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RRhizosphere and microorganisms can play a central role in the weathering of clay minerals. Rhizospheric and
bacterial studies to understand the weathering of clay minerals, however, are still lacking. Most previous
studies have been carried out on industrial or geologic minerals. Therefore, the main objective of the present
study was to compare the transformation of palygorskite found in sedimentary rocks with palygorskite from
soils. Mineral transformations induced by silicate solubilizing bacteria and the sorghum rhizosphere. The
plant extractable Mg as a criterion of the ability of plants to extract Mg from these minerals was also consid-
ered. A pot experiment was conducted. The growth medium was a mixture of quartz sand as filling material,
sedimentary or soil palygorskite and silicate solubilizing bacteria. After 100 days from cultivation, plants
were harvested and their Mg uptake was measured by an inductively coupled plasma atomic emission spec-
troscopy instrument following dry ash extraction. The X-ray diffraction analyses illustrated that sedimentary
palygorskite weathered almost completely in plant and/or silicate solubilizing bacteria treatments. Soil paly-
gorskite however, did not weather to a detectable extent. The Mg content extracted by the sorghum was sig-
nificantly greater for sedimentary palygorskite than the soil derived mineral. Root and silicate solubilizing
bacterial activities appear to have increased rhizosphere acidity which, in turn, resulted in the release of
structural Mg from mineral lattice. Higher Mg release and uptake and complete weathering of sedimentary
palygorskite, could indicate a higher weatherability of this source. The higher disequilibrium between the
geologic and pedogenic environments increases the weatherability of geological minerals. Studies under
the soil conditions could therefore be helpful to understand the weathering and management of soils with
dominant palygorskite.
R

40

), Dept. of Soil Science, Faculty
nces and Natural Resources,
420981.
hoo.com (F. Khormali).

sevier B.V.

et al., Comparing the weathering of soil and
11.09.007
© 2011 Published by Elsevier B.V.
4142
R
57

58

59

60

61

62

63

64

65

66

67

68

69
U
N
C
O1. Introduction

Palygorskite and sepiolite are clay minerals found specifically in
arid regions and form the group of fibrous clay minerals. The structure
of palygorskite was first proposed by Bradley (1940), who described a
theoretical formula of [Si8Mg5O20(OH)2] (H2O)4.4H2O. Fibrous clay
minerals have been found to be widespread in late Cenozoic sedi-
ments of arid and semi-arid regions of Iran. Three ideal conditions
for palygorskite formation in soils and sediments of central Iran are:
(1) an increase in the Mg/Ca ratio due to gypsum crystallization in
the shallow water bodies; (2) neutral or alkaline pH due to warm cli-
mate; and (3) increasing soluble Si due to enriched hydrothermal
solutions (Khademi and Mermut, 1998).
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Until now, few studies have investigated the origin and the environ-
mental conditions for the stability of these clays (e.g. Akbulut and Kadir,
2003; Bigham et al., 1980; Bouza et al., 2007; Daoudi, 2004; Torres-Ruiz
et al., 1994). Little research has so far been done to understand the
role of plant roots and the associated microorganisms in rhizosphere
soils on the transformation and dissolution of palygorskite (Khademi
and Arocena, 2008).

The percentage of palygorskite in soils is related to the gypsum
content and the ratio of mean annual precipitation to mean annual
reference crop evapotranspiration (P/ET°) (Khormali and Abtahi, 2003).
Palygorskite and sepiolite are generally believed to weather to other
silicate clays, such as smectites may dissolve out of the soil profile
whenmean annual precipitation exceeds 300 mm(Neaman and Singer,
2004; Singer and Norrish, 1974).

The rhizosphere, defined as the volume of soil influenced by root
activity, differs in many aspects from the bulk soil due to root uptake
of water and nutrients and to root exudates, root respiration and
higher microbial activities. Evidence of the profound chemical changes
that occur in the rhizosphere has been reviewed by several authors in
sedimentary palygorskite in the rhizosphere zone,

http://dx.doi.org/10.1016/j.clay.2011.09.007
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recent years (e.g. Curl and Truelove, 1986; Darrah, 1993; Marschner,
1995).

Root and microflora activity in the rhizosphere can alter the weath-
ering rate of soil minerals by decreasing pH, producing higher organic
acid concentrations and changing redox potential (April and Keller,
1990; Drever, 1994; Hinsinger et al., 1992). These root effects on soils
suggest to some investigators that soil can be considered, in part, a
product of plants and soil biota (Van Breeman, 1993).

Many studies have been carried out on mineral weathering in con-
trolled experiments with pure reference minerals (e.g. Hinsinger and
Jaillard, 1993; Hinsinger et al., 1992, 1993; Leyval and Berthelin, 1991;
Spyridakis et al., 1967) comparing the rhizosphere soil (or soils within
3 mm of the root surface) with non-rhizosphere mineralogy in forest
soils (Arocena and Glowa, 2000; Courchesne and Gorban, 1997) and
agricultural fields (Kodama et al., 1994; Tice et al., 1996; Tributh et
al., 1987). Naderizadeh et al. (2010) reported that root activities
and organic matter (OM) decomposition increased rhizosphere acidity
which, in turn, facilitated K release from trioctahedral mica (phlogo-
pite) and induced the formation of vermiculite and a minor quantity
of smectite and hydroxy-interlayered vermiculite (HIV).

Khademi and Arocena (2008) reported that the addition of organic
matter could enhance the rate of kaolinite formation from fibrous
clays in the rhizosphere of different crops. There is no information
however comparing the effect of the rhizosphere on the weathering
of pedogenic minerals versus reference materials.

The objectives of this study were: (1) to investigate the effect of
roots and silicate solubilizing bacteria on the transformation of both
soil derived and sedimentary palygorskite in the sorghum rhizo-
sphere; and (2) to compare the ability of crops to extract structural
Mg from sedimentary and soil palygorskite.

2. Materials and methods

2.1. Growth media and bacteria culture

An industrial sample containing 60% palygorskite and 40% sepio-
lite was used as a sedimentary palygorskite sample (Tolsa Company,
Spain, www.tolsa.com). The soil derived palygorskite comes from a
Btk horizon of a previously studied Calcidic Haplustalf with dominant
palygorskite (N60%) in its clay fraction from the Larestan region of
southern Iran where the mean annual precipitation to mean annual
reference crop evapotranspiration P/ET° is 0.01 (Khormali and Abtahi,
2003; Khormali et al., 2003, 2005).

Both soil derived and sedimentary palygorskite samples were
ground and sieved. Removal of chemical cementing agents from the
samples and the separation of clay fractions were carried out accord-
ing to Jackson (1975), Kittrick and Hope (1963), and Mehra and
Jackson (1960). After repeated washing for removal of salts (includ-
ing gypsum), the carbonates were removed using 1 N sodium acetate
buffered at pH 5. The addition of 1 N sodium acetate was continued
until no effervescence was observed with 1 N HCl (Jackson, 1975). The
reaction was performed in a water bath at 80 °C. Organic matter
was oxidized by treating the carbonate-free soils with 30% H2O2 at
80 °C. This treatment also dissolved MnO2. Iron oxides were removed
from both samples by the dithionate citrate bicarbonate method
(Mehra and Jackson, 1960). The clay samples from both palygorskite
Table 1
Elemental analysis (%) of quartz sand, sedimentary and soil palygorskite used in the experi

Sample SiO2 Al2O3 Fe2O3 CaO Na2O

Quartz sand 97.8 0.2 0.45 0.35 b0.1
Sedimentary palygorskite⁎⁎ 52.4 4.08 2.06 10.29 0.05
Soil palygorskite⁎⁎ 53.62 6.88 1.65 8.2 0.77

⁎ Loss on ignition at 900 °C.
⁎⁎ CaCl2 saturated.

Please cite this article as: Bakhshandeh, S., et al., Comparing the weath
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sources (b2 μm) were then separated by sedimentation method and
saturated with CaCl2 using a 1 N CaCl2 solution. Saturated clays were
washed several times with distilled water to remove the excess CaCl2.
Finally clay samples were dried and used in the pot experiment.

Sand sized quartz greater than 0.1 mm collected from Rafsanjan
area of Iran was used as a major plant growth medium. It consists of
100% quartz (SiO2) and was free of clay minerals and other sub-
stances. To prepare the sand for the pot experiment, it was first
soaked in a 0.1 N HCl solution and then washed with distilled water
and oven-dried at 105 °C. The elemental composition of the reference
clays and also that of sand used in the pot experiment were deter-
mined with X-ray fluorescence (Table 1). The clay fraction of the
soil dominated by palygorskite (N60%) is called soil palygorskite for
simplicity. Chlorite and illite are the other clay minerals present in
the remaining portion (b40%). Both palygorskite sources contain
high Mg as expected (Table 1). There is however higher Mg in the
sedimentary sample, mainly due to the presence of about 40% sepio-
lite. Sepiolite is the trioctahedral mineral with Mg as the dominant
octahedral cation.

Silicate solubilizing bacteria (Bacillus sp) were used in this study.
Silicate solubilizing bacteria colonies were first cultured in a nutrient
broth medium and then incubated on an orbital shaker at 150 rpm for
24–48 h at 27 °C, until the medium became opaque. Finally, 1 ml of
inoculums was applied to each seedling.

2.2. Cultivation conditions

Pots were filled with a mixture of 20 g clay (either soil or sedimen-
tary palygorskite) and 480 g of quartz sand in treatments without bac-
teria. For treatments with silicate solubilizing bacteria treatments, the
mixture consisted of 20 g clay, 480 g of sand and 1–2 ml of rarefied sil-
icate solubilizing bacteria. Sorghum (Speed Feed variety) was used to
create the rhizosphere conditions. Sorghum was grown under green-
house conditions for 100 days. Pots were irrigated with either distilled
water as needed, or weekly with Mg-free nutrient solution (according
to stock) to avoid Mg and Al from entering the rhizosphere (Machlis
and Torrey, 1956).

The experimental design was a completely randomized 3×2×2
factorial with 12 treatments and 3 replications making a total 36
experimental pots. The treatments were combinations of 3 growth
media, 2 levels of plants and 2 levels of addition of silicate solubi-
lizing bacteria. Growth media included quartz sand (control), quartz
sand+sedimentary palygorskite and quartz sand+soil palygorskite
(Fig. 1). At the end of the growing period (100 days), plants were har-
vested and their shoot and root biomass were measured after oven-
drying at 75 °C for 24 h.

2.3. Laboratory analyses

At the end of the experiments, the clay fractions of the growth
media surrounding the roots in each pot were separated from the
quartz sand by washing the roots on a 200 mesh sieve. The mineral-
ogy of the clay fractions of the rhizosphere soils, before and after
the pot experiment, was determined with X-ray diffraction (XRD).

The XRD patterns of the Mg- and K-saturated clay samples were
obtained at ambient temperature and relative humidity with a D8
ment.

K2O MgO TiO2 MnO P2O5 SO3 L.O.I⁎ Total

b0.1 0.68 0.004 – – – 0.21 99.69
0.25 11.74 0.203 0.01 0.898 0.068 17.59 99.63
3.53 8.88 0.102 0.06 0.009 b0.03 16.01 99.71

ering of soil and sedimentary palygorskite in the rhizosphere zone,

http://www.tolsa.com
http://dx.doi.org/10.1016/j.clay.2011.09.007
Original text:
Inserted Text
"palygorkite "

Original text:
Inserted Text
"hours"

Original text:
Inserted Text
"- "



T

R
O

O
F

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

Fig. 1. Schematic diagram of an experimental plant pot.

Fig. 2. XRD patterns of sedimentary palygorskite with no interaction with rhizosphere
and silicate solubilizing bacteria before 100 days of cultivation.

Fig. 3. XRD patterns of soil palygorskite with no interaction with rhizosphere and sili-
cate solubilizing bacteria before 100 days of cultivations.
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Advance diffractometer, manufactured by Bruker AXS. The (00l)
reflections of both soil and sedimentary palygorskite were obtained
from oriented mounts following Mg saturation, ethylene glycol salva-
tion and K saturation. The K-saturated samples were studied after dry-
ing and heating at 550 °C for 4 h.

For TEM studies, suspensions of 1:500 (g dry clay/ml water) were
prepared from dried soil and sedimentary clay particles 100 μl of the
suspension was dried on 200-mesh form coated Cu grids under a
heat lamp for 25 min and examined using a LEO 906E transmission
electron microscope (TEM). For SEM/EDS studies, undisturbed dried
samples were mounted on aluminum stubs using double-sided tape
and carbon paste, then coated with Au and examined using a Jeol
6400 scanning electron microscope.

Plants harvested at the end of cultivation were washed with dis-
tilled water and dried at 70 °C for 48 h. Biomass was weighed and
ashed at 550 °C for 4 h. Each ash sample was dissolved in 10 ml of
2 N HCl and its Mg concentration was measured by inductively
coupled plasma atomic emission spectroscopy. Magnesium uptake
in shoots and roots was calculated by multiplying the dry biomass
(g/pot) by magnesium concentration (mg/g). Total Mg uptake in
each pot was the sum of Mg uptake in shoots and roots.

2.4. Statistical analysis

The SAS 9.1 software was used for the statistical analyses. Analyses
were performed by multivariate analysis of variance. Means were
compared by the Duncan test at 5% probability level.

3. Results and discussions

3.1. Palygorskite weathering in rhizosphere

The XRD patterns of the Mg-saturated sedimentary palygorskite
before the experiment show 12.18 Å, 3.35 Å peaks of low intensity
(Fig. 2). These peaks are attributed to impurities consisting of sepio-
lite and quartz, respectively. The XRD patterns of the Mg-saturated
soil palygorskite before the experiment show that the dominant clays
were palygorskite (N60%), chlorite and some illite (Fig. 3).

X-ray diffractograms of the Mg-saturated sedimentary palygors-
kite from treated and control pots after 100 days experiments are
shown in Fig. 4. According to this figure, the 10.51 Å palygorskite
peak and the 12.18 Å sepiolite peak have completely disappeared.
This shows that sedimentary palygorskite has weathered in treat-
ments with both plant and silicate solubilizing bacteria or each treat-
ment alone. As shown there is no detectable difference in the X-ray
patterns in the treatment without both plant and silicate solubilizing
bacteria (Pl−, B−) and the control sample (initial mineralogy). Based
only on the peak intensities one could assume that palygorskite
Please cite this article as: Bakhshandeh, S., et al., Comparing the weath
Appl. Clay Sci. (2011), doi:10.1016/j.clay.2011.09.007
E
D
 Pweathering is more intense in treatments with silicate solubilizing

bacteria compared to the other treatments (Fig. 4).
X-ray diffractograms of the Mg-saturated soil palygorskite from

treated and control pots (before the experiment and after 100 days
without treatment) are shown in Fig. 5. As seen, there is no significant
visual difference for the palygorskite peak after applying treatments
except for the overall lower peak intensities especially in treatments
with silicate solubilizing bacteria. This could probably confirm the
effective role of silicate solubilizing bacteria in the weathering of
minerals.

Palygorskite in soils form pedogenically under ambient tempera-
ture and pressure conditions compared to sedimentary palygorskite
which forms under a higher pressure and temperature conditions.
Sedimentary palygorskite therefore should have a lower stability than
the soil palygorskite when present in soils. In addition, sedimentary
ering of soil and sedimentary palygorskite in the rhizosphere zone,
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Fig. 4. XRD patterns of Mg-saturated sedimentary palygorskite from the rhizosphere of sorghum under different treatments after 100 days of cultivation (Pl+: with Plant; B+: with
Bacteria; Pl−: without plant; B−: without bacteria).
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palygorskite might act as a rich and easily available source of Mg for
plants compared to soil palygorskite in which Mg has already been
extracted through plant uptake. Silicate solubilizing bacteria together
with plant root activity has significant influences on the rhizosphere
pH. This can be attributed to the production of both CO2 and organic
acids as a result of organic matter decomposition by microorganisms.

Plant uptake of mineral-bound Mg due to increasing rhizosphere
acidity by roots and silicate solubilizing bacteria activity results in
increased mineral weathering. Both palygorskite and sepiolite become
unstable under acidic pH and low Mg and Si activities (Bigham et al.,
1980; Golden et al., 1985;Neamanand Singer, 2004; Singer et al., 1995).
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Fig. 5. XRD patterns of Mg-saturated soil palygorskite from the rhizosphere of sorghum unde
Pl−: without plant; B−: without bacteria).

Please cite this article as: Bakhshandeh, S., et al., Comparing the weath
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 PTEM image of clay sized particles separated from the rhizosphere

of sedimentary palygorskite illustrates hexagonal morphology (Fig. 6).
It is highly possible that the large flake belongs either to detrital
kaolinite or to mica present in the original material. The presence
of trace kaolinite cannot be detected by XRD. The SEM images of
these large flakes engulfed with the palygorskite are shown in Fig. 7a.
The evidence provided by the energy dispersive X-ray (EDS) is not
also conclusive for the formation of kaolinite (Fig. 7b). The EDS pattern
is rather related to the palygorskite which engulfed the flake. The time
allowed for the experiments (100 days) is probably very short to allow
formation of large kaolinite flakes.
r different treatments after 100 days of cultivation (Pl+: with Plant; B+: with Bacteria;

ering of soil and sedimentary palygorskite in the rhizosphere zone,
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Fig. 6. TEM images of (a) sedimentary palygorskite bundles without any treatment before cultivation and (b) sedimentary palygorskite after cultivation and treatment by silicate
solubilizing bacteria.

Fig. 7. SEM image (a) and EDS analysis (b) of the sedimentary palygorskite after cultivation and treatment by silicate solubilizing bacteria.

5S. Bakhshandeh et al. / Applied Clay Science xxx (2011) xxx–xxx

Please cite this article as: Bakhshandeh, S., et al., Comparing the weathering of soil and sedimentary palygorskite in the rhizosphere zone,
Appl. Clay Sci. (2011), doi:10.1016/j.clay.2011.09.007

http://dx.doi.org/10.1016/j.clay.2011.09.007


T

O
F

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309 Q5
310

311

312

313

314

315

316

Table 2t2:1

Analysis of variance for biomass, Mg concentration and Mg uptake in three growth
media and two kinds of silicate solubilizing bacteria.Q2

t2:2
t2:3 Source of variation df Biomass Mg Concentration Mg Uptake

t2:4 Growth medium (GM) 2 163.35⁎ 11.08⁎ 3500.82⁎

t2:5 Silicate solubilizing bacteria (SB) 1 6.72⁎ 0.97⁎ 275.42⁎

t2:6 GM×SB 2 0.083⁎ 0.082⁎ 58.41⁎

t2:7 Error 12 0.005 0.004 0.64
t2:8 Total 17

⁎ Statistically significant at 0.05 levels of probability.t2:9

Fig. 9. Mean values of the Mg concentrations in plant biomass in quartz sand, soil and
sedimentary palygorskite under bacteria (+B) and no bacteria (−B) treatments.

6 S. Bakhshandeh et al. / Applied Clay Science xxx (2011) xxx–xxx
R
R
E
C

3.2. The uptake of Mg by plants

The results showed that there were statistically significant differ-
ences among growth media (GM), and levels of silicate solubilizing
bacteria (SB) in biomass production, Mg concentration and Mg up-
take (Table 2). Also, interaction effects (GM×SB) for biomass, Mg
concentration and Mg uptake were significant.

Under Mg-free nutrient solution, a significant increase in biomass
occurred in pots containing sedimentary palygorskite and silicate
solubilizing bacteria as compared to those with no silicate solubiliz-
ing bacteria amendment (Fig. 8). Sedimentary palygorskite amend-
ment with silicate solubilizing bacteria seems to have created a
much higher biomass than both soil palygorskite treatment and the
control. This indicates the high availability of structural Mg in sedi-
mentary palygorskite and the sepiolite impurities that led to higher
growth rate of sorghum. Addition of silicate solubilizing bacteria to
the growth media generally resulted in a higher biomass production
in sorghum (Table 2 and Fig. 8).

Fig. 9 shows the Mg concentration of plant biomass (weighted
average of roots and shoots) at the end of the experiments. This
figure clearly indicates that under Mg-free nutrient solutions, a signifi-
cant increase inMg concentration occurred in pots containing sedimen-
tary palygorskite and silicate solubilizing bacteria as compared to those
with no silicate solubilizing bacteria amendments. Under silicate solubi-
lizing bacteria amendment, the Mg concentration of sorghum is much
greater in sedimentary palygorskite containing sepiolite than soil paly-
gorskite and the control. There were statistically significant differences
among growth media (sedimentary palygorskite, soil palygorskite and
quartz sand) in Mg concentration (Table 2). Therefore, the sorghum
grown in sedimentary palygorskite sample had greater Mg contents
than the one grown in the soil palygorskite and control sample.

The addition of silicate solubilizing bacteria to the growth media
also increased the Mg concentrations in the biomass of sorghum
U
N
C
O

Fig. 8. Mean values of the total biomass in quartz sand, soil and sedimentary palygors-
kite under bacteria (+B) and no bacteria (−B) treatments.
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orous growth of sorghum is 1.9 mg kg−1 (Leder, 2004). Considering
the Mg requirements for optimum growth, the sorghum Mg uptake
from all growth media was almost enough to maintain growth, espe-
cially when silicate solubilizing bacteria were added. The physiological
need of plants for Mg continuously decreased the Mg in soil solution
released by high acidity and might have accelerated the breakdown
of palygorskite and sepiolite in rhizosphere soils of especially the
sedimentary palygorskite.

Total Mg uptake by the sorghum followed the same trend with
greater Mg uptake by plant grown in sedimentary palygorskite with
added silicate solubilizing bacteria (Fig. 10). There were statistically
significant differences among growth media and silicate solubilizing
bacteria in Mg uptake (Table 2). Together with the XRD data, this
shows that the sedimentary palygorskite is more unstable than the
soil palygorskite. Presence of sepiolite is also partly responsible for
higher Mg uptake. Cecil and Tester (1990) show that silicate bacteria
can increase the K uptake and Mg uptake by plants.

The higher Mg content of the sedimentary palygorskite could have
also played a role in the higher Mg uptake of plants. Barzegar et al.
(2002) suggest that organicmatter also increases the rate of phlogopite
transformation in the root zone through several mechanisms. It im-
proves the physical conditions of the growth medium which, in turn,
results in higher biomass production and higher K uptake. Hinsinger
Fig. 10. Mean values of the Mg uptake by plant in quartz sand, soil and sedimentary
palygorskite under bacteria (+B) and no bacteria (−B) treatments.
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and Jaillard (1993) showed that rape (Brassica napus) increased the
release of K and Mg by a factor of two to four after 4 days when
grown in a medium with phlogopite as the sole source of both K
and Mg. In a similar experiment using phosphate rock and alumina
sand substrate, dissolution of minerals was significantly enhanced
by the root growth (Hinsinger and Gilkes, 1997). Moulton and Berner
(1998) reported two- to five-fold increased rate of Ca and Mg release
in vegetated vs. barren area on basaltic rocks in Iceland.

4. Conclusion

The results of the present study indicate a more intense mineral
weathering of palygorskite minerals derived from rock samples com-
pared to those from soils in the rhizosphere. Sedimentary palygorskite
weathered almost totally compared to soil palygorskite by treatments
with silicate solubilizing bacteria in rhizosphere zone of sorghum.
Root and silicate solubilizing bacteria activities appear to have increased
rhizosphere acidity which, in turn accelerated the release of structural
Mg from both palygorskite sources and also mineral breakdown. Fur-
thermore, Mg uptake and Mg concentration is higher in sedimentary
palygorskite treatments.

In general, the present study highlights the important role of
rhizosphere and microorganisms in the weathering of minerals.
Moreover the nutritional value of the source clay minerals could
also be considered for further studies. Besides the abundant work
on the weathering of reference minerals, more research is needed
on the soil originated minerals to better understand the mineral
weathering induced by plants and microorganisms.
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