk2 45-95 0.43 0.25 35.75 0.10 nd sl

Ck 95-150 0.18 0.13 38.75 013 nd 1
Profile 2, on the Nayband detritions

A 0-25 0.18 0.16 28.50 011 nd sl

Bk 25-80 0.19 0.09 31.00 0.10 6.99 sl

B 80-110 0.52 0.06 29.50 0.09 nd Is

Cy 110-150 2.20 0.03 23.30 6.78 nd 1s
Profile 3, on the Soltanieh formation

AC 0-15 0.23 0.79 38.75 014 1.00 sl
Profile 4, on the Soltanieh detritus

AC 0-25 017 0.41 28.75 0.17 1.20 sl

Table 2. Contents of soluble captions and some chemical properties in 1:5 soil/water extract of the study soils.

255

PH (Soiljwater Cations in 1:5 soilfwater
suspension) extract, meq/l
Depth, Na+/
Horizon cm 11 1:5 Mgt Ca** K*' Na*t  (Ca**+Mg®")  Ca**Mg**
Profile 1, on the Nayband formation
A 0-15 7.57 8.45 0.40 1.20 0.45 0.33 0.28 3.00
Bkl 1545 8.14 8.62 0.80 2.00 0.26 0.08 0.09 2.50
Bk2 45-95 7.38 8.29 0.20 3.20 0.43 0.07 0.08 1.90
Ck 95-150 8.13 8.33 0.80 4.40 0.51 0.07 0.09 5.50
Profile 2, on the Nayband detritus
A 0-25 8.40 8.69 0.80 1.20 0.46 0.06 0.23 1.50
Bk 25-80 8.30 8.68 1.20 1.20 0.82 0.03 0.34 1.00
B 80-110 8.06 8.48 2.00 4.40 1.48 0.46 0.23 2.20
Cy 110-150 7.78 7.87 27.20 5.20 0.51 0.08 0.02 0.19
Profile 3, on the Soltanieh formation
AC 0-15 8.53 8.64 0.65 0.21 1.20 1.60 0.23 0.75
Profile 4, on the Soltanieh detritus
AC 0-25 8.38 8.72 0.43 0.14 1.20 0.40 0.27 3.00
Table 3. Total contents of elements expressed as oxides in soil samples from profiles 2 and 3.
Total oxides, %
Depth,
Horizon cm SiO, Al,O3 CaOo MgO CO, SO; Si0,/A1,03 CaO/MgO
Profile 2, on the Nayband detritus
A 0-25 48.2 13.3 20.8 3.5 5.2 01 3.6 5.94
Bk 25-80 46.2 12.2 23.2 3.5 10.3 01 3.8 6.71
B 80-110 47.7 12.2 21.8 3.2 10.2 0.2 3.9 6.63
Cy 110-150 46.6 116 23.5 3.2 9.6 10 4.0 7.34
Profile 3, on the Soltanieh formation
AC 0-15 13.4 3.15 40.41 17.6 20.00 - 4.25 2.30
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Fig. 3. Diffractograms of clay fraction (<1 pm) from the Bk horizon of profiles P1 (Left) and P2 (Right).
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magnesium and silica that could ensure stability condi-
tions for this mineral. No indications of the neoforma-
tion of palygorskite in these soils were found.

This study was based on the idea of the possibility of
pedogenic origin of palygorskite in an arid environment
area, because Iran is located in the desert belt of the
world and most of its developed soils are Aridissols.

Materials and Methods

The sampled soil profiles were located in the southern
part of Yazd, in Central Iran (Fig. 1). The profiles with a
ratio of 1:4:5 including full profiles: half profiles:
boreholes were drilled in a total of 50 positions on the
transect randomly. The study soils have developed on
limestone and dolomite formations of Nayband
(Triassic period) and Soltanieh (Cambrian period) in the
southwestern part of Yazd province as shown in the
geological map sheets, 1:100 000 scale (Fig. 1). The study
area located in an interval of 1600-2800 m (height from
sea level), where soil temperature regime is mesic and
soil moisture regime is aridic, but soil moisture regime

T T T T

20 degrees

borders on xeric in higher altitutes landforms. The loca-
tion of the profiles within the topographic-geological
sequence is shown in Fig. 2. The field study and soil
sampling were based on a topographic-geological
sequence, and observation and soil sampling were done
(Fig. 2). The soil samples were collected up to the depth
of 150 cm. Soil horizons description and classification
were done according to Soil Survey Staff (2014).

Routine testing of soil chemical and physical proper-
ties was performed. To measure carbonates in soil, first
reacted the soil sample (1 gr) with acid (25 ml HCI1 1N) in
a volumetric flask, and then in a certain volume of
sample was measured Ca®* and Mg** with complexomet-
ric titration method. Lime percentage and Ca**/Mg* in
carbonates were calculated according to dissolved Ca**
and Mg** in acid. Gypsum was calculated from the differ-
ence in the amounts of sulfate in 1:5 and 1:40 soilfwater
extracts (Khitrov and Ponizovskii 1990). Ion contents
were analyzed in 1:5 soil/water extracts according to
Page et al. (1982). Soil reaction was measured in 1:5 and
1:1 soil/water suspensions. Electrical conductivity (EC)
was measured in 1:5 soil/water extract. Organic carbon
was analyzed with Walkley-Black procedure (Walkley
and Black 1934). For X-ray diffraction of clay, sample
preparation was done according to Kittrick and Hope
(1983) and Sosnovskaya et al. (1978). To remove the lime
cementation agents, the soil samples (50 gr) were treated
with 10 ml of HCI 1N for few minutes. The clay particles
(<1 pm) were separated for X-ray diffractograms as
oriented mounts running from 6° to 34° 26, at 40 KV
with a Cu-K(alpha) target using a Philips (Holland) instru-
ment. Clay mineralogy was identified according to Dixon
and Weed (1989), and semi-quantitative measurements
were done according to Biskaye (1964). X-ray fluores-
cence spectrometry (XRF) using S4 Explorer (Bruker)
was performed for the bulk elemental analysis. Samples
for XRF analyses were grindedand then pressed in the
steel ring with boric acid as glue. A detailed analysis of
rock fragments from the R horizon of profile 1 has been
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Fig. 5. Thin sections from bedrock R horizon, in profile 1 with calcite, dolomite and quartz as dominant primary minerals (NII
and N+, 40X). [Colour online.]
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Fig. 6. SEM images with EDS spectrometers from horizons C and AC in profiles 1 and 3, respectively. [Colour online.]
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Fig. 7. The SEM images with EDS spectrometers of the upper A and middle-profile B,1 and By2 horizons of profile 1 (from left to

right, respectively). [Colour online.|
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performed using an optical microscope. For scanning
emission microscopy (SEM), the soil samples were
placed onto glass slides and coated with gold. Then,
microscopy analyses were performed using a SEM
TESCAN instrument. Energy dispersive X-ray spectrom-
eter (EDS) test was performed on the SEM images. The
element analyses on the SEM images were done with
EDS mapping, Bruker X Flash 6/10. The EDS-analyzed
elements were compared with calculated soil elements
of few ratios (90:10, 80:20 and 60:40) of calcite to paly-
gorskite by formula (calcite: palygorskite as CaCOj:
(Mg, Al), Sis Oq9)-

Results

All soil horizons, except for the gypsic horizon (Cy),
showed low salinity in 1:5 soil/water extracts. The
soil reaction in the 1:1 soil/water suspension in all
the horizons, except for the Cy horizon, is alkaline
(pH > 8.0). Minimum quantity of lime (21.75%) was calcu-
lated in the A horizon of profile 1 on upper landform and
maximum quantity of lime (38.75%) was calculated in cal-
cic horizon (Ck in profile 1) and AC horizon of profile
3 on the Soltanieh formation (Table 1). The ratio of
Ca**/Mg”* in 1:5 soil/water extracts in Bk1 and Bk2 hori-
zons (in profile 1) were less than other horizons
(Table 2). Soluble calcium/magnesium ratio in profile 2
was observed with the minimum quantities in Cy and
Bk horizons due to relatively higher Mg concentration
in these horizons (Table 2). Dry Munsell color in A

1,

horizon of profile 1 was brown (7.5YR5/3). In the horizons
of Bkl and Bk2 of profile 1, dry colors were changed from
brown to reddish yellow (7.5YR6/6), whereas Ck horizon
was pink (7.5YR7/4). Dry Munsell colors in A, B and Cy
horizons of profile 1 were light brown (7.5YR6/4). Dry soil
Munsell colors of topsoils on Soltanieh formation and
detritus were brown and light brown, respectively.

An increased content of lime can be observed in
the Bk horizons. In the Cy horizon, the content of gyp-
sum significantly increases. Secondary calcite in Bk
(25-80 cm) was occured in powder regular masses aver-
aging 5 to 15 mm in diameters and 2-20% in area of the
horizon in profile 2. This profile has developed from
Nayband formation detritus. Secondary gypsum in the
gypsic horizon (Cy) of profile 2 was observed with a mas-
sive structure where it diffused in all parts of the hori-
zon. Table 3 shows total element in some of the
horizons in study profiles. The amount of magnesium
oxide in the solid phase of the soil profiles does not
change significantly. However, the relative content of
magnesium in comparison with calcium oxide tends to
decrease within depth. The content of silicon in profile
2 is considerably higher than that in profile 3. The ratio
of silica to alumina tends to increase with the depth,
although this increase is small. Slight changes in the
bulk contents of the major elements attest to a relative
homogeneity of profiles. Against this background, the
pedogenic accumulation of lime and gypsum in the Bk
and Cy horizons, respectively, is clearly seen (Table 1).
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Fig. 8. The SEM images with EDS spectrometers from calcic (Bk) and gypsic (By) horizons of profile 2. [Colour online.]
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Among, palygorskite was detected in the samples
according to strong reflection peaks at 1.06 nm and
moderate reflection peaks at 0.64 nm in profiles 1 and
2 (Fig. 3). Illite and palygorskite in the soils developed
from the Nayband formation constitute 40.64 and
39.30% in the clay fractions (<1 pm), respectively, in P1
(calculated by method of Biskaye 1964). In the soil devel-
oped from the Nayband detritus (P2), the content of
palygorskite has increased up to 43.00% with a simulta-
neous relative decreasing of the content of illite. Along
with palygorskite and illite, chlorite and smectite
minerals were identified as 18% and 9%, respectively.
X-ray diffraction data did not show the presence of paly-
gorskite crystals in the soils on the Soltanieh forma-
tion (Fig. 4).

The photos of thin sections indicate that the major
minerals in the bedrock R horizon in profile 1 are calcite,
dolomite and quartz (Fig. 5).

The scanning electron microscopy (SEM) of parent
materials from profiles 1 and 3 did not show the
presence of palygorskite (Fig. 6).

The results of SEM analysis of profile 1 are shown in
Fig. 7. It can be seen that the calcic Bkl horizon contains
a higher amount of palygorskite than the underlying
Bk2 horizon; however, there was not palygorskite in
the A horizon.

The soil samples in the calcic B horizon of profile 2
showed the presence of fibrous palygorskite crystals,
but in the gypsic By horizon of this profile, such long
crystals are absent (Fig. 8).

In the SEM images from Bk1 and Bk2 horizons of
profile 1 (Fig. 7) and Bk horizon of profile 2 (Fig. 8),
palygorskite crystals of 10 pm and longer can be seen
on the secondary lime. This suggests the neoformation
of palygorskite as authigenic mineral on calcite crystals
upon increasing in the concentration of magnesium
accompanying precipitation of secondary lime. The SEM
from the secondary gypsum (By horizon in profile 2)
shows the presence of very fine (<2 pm) palygorskite
crystals (Fig. 8). The appearance of palygorskite in the
gypsic horizon can be related to physical weathering
and illuviation of palygorskite from the upper horizons
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Fig. 9. EDS results on the electron microscope images of A, Bk, By and C horizons related to calculated elements from formula of

palygorskite and calcite mix minerals.
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to smaller sizes. The SEM images of the C (profile 1) and
AC (profile 3) horizons (Fig. 6) did not show the presence
of palygorskite, suggesting that the lithogenic palygor-
skite is absent in these profiles. Also, the absence of
palygorskite in the A horizon of profile 1 (Fig. 7) suggests
the lack of plausible eolian origin of palygorskite in this
profile. Thus, we concluded that palygorskites in the Bk

horizons of the studied soils have formed from pedo-
genic origin. To further support such neoformation in
calcic horizon, it has shown EDS results taken from
electron microscopy samples in Figs. 6, 7 and 8. The EDS
analyses were confirmed proximity of some elements
percentages in formula (calcite: palygorskites, 90:10)
and Bk horizon in P2 on Naiband detrition (Figs. 9
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and 10). The ratio in formula (90:1) is close to the
approximate ratio of 40:4 for the percentages of lime
and palygorskite, respectively, in Bk horizons of the
profiles 1 and 2. This ratio estimated from approximately
40% of lime in the calcareous horizons (Table 1) and 4% of
palygorskite from multiplying 10% of the clay fraction
and about 40% palygorskite in clay fraction.

Discussion

In the study area, palygorskite after ethylene glycol
treatment expanded to about 17.5 A, in accordance with
Nordmeyer (1966) related to the [001] crystal lattice.
Similar results with the use of the XRD analysis were
earlier obtained for some samples from Mangyshlak
Peninsula by Jeffers and Reynhold (1987). They reported
on palygorskite that expanded upon ethylene glycol
solvation. Kadir and Eren (2008) reported palygorskite
associated with Quaternary caliches on the coastal land-
forms of Mersin, in Turkey, with Mediterranean climate.
Also, Hojati et al. (2010) reported neoformation of paly-
gorskite crystals under the influence of a saline and alka-
line ground water in Central Iranian soils. The difference
between the present study and others as Kadir and Eren
(2008) and Hojati et al. (2010) is that the present study
indicates the neoformation of Paligorskite crystals in
the soils with Mesozoic parent materials on highlands
of Central Iran. Palygorskite crystals of large (up to
20 pm and more) sizes were formed in situ in the calcic
horizon that this phenomenon is adapted by Martin-
Vivaldi and Craig (1972) that the length of palygorskite
fibers varies greatly from <1 pm up to 20 pm. Smaller
palygorskite crystals appeared in a deeper gypsic (By)
horizon as the products of palygorskite weathering in
the upper horizons. Although the formation of secon-
dary gypsum in the By horizon could also provide a
higher concentration of magnesium ions, the formation
of palygorskite in this horizon could not be justified
due to the less alkaline reaction.

Conclusion

The neoformation of palygorskite in the calcic horizon
probably took place upon an increase in the relative
concentration of Mg in the course of precipitation of
secondary calcite with abundant silica, as confirmed by
Scholtz (1968), Millot et al. (1969), Parquet (1970), and
Lamouroux et al. (1973). They also reported palygorskite
in calcareous horizon in chestnut and brown soils are
important in better development and management of
such soils. Proving of neoformation of Palygorskite in
an aridic soil moisture regime is important, since
this mineral has roles in soil fertility and stability
(Singer 1992 and Shariatmadari 1998). Due to the similar-
ities in soil parent materials of the study area in Iran and
in the earlier study soils developed from calcareous
rocks in the former Soviet Union in Central Asia, it
would be recommendable to further investigate the
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occurrence and authigenic formation of palygorskite in
the soils of Asia.
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