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Abstract

Ten representative pedons with argillic horizons from southern Iran were selected for

micromorphological and mineralogical study. They were classified as Haploxeralfs, Haplustalfs,

Argixerolls, Argiustolls and Argigypsids with thermic, hyperthermic and mesic temperature regimes.

Some of the argillic horizons were probably formed in a less arid previous climate, during which

carbonate migrated through the profile, thus allowing clay to illuviate into deeper horizons. Thin

sections showed few to no clear clay coatings in argillic horizons with greater clay content, where

shrink/swell has disrupted them. Clay coatings superimposed on carbonate coatings, and in turn

covered by calcite, indicate recalcification. Calcite depletion pedofeatures were the most striking

features in these soils. Sodium may have played an important role in the dispersion of clay and

formation of argillic horizons within two of the pedons studied. A micromorphological index of soil

evolution in highly calcareous arid and semiarid conditions is proposed. It correlates with the content

of free Fe2O3 (FeDCB in fine earth), the colour index, the clay illuviation index and the smectite/

(chlorite + illite) ratio. The index can be useful for correlation of soils with argillic horizons formed

on highly calcareous parent material in different landscape units. New subgroups of Haploxeralfs and

Argiustolls are suggested for inclusion in Soil Taxonomy based on the properties of some of the

studied profiles.
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1. Introduction

The Fars Province, an area of about 132,000 km2 located in the south of Iran (Fig. 1),

comprises xeric, ustic and aridic soil moisture regimes along with mesic, thermic and

hyperthermic soil temperature regimes according to the ‘‘Soil Moisture and Temperature
Fig. 1. Location of the study area (a), soil moisture and temperature regimes, and sites of the pedons (b).
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Regime Map of Iran’’ (Banaei, 1998). Precipitation ranges from 200 mm in the arid areas

in the north, the south and the southeast to 800 mm in the mountainous areas of the

northwestern part. However, as most of the areas studied received 200–300 mm, the

overall climate of the province is arid and semiarid (Table 1). As all of southern Iran is

covered by limestone formations, the parent materials of all soils are strongly calcareous.

During previous soil survey investigations, argillic horizons were recognised in soils of

the arid and semiarid regions of Fars province. Laboratory data confirmed the presence of

these horizons, but few studies have elaborated their development. A micromorphological

analysis was considered necessary to ascertain the genesis and development of such

horizons. Argillic horizons are generally subsurface horizons with significantly greater

percentages of phyllosilicate clay than the overlying soil material, the increase in clay

being attributed to clay illuviation (Soil Survey Staff, 1998). Occurrence of an argillic

horizon in calcareous parent material of an arid to semiarid climate could point to a

palaeoprocess in stable geomorphologic conditions. Eghbal and Southard (1993) attributed

the development of carbonate-free argillic horizons within the arid region of the Mojave

Desert to a more humid pluvial period, and argillic horizons within the semiarid region of

Yemen have also been related to a more humid climatic phase than the present (Nettleton

and Chadwick, 1996). According to Abtahi (1977), the formation of argillic horizons in

arid saline and alkaline environments is possibly related to the dispersive effect of high

sodium concentrations, even in the presence of calcium carbonate.

Two basins formed in Fars Province (southern Iran) during the late Pliocene and early

Pleistocene persist to the present day. They are Lakes Neyriz and Shiraz (or Maharlu),

which have saline and alkaline waters and are remnants of the post-Tethyan sea. During

the Quaternary, the maximum extension of the lakes, resulting from a less arid climate

because of lower temperatures and less evaporation, occurred in the late Pleistocene about

20,000 BP, based on radiocarbon dating and archaeological study of the raised beaches in

Lake Neyriz (Wright, 1968). Since 20,000 BP, temperature has increased and evaporation

of the shallow saline lakes has produced salt crusts. The stratigraphic position of these

crusts at the top of many playa sections indicates that the present arid climate is the
Table 1

Climatological data of the studied regionsa

Pedon Region Mean annual

precipitation

(mm)

Mean annual

temperature

(jC)

Soil moisture and

temperature regime

Elevation

above sea

level (m)

P/ETjb

5 Khosroshirin 342 12.1 xeric–mesic 2000–2500 0.35

10 Aspas 347 12.3 xeric–mesic 2000–2500 0.45

11 Aspas 347 12.3 xeric–mesic 2000–2500 0.45

21 Marvdasht 330 15.8 xeric– thermic 1500–2000 0.3

26 Laar 224 23.3 ustic–hyperthermic 500–1000 0.1

38 Kamfirouz 338 14.8 xeric– thermic 2000 0.4

44 Sarvestan 288 18 xeric– thermic 1500–2000 0.3

66 Ghatrouyeh 203 16.7 aridic– thermic 1500 0.1

70 Pireshkaft 800 10.4 xeric–mesic 2500–3000 >0.7

72 Gachgaran 600 22 ustic–hyperthermic 500–1000 0.5

a Banaei (1998).
b Sadeghi et al. (2002) ( P/ETj= ratio of precipitation to mean annual reference crop evapotranspiration).
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continuation of a trend to aridity since the late Pleistocene. During the hypsithermal

interval (9000–5000 BP) the climate was considerably warmer than today and the lakes

dried up and reached their lowest levels (Deevey and Flint, 1957). At about 5000 BP, the

warm savannahs of the hypsithermal interval changed to forest because of a distinct

increase in precipitation or decrease in temperature (Wright et al., 1967).

Coexistence of pedogenic carbonate nodules with palygorskite and coatings of illuvial

clay on calcite crystals in the paleoargillic horizon of Aridisols of central Iran suggests that

palygorskite was trapped by pedogenic carbonate and the argillic horizon formed when the

climate was wetter than today (Khademi and Mermut, 1999). According to these authors,

the y13C and y18O values of the pedogenic carbonates suggest that they were formed in an

environment with more available moisture than now and more C4 plants which need large

quantities of water.

Several researchers have studied the age and duration of pedogenesis for palaeoargillic

and other relict horizons, and Levine and Ciolkosz (1983) proposed a clay accumulation

index which yielded a good relationship between age and clay accumulation in Bt horizons

of northeastern Pennsylvania. Magaldi and Tallini (2000) suggested a micromorphological

index for relict paleosols and found a reliable relationship between the index in B and B/C

horizons and the duration of pedogenesis.

Most micromorphological studies of argillic horizons in arid, semiarid and Mediterra-

nean regions have shown few to no clay coatings present. This could be related to the

strong shrink/swell properties of soils with large clay contents and periodic moist and dry

phases (Verheye and Stoops, 1973; Sobecki and Wilding 1983; Kemp and Zarate, 2000).

The main objectives of our study were to investigate the genesis of the argillic horizons

in strongly calcareous arid and semiarid regions of southern Iran, to develop a reliable

micromorphological index for characterisation of argillic horizons and their evolution in

calcareous soils and to study the relationship between the micromorphological and

mineralogical properties of the argillic horizons.
2. Materials and methods

2.1. Sampling

The study area and pedon sites were selected from previous regional soil surveys. Soils

were described and classified according to the Soil Survey Manual (Soil Survey Staff,

1993) and Keys to Soil Taxonomy (Soil Survey Staff, 1998), respectively (Table 2). Soils

with argillic horizons were observed in all types of moisture regimes of the Fars Province,

but most occurred in the xeric moisture regime of the northwestern part. Ten representative

pedons with argillic horizons were selected for study (Fig. 1).

2.2. Physicochemical analyses

Particle-size distribution was determined after dissolution of CaCO3 with 2 N HCl and

decomposition of organic matter with 30% H2O2. After repeated washing to remove salts,

samples were dispersed using sodium hexametaphosphate for determination of sand, silt



Table 2

Morphology and classification of the selected pedonsa

Horizon Depth

[cm]

Colour

(moist)

Structurea Consistencea

(moist)

Clay skin Calcite

nodules

Otherb

5-Calcic Haploxeralfs

Ap 0–20 7.5YR3.5/4 gr fr – – –

Btk1 20–50 7.5YR3.5/4 m1abkF
(f2abk)

fi few common –

Btk2 50–90 7.5YR4/4 c2abkF
(m2abk)

vfi common many –

Btk3 90–140 5–7.5YR4/4 c2abkF
(m2abk)

vfi common many –

10-Calcic Haploxeralfs

Ap 0–20 5YR3/3 gr fi – – –

Bt 20–65 7.5YR4/4 c1abkF
(m1abk)

vfi few – –

Btk1 65–90 7.5YR4/4 c2abkF
(m2abk)

vfi common common –

Btk2 90–130 7.5YR4/4 c1abkF
(m1abk)

vfi common common –

11-Vertic Haploxeralfs

Ap 0–10 5–7.5YR3/4 gr fi – – cracks (1–2 cm)

Bt1 10–40 7.5YR4/4 mF
(c1abk)

vfi – – cracks (1–2 cm)

Bt2 40–85 5–7.5YR4/4 c1abkF pr vfi common few many slickensides

Bt3 85–130 5–7.5YR4/4 c1abkF pr vfi common – many slickensides

21-Typic Haploxeralfs

Ap 0–25 7.5–10YR4/4 c1abk fi – – –

Bt1 25–50 7.5YR4/4 m2abkF
(f2abk)

fi common – –

Bt2 50–80 7.5YR4/3.5 c2prF
m2abk

vfi common – –

Btk 80–100 7.5–10YR4/4 c1prF
m2abk

vfi few few –

C 100–130 10YR5/4 m fr – – –

26-Calcidic Haplustalfs

Ap 0–20 10YR4.5/4 m1abkF
(f1abk)

fr – few –

Bk1 20–40 10YR4.5/4 m1abk fr few common –

Btk 40–75 7.5YR4/4 m2abkF
(f2abk)

fr common common –

Bk2 75–110 7.5YR4/4 m1abkF
(f1abk)

fr few common 15–20% gravel

38-Calcic Haploxeralfs

Ap 0–20 10YR4/4 mF
(c1abk)

fr – – –

Btk1 20–45 7.5–10YR4/4 c1abkF
m1abk

fi few few –

(continued on next page)
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Horizon Depth

[cm]

Colour

(moist)

Structurea Consistencea

(moist)

Clay skin Calcite

nodules

Otherb

38-Calcic Haploxeralfs

Btk2 45–70 7.5–10YR4/4 c1abkF
m2abk

vfi few common –

Btk3 70–130 5–7.5YR4/4 c1abkF
m2abk

vfi common common –

44-Calcic Haploxeralfs

Ap 0–20 7.5YR4/4 f1abk fi – – –

Btk 20–65 7.5YR4/4 c2abkF
(m2abk)

vfi common common –

By 65–110 7.5–10YR4/4 m vfi – – many gypsum

crystals

66-Calcic Argigypsids

A 0–20 7.5YR4/4 m fr – – –

Bw 20–40 7.5–10YR4/4 m vfr – – few gypsum

mycelia

Btk 40–75 5–7.5YR4/4 c1abkF
(m1abk)

fr few common common gypsum

crystals,

5% gravel

By1 75–110 7.5YR5/4 m fr – – many gypsum

pendants,

20% gravel

70-Typic Argixerolls

A 0–25 7.5YR3/2 gr fr – – –

Bt 25–75 5–7.5YR4/4 c1abkF
m2abk

fi common – –

C 75–120 7.5YR4/4 mF
(m1abk)

fi

72-Typic Argiustolls

Ap 0–30 10YR3/3 c1abk fi – – –

Bt 30–80 7.5–10YR4/4 m2abkF
(f2abk)

fr few few –

Btk 80–135 7.5 YR4/3.5 m1abkF
(f2abk)

fi common few to common –

F Indicates primary structure that parts to secondary structure when ruptured.
a Symbols used according to abbreviation given in Soil Survey Manual (Soil Survey Staff, 1993).
b All soils are calcareous throughout.

Table 2 (continued)
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and clay fractions by the pipette method (Day, 1965). Alkaline–earth carbonate was

measured by acid neutralisation (Salinity Laboratory Staff, 1954). The coefficient of linear

extensibility (COLE) was measured as the change in clod dimension from moist to dry

conditions (Soil Survey Staff, 1999).

Organic carbon was measured by wet oxidation with chromic acid and back titration

with ferrous ammonium sulphate (Nelson, 1982). Gypsum (CaSO4�2H2O) was determined

by precipitation with acetone (Salinity Laboratory Staff, 1954). Soil pH was measured in a
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saturation paste and electrical conductivity (total soluble salts) was determined in a

saturation extract (Salinity Laboratory Staff, 1954). Cation exchange capacity (CEC) was

determined using sodium acetate (NaOAc) at pH 8.2 (Chapman, 1965).

2.3. Mineralogical analyses

Chemical cementing agents were removed and clay fractions separated according to

Mehra and Jackson (1960), Kittrick and Hope (1963) and Jackson (1975). Iron-free

samples were centrifuged at 750 rpm for 5.4 min to separate total clay ( < 2 Am) and at

2700 rpm for 40 min to separate fine clay ( < 0.2 Am) (Kittrick and Hope, 1963). The fine-

and coarse-clay fractions were analysed mineralogically by X-ray diffractometry (Jackson,

1975). The same concentration of clay suspensions was used for all samples to give

reliable comparisons between relative peak intensities. Two drops of the prepared

suspension were used on each glass slide.

The (001) reflections were obtained following Mg saturation, ethylene glycol solvation

and K saturation. The K-saturated samples were studied both after drying and after being

heated at 330 and 550 jC for 4 h. To identify kaolinite in the presence of tri-octahedral

chlorite, samples were also treated with 1 N HCl at 80 jC overnight. Clay minerals were

estimated semiquantitatively from the relative X-ray peak areas of glycol-treated samples

(Johns and Grim, 1954).

2.4. Micromorphological analyses

Thin sections of about 60 and 30 cm2 were prepared from air-dried, undisturbed clods

using standard techniques (Murphy, 1986). Carbonate was removed from some thin

sections by placing them in a 1 N HCl solution for 3 min before mounting a cover slip

(Wilding and Drees, 1988). Micromorphological descriptions were made according to

Bullock et al. (1985) and Stoops (1998).
3. Results and discussion

3.1. Morphological, physicochemical and mineralogical observations

The soils have Munsell colours ranging from 10YR to 5YR (Table 2). Clay skins were

noted in the field. Coarser rock fragments were present only in Pedons 26 and 66. Gypsum

occurs in the parent material of Pedons 44 and 66 in sufficient quantities to form a gypsic

horizon in the lower parts of these soils. Calcite nodules are present in all soils.

As shown in Table 3, most of the soils are heavy-textured, ranging from loam and clay

loam in the lighter-textured soils (Pedons 10, 66, and 26) to silty clay and clay in the

heavy-textured pedons (5, 11, 21, 38, 44, 70 and 72). All soils are highly calcareous

throughout with an average of >40% CaCO3, increasing with depth.

As shown in Tables 3 and 4, the total clay content and the ratio of fine clay/total clay in

Bt horizons compared to overlying horizons meet the requirements prescribed for an

argillic horizon. The free iron oxide content of the soils ranged from 0.4% to 1.0%.



Table 3

Physicochemical properties of the selected pedons

Horizon Depth

(cm)

Particle-size distribution Textural

classa
pH

paste

OCb

(%)

CCEc

(%)

SPd

(%)

Gypsum

(%)

CECe

(cmol kg� 1)

ECf

(dS m� 1)
Sand

(%)

Silt

(%)

Clay

(%)

5-Calcic Haploxeralfs

Ap 0–20 15 59.1 25.9 sil 7.9 0.9 35 39.2 tr 17.8 1.2

Btk1 20–50 16.6 44.2 39.2 sicl 7.8 0.7 48 46 tr 20.2 0.5

Btk2 50–90 12.7 40.2 47.1 sic 7.8 0.5 49 50.5 tr 21.7 0.7

Btk3 90–140 12.4 40.1 47.5 sic 7.5 0.1 55 49.5 tr 22.5 0.8

10-Calcic Haploxeralfs

Ap 0–20 29 49 22 l 7.6 0.6 32 38 tr 18.1 0.4

Bt 20–65 27 46 27 cl 7.7 0.4 36.5 41 tr 21.3 0.3

Btk1 65–90 23 43 34 cl 7.8 0.2 41.5 42 tr 24.3 0.3

Btk2 90–130 22 43 35 cl 7.8 0.1 52 45 tr 29.3 0.7

11-Vertic Haploxeralfs

Ap 0–10 23 40 37 cl 7.9 0.5 37 38 tr 17.1 0.6

Bt1 10–40 12 40 48 c 7.8 0.4 42 45 tr 18.2 0.7

Bt2 40–85 15 35 50 c 7.8 0.1 46 50 tr 21 0.4

Bt3 85–130 10 39 51 c 7.7 0.1 48 48 tr 20.5 0.2

21-Typic Haploxeralfs

Ap 0–25 6.2 55 38.8 sicl 7.6 0.7 35.8 49.3 tr 16.4 1.4

Bt1 25–50 5.4 43.9 50.7 sic 7.9 0.5 37.5 54 tr 14.8 0.6

Bt2 50–80 4.2 50.5 45.3 sic 8 0.5 38.6 58.1 tr 14.8 0.5

Btk 80–100 3.7 53.5 42.8 sic 7.6 0.3 41 59.5 tr 13.7 0.4

C 100–130 5.3 69.2 25.5 sil 7.8 0.1 43.5 62.1 tr 13.2 0.6

26-Calcidic Haplustalfs

Ap 0–20 43 46 11 l 7.7 0.6 55 48 tr 9.8 1.1

Bk1 20–40 48 34 18 l 7.8 0.2 56 55 tr 13.2 1.7

Btk 40–75 38 32 30 cl 7.8 0.1 60 78 tr 15.5 1.8

Bk2 75–110 38 30 32 cl 7.7 tr 60 70 tr 15.0 1.7

38-Calcic Haploxeralfs

Ap 0–20 15 50 35 sicl 7.9 0.5 38 45 tr 15.3 0.9

Btk1 20–45 15 40 45 sic 7.9 0.4 43 51 tr 19.1 0.5

Btk2 45–70 11 43 46 sic 7.8 0.3 45 52 tr 20.1 0.6

Btk3 70–130 15 45 40 sic 7.7 0.1 42 50 tr 17.1 0.3

44-Calcic Haploxeralfs

Ap 0–20 20 50 30 cl– sicl 8 0.4 44 45 0.1 11 0.5

Btk 20–65 6 42 52 sic 8.2 0.2 45 48 0.4 16 1.7

By 65–110 33 33 34 cl 8 0.2 29 35 12 15 5.2

66-Calcic Argigypsids

A 0–20 58.5 29.2 12.3 sl 7.7 0.6 40 18.7 1.2 10.6 0.4

Bw 20–40 47 32 21 l 7.8 0.5 45.5 31.8 1.7 12.8 0.5

Btk 40–75 47.3 26 26.7 cl 7.8 0.2 46.5 37.2 3.7 13.2 0.4

By1 75–150 58.3 18 23.7 scl 7.8 0.1 42.3 32.1 30.6 12.1 2.6
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Horizon Depth

(cm)

Particle-size distribution Textural

classa
pH

paste

OCb

(%)

CCEc

(%)

SPd

(%)

Gypsum

(%)

CECe

(cmol kg� 1)

ECf

(dS m� 1)
Sand

(%)

Silt

(%)

Clay

(%)

70-Typic Argixerolls

A 0–25 30 38 32 cl 7.1 2.1 9 38 tr 22 0.4

Bt 25–75 20 34 46 c 7.3 1.4 10 43.1 tr 32.1 0.3

C 75–120 42 30 28 cl 7.4 0.6 74 30.6 tr 18.8 0.2

72-Typic Argiustolls

Ap 0–30 18 57 25 sil 7.7 1.2 11 50 1.1 18.1 0.6

Bt 30–80 14 41 45 sic 7.8 0.5 18 55 1.4 19.2 1.5

Btk 80–135 12 44 44 sic 7.7 0.1 23 55 1.5 17.1 0.4

tr = trace.
a c = clay, si = silty, l = loam, s = sandy.
b OC=Organic Carbon (%).
c CCE=Calcium Carbonate Equivalent (%).
d SP= Saturation Percentage (%).
e CEC=Cation Exchange Capacity.
f EC=Electrical Conductivity.

Table 3 (continued)

Table 4

Clay, free iron oxide content, coefficient of linear extensibility (COLE) and colour index of the studied soils

Pedon Horizon Clay [%] Aa B/Cb COLE FeDCB in soil

(Fe2O3 %)

Colour

indexc

5 Ap 25.9 0.39 1.59 0.03 0.78 2.7

5 Btk1 39.2 0.62 0.1

10 Ap 22 0.45 1.67 0.03 0.8 3.13

10 Bt 27 0.75 0.04

11 Ap 37 0.4 1.5 0.06 0.7 3.2

11 Bt1 48 0.6 0.09

21 Ap 38.8 0.6 1.17 0.07 0.43 1.57

21 Bt1 50.7 0.7 0.11

26 Bk 18 0.5 1.24 0.01 0.46 1.25

26 Btk 30 0.62 0.04

38 Ap 35 0.4 1.4 0.05 0.57 1.56

38 Btk1 45 0.57 0.07

44 Ap 30 0.6 1.17 0.04 0.58 2.1

44 Btk 52 0.7 0.11

66 Bw 21 0.37 1.2 0.02 0.6 2.66

66 Btk 26.7 0.45 0.03

70 A 32 0.4 1.7 0.05 0.92 3.3

70 Bt 46 0.68 0.09

72 Ap 25 0.45 1.3 0.03 0.59 1.53

72 Btk 45 0.6 0.08

a A= fine clay/total clay.
b B= fine clay/total clay in argillic horizon; C= fine clay/total clay in overlying eluvial horizon.
c Hurst (1977).
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Table 5

Mineralogical composition of clay fraction (based on XRD)

Pedon Horizon Clay mineralogya

Fine clay < 0.2 Am Coarse clay: 2–0.2 Am

5 Ap smec>ill>chl>kao chl>ill>smec>kao

5 Btk1 smec>ill>chl>pal>kao chl>smec>ill>kao

10 Ap smec>ill>chl>kao ill>chl>smec>kao

10 Btk1 smec>ill>chl>pal>kao chl>ill>smec>kao

11 Bt1 smec>ill>chl>pal>kao ill>chl>smec>kao

21 Ap pal>smec>ill>chl chl>ill>smec

21 Bt2 pal>smec>ill>chl chl>ill>smec

26 Ap pal>chl>ill pal>chl>Illi>smec

26 Btk pal>chl pal>chl>Illi>smec

38 Ap smec>chl>ill>pal chl>ill>smec

38 Btk3 smec>pal>chl>ill ill>chl>smec

44 Ap pal>chl>ill>smec chl>ill>pal

44 Btk pal>ill>chl>smec ill>chl>pal

66 Btk pal>ill>chl>smec chl>ill>pal

70 A smec>kao>ill smec>ill>kao

70 Bt smec>chl>kao chl>kao>smec>ill

72 Ap pal>chl>smec chl>ill>smec

72 Btk pal>chl>ill>smec chl>ill>smec

a chl = chlorite , smec = smectite, ill = illite, pal = palygorskite, kao = kaolinite.
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The clay mineralogy of the soils is shown in Table 5. Chlorite, illite, smectite,

palygorskite and kaolinite are the main minerals in the total clay fraction. In the fine-

clay fraction, palygorskite is dominant in Pedons 21, 44, 26, 72 and 66 and smectite in

Pedons 38, 5, 10, 70 and 11. Almost all the soils studied contain illite and chlorite, which

forms most of the coarse-clay fraction. Kaolinite occurs in small amounts in Pedons 5, 10,

11 and 70.

3.2. Micromorphological observations

The overall microstructure of the soils ranges from weakly developed to well-

developed subangular blocky (Table 6). The c/f-related distribution is porphyric in all

the soils, with quartz, feldspar and fragments of limestone as the main coarse constituents.

The most characteristic pedofeatures are calcite depletion zones. They can be identified

as areas of speckled or striated b-fabric in a micromass dominated by a crystallitic b-fabric.

The term calcite depletion, as defined by Bullock et al. (1985), simply means that a zone

contains less calcite than the surrounding groundmass and does not imply a process.

Depletion pedofeatures vary from extensive in Pedons 10 and 70 to very few or

nonexistent in Pedons 21, 44 and 38 (Fig. 2). The dominant b-fabric thus varies from

crystallitic in Pedon 38 to striated in the Bt horizons of Pedons 10 and 70 (Table 6 and Fig.

2). As the decalcification features are localised phenomena in a groundmass with a

crystallitic b-fabric, they are compatible with the presence of the relatively large amounts

of carbonates indicated by chemical analyses of bulk samples.



Table 6

Micromorphological description of the selected pedons

Pedon

horizon

depth

Microstructure c/f ratio

20 Am
Micromass,

b-fabric, colour

and limpidity

Pedofeatures

5-Calcic Haploxeralfs

5 Btk1

25–50 cm

moderately developed

subangular blocky

3/7 crystallitic (50%)

and partly mosaic-

fine- to coarse-calcite

nodules (0.5–1 mm, 10%)

with many channels speckled (50%)

brown-speckled

cytomorphic calcite

associated with decalcified

zone (50%)

very few yellowish clay

coatings along small

channels

many reddish dendritic

Fe/Mn oxides (10%)

5 Btk2

50–90 cm

moderately to well-

developed subangular

blocky with many

channels and well-

3/7 crystallitic (80%)

and partly mosaic-

speckled (20%)

brown-speckled

coarse-typic calcite nodules

and coatings of micritic

calcite along channels

(20–30%)

accommodated planes calcite depletion

pedofeatures (10–20%)

passage features dark-

reddish mottles (2–5%,

60 Am)

10-Calcic Haploxeralfs

10 Bt

20–65 cm

moderately developed

crumb and angular

blocky structure with

many channels

2/8 striated yellowish

brown-speckled

moderately thick (30 Am)

microlaminated coatings

of well-oriented reddish-

yellow clay (10–20%)

very few nodules of

calcite (0.3 mm, 1%)

fine-reddish mottles

(50 Am, 7%)

passage features

calcite depletion

pedofeatures (90%)

10 Btk1

65–90 cm

moderately developed

subangular blocky

with many channels

and planes

as above speckled (60%)

and crystallitic

(40%) yellowish-

brown-speckled

as above, but with more

calcite nodules

(10%, 0.1–2 Am)

and more clay coatings

calcite depletion

pedofeatures (50–70%)

10 Btk2

90–130 cm

as above as above crystallitic greyish-

brown-speckled

as above, but many

calcite coatings on

channels covered with

clay coatings which are

then partly coated with

calcite dark-reddish Fe

and Mn oxides (50 Am, 10%)

(continued on next page)
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Pedon

horizon

depth

Microstructure c/f ratio

20 Am
Micromass,

b-fabric, colour

and limpidity

Pedofeatures

11-Vertic Haploxeralfs

11 Bt1

10–40 cm

moderately developed

subangular blocky

with intrapedal channel

microstructure

1/9 crystallitic (90%),

and stipple-speckled

b-fabric brown-

speckled

typic nodules of calcite

(0.3 mm, 2–3%), reddish

mottles (0.1 mm, 5%),

passage features

calcite depletion

pedofeatures (20%)

11 Bt2

40–85 cm

as above as above as above as above for nodules

channel hypocoatings

of microcrystalline calcite

dark-reddish nodules

(0.1 mm, 5%)

21-Typic Haploxeralfs

21 Bt1

25–50 cm

moderately developed

subangular blocky

with many channels

and planes (20%)

1/9 crystallitic

(dominant)

and speckled

(very rare),

greyish-brown-

speckled

few fine dark-reddish

mottles (50 Am, 2%)

very few micritic

calcite nodules

21 Bt2

50–80 cm

weakly developed

subangular blocky

1/9 as above few fine dark-reddish

mottles (2%)

with many channels hypocoatings of calcite

around channels

26-Calcidic Haplustalfs

26 Btk

40–75 cm

moderately developed

subangular blocky

with some planes

4/6 crystallitic (95%)

and speckled (5%),

brown-speckled

laminar pendants of impure

calcite on limestone fragments

or calcite nodules;thin to

medium-thick (10–20 Am)

yellowish clay coating around

channels and calcite nodules;

redoximorphic features on

calcite nodules (2–5%);

calcite depletion pedofeatures

(5%)

38-Calcic Haploxeralfs

38 Btk1

20–45 cm

moderately developed

subangular blocky

with many channels

and vughs

3/7 crystallitic

brown-speckled

many fine- to coarse-

typic nodules of micritic

calcite (30 Am–5 mm);

diffuse Fe nodules; few

clay coatings around some

coarse grains

38 Btk2

45–70 cm

well-developed

subangular blocky

with many channels

and vughs

as above crystallitic reddish-

brown-speckled

more calcite nodules than

above diffuse Fe nodules

Table 6 (continued)
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Pedon

horizon

depth

Microstructure c/f ratio

20 Am
Micromass,

b-fabric, colour

and limpidity

Pedofeatures

38-Calcic Haploxeralfs

38 Btk3

70–130

as above as above crystallitic

yellowish-

brown-speckled

as above, but with much

higher amount of calcite

and Fe nodules

44-Calcic Haploxeralfs

44 Ap

20 cm

moderately developed

subangular blocky

with large amount

of channels and

vughs (20–30%)

2/8 crystallitic (mostly)

and partly speckled

(very few)

brown-speckled

typic microcrystalline

calcite nodules (0.3 mm, 4%)

few calcite depletion

pedofeatures; very few

coatings of coarse clay

around small channels (2%);

few to common dark-

reddish mottles (30 Am, 2%);

small discontinuous

coatings of acicular calcite

on channels

44 Btk

20–65 cm

moderately developed

subangular blocky

with large amount

of channels

(30–40%) and

few vughs

2/8 crystallitic

brown-speckled

few calcite depletion

pedofeatures;

accumulation of loosely

packed calcite grains

66-Calcic Argigypsids

66 Btk

40–75 cm

weak to moderately

developed

subangular

blocky, high

porosity (50%)

5/5 crystallitic (70%)

and speckled

(30%); brown- to

reddish-brown-

speckled

fine-laminated calcite

pendants under rock

fragments (1 mm thick),

coated with fine clay

(20 Am thick); coatings

of fine reddish-yellow clay

on rock fragments and

some channels (10–40 Am,

4%); typic microcrystallitic

impregnative calcite

nodules calcite depletion

pedofeatures (30%)

70-Typic Argixerolls

70 Bt

25–75 cm

well-developed

subangular blocky

with large amount

of channels and

interaggregate

pores

1/9 striated and partly

speckled; yellowish-

brown-speckled

typic impregnated

microcrystalline calcite

nodules (0.2–0.5 mm)

and coating on channels;

dark reddish mottles

(0.1 mm, 4%); calcite

depletion pedofeatures

(more than 70%)

Table 6 (continued)
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Pedon

horizon

depth

Microstructure c/f ratio

20 Am
Micromass,

b-fabric, colour

and limpidity

Pedofeatures

72-Typic Argiustolls

72 Bt

50 cm

weak to moderately

developed

subangular blocky

with many channels

3/7 crystallitic (mostly)

and partly

speckled (very few);

brown-speckled

coatings of micritic calcite on

channels few fine-typic

nodules of calcite; calcite

depletion pedofeatures, few

dark-reddish mottles of Fe/Mn

oxides; few clay coatings

72 Btk

100 cm

as above with

more porosity

3/7 as above needlelike and cytomorphic

calcite coating; hypocoatings

on channels and fine typic

nodules of micritic calcite;

rare calcite depletion

pedofeatures

Table 6 (continued)
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Various forms of calcitic pedofeatures are present. Most notable are microcrystalline

impregnative and pure calcite nodules (Fig. 3), which occur in all the soils. Nodules of

needle shaped calcite are occasionally observed. In Pedons 26 and 66, laminar pendents of

calcite occur on coarser limestone grains, partly covered by clay coatings (Fig. 4).

Cytomorphic calcite is mostly associated with the decalcified zones as described by

Herrero and Porta (1987) (Fig. 5).

Fe/Mn oxide nodules occur in volume percentages varying from about 10% in Pedons 5

and 10 to as little as 2% in Pedons 44, 72, 21 and 66.
Fig. 2. Striated b-fabric in strongly decalcified Bt horizon of Pedon 70 (circular polarized light).



Fig. 3. Part of a micritic nodule (M) with the groundmass (G) enclosed (Pedon 5, Btk3). (a) Plain-polarized light

and (b) crossed-polarized light.
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In the field, shiny surfaces considered as clay skins were seen in all soils (Table 2);

however, in thin sections, microlaminated clay coatings occur only in Pedon 10 (Fig. 6)

and few or none were present in the other soils. As previously discussed, all the soils

show evidence for illuviation in their ratios of fine to total clay in Bt horizons compared

to overlying horizons. According to Verheye and Stoops (1973), Sobecki and Wilding

(1983), Kemp and Zarate (2000) and others, the main factor responsible for the absence

of clay coatings in argillic horizons is their physical disturbance by shrinking and



Fig. 4. Laminar pendents of calcite (P) on limestone fragment (L) covered by illuviated coarse clay (C) (Pedon 66,

Btk). (a) Plain-polarized light and (b) crossed polarized light.
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swelling in soils with high clay contents. Nettleton et al. (1969) defined soils with COLE

values > 0.04 as having a large shrink/swell potential. Table 4 shows that all pedons,

except 10, 66, and 26, have greater COLE values than this as well as large clay contents

so that shrink/swell is probably the main factor responsible for the present lack of

recognisable clay coatings in these soils.

The best developed and preserved clay coatings are seen in Pedon 10, which has

smaller clay percentage and COLE value than all of the other, finer-textured soils. The



Fig. 5. Cytomorphic calcite (C) and associated decalcified zone (D) (Pedon 72, Bt). (a) Plain-polarized light and

(b) crossed-polarized light.
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lighter soil texture and the stable landscape on which Pedon 10 has formed have provided

a suitable environment for the downward translocation of clay and thus formation of

thicker and more pronounced clay coatings (Fig. 6); this has contributed to the

preservation of the coatings.

In Pedons 26 and 66, strongly oriented coatings of coarser clay occur beneath coarse

limestone fragments (Fig. 4). These coarse mineral grains and lithic fragments may have



Fig. 6. Clay coatings and infillings (C) in calcite-free groundmass (Pedon 10, Bt). (a) Plain-polarized light and (b)

crossed-polarized light.
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provided relatively stable structural surfaces within the soil for the accumulation and

protection of coarser-clay coatings. Palygorskite is the major fine-clay mineral in these two

pedons (Table 5), and the translocated clay seen as yellowish coatings is most probably

palygorskite. Coarse-clay coatings (Fig. 7) also occur in Pedons 21 and 44 which

previously had a high Na content because they were covered by saline and alkaline lakes

during previous less arid periods (Krinsley, 1970).



Fig. 7. Fragments of coarse clay coatings (C) in Btk horizon of Pedon 44. (a) Plain-polarized light and (b)

crossed-polarized light.
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The high carbonate content throughout the soils must inhibit present clay translocation

because it causes flocculation. According to Mack (1992), carbonates are retained in soil

profiles only where the annual precipitation is < 600 mm. In most parts of Fars Province,

annual precipitation is much less than this and seems insufficient to leach carbonates so

that clay can subsequently be dispersed and translocated. Moreover, the adjacent limestone

formations cause enrichment of soils with carbonate. Consequently, the formation of
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argillic horizons in carbonate-rich soils of the present arid climate, such as Pedons 66 and

26, is most probably a palaeofeature related to a less arid past climate (Eghbal and

Southard, 1993, Nettleton and Chadwick, 1996). This implies that the present high

carbonate content and crystallitic b-fabric of the profiles are the result of later recalcifi-

cation. This hypothesis is supported by the fact that several channel clay coatings are

covered by calcite deposits. The calcite depletion pedofeatures can be interpreted either as

nonrecalcified zones or as the result of a more recent decalcification process. The position

of the decalcified zones in the general fabric, their diffuse boundaries in a pedoturbated

material, the association with cytomorphic calcite and the presence of coarse-clay coatings

support the latter hypothesis.

3.3. Development of a micromorphological index of soil evolution in highly calcareous

arid to semiarid conditions (MISECA)

To help date relict palaeosols and correlate them with older land surfaces and

Quaternary sequences, Magaldi and Tallini (2000) established a Micromorphological Soil

Development Index (MISODI). In this index, several micropedological features (micro-

structure, b-fabric, coatings, nodules and degree of alteration of mineral grains) were used

as criteria to reflect the degree of soil development and perhaps the past climatic

conditions and/or duration of pedogenic processes. Each feature was quantified by the

application of a simple rating expressing its degree of development. The authors found a

good relationship between presumed relative age of paleosols and degree of pedogenesis

in B and B/C horizons as assessed by this index.

We attempted to apply the same index to the calcareous soils with Bt horizons in southern

Iran and to relate it to other factors indicating degree of development of the argillic horizons

such as the ratio of fine clay to total clay in the Bt horizon compared to its ratio in the

overlying eluvial horizon (the clay illuviation index), the free Fe2O3 content (FeDCB in the

fine earth), the smectite/(chlorite + illite) ratio, and the colour index (Hurst, 1977). Fig. 8

shows that the colour index of the studied soils is significantly related to the soil free Fe2O3

content. Values of MISODI calculated for the calcareous soils of southern Iran plotted

against these factors showed very weak correlations (Fig. 9), suggesting that MISODI

should be modified for argillic horizons in highly calcareous soils of arid and semiarid areas.
Fig. 8. FeDCB (in fine earth) vs. color index.



Fig. 9. (a) MISODI vs. average FeDCB (in fine earth). (b) MISODI vs. color index of pedon. (c) MISODI vs. clay

illuviation index of upper Bt horizon. (d) MISODI vs. smectite/(chlorite + illlite) as average in pedon.
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The following points were considered in refining MISODI (Table 7):

1. Calcite depletion pedofeatures are important in some of the studied soils; development

of argillic horizons (according to field and laboratory criteria) increased from soils with

many depletion pedofeatures (Pedon 10) to those showing very few (Pedons 21 and

38).

2. Carbonate nodules can be inherited or result from later recalcification, and therefore

were not considered as a valid criterion.

3. Weakly developed angular and subangular blocky and crumb microstructures, and

crystallitic and partly speckled b-fabric are added as criteria;

4. As two of the features used in the modified index, namely, clay coatings and Fe/Mn

oxide nodules, have a lower frequency in soils developed from strongly calcareous

parent material under arid and semiarid conditions, lower limits were considered for

their size and area than in the MISODI.

As with MISODI, the following micropedological features were selected: micro-

structure, b-fabric, clay and Fe/Mn oxide coatings and degree of alteration of mineral

grains (Bullock et al., 1985). In addition, the presence of calcite depletion pedofeatures

was taken into account. These criteria are likely to reflect the degree of soil development

and perhaps the past climatic conditions and/or the length of pedogenic processes

(Retallack, 1990). Each feature was quantified by the application of a simple rating that

expresses the degree of pedogenic evolution (Magaldi and Tallini, 2000). Criteria chosen

for the degree of pedogenesis are based on Magaldi and Tallini (2000), Ferrari and

Magaldi (1983), Fitzpatrick (1993) and Wilding et al. (1983). With increasing degree of

soil development, structure proceeds from massive to blocky/prismatic (Kemp, 1984), b-



Table 7

Micromorphological characteristics and their ratings considered in the modified index (MISECA)

Characteristic Type Rating

Microstructure massive 0

vughy 2

channel 2

chamber 2

crack 2

spongy 2

fissure 2

weak angular blocky 2

weak subangular blocky 2

crumb 3

angular blocky 3

subangular blocky 3

platy 3

prismatic 3

b-Fabric undifferentiated 0

crystallitic 1

crystallitic and partly speckled 2

speckled 3

striated 4

Clay coating size, Am <20 1

20–50 2

50–100 3

>100 4

area, % < 1 0

1–5 1

5–10 2

>10 3

Decalcified zone area, % < 5 0

5–20 1

20–50 2

50–70 3

>70 4

Fe/Mn oxide area, % < 2 0

2–5 1

>5 2

Alteration degree class 0 0

class 1 1

class 2 2

class 3 3

class 4 4
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fabric evolves from undifferentiated to striated (Douglas and Thompson, 1985), coatings

of clay or Fe/Mn oxide increase by neoformation from primary minerals (Magaldi and

Tallini, 2000), and the area of the calcite depletion pedofeatures increases in calcareous

soils. As in MISODI, the sum of the ratings for the uppermost argillic horizon gives the

value for the modified index.

Table 7 gives the criteria and their ratings for the modified index—Micromorphological

Index of Soil Evolution in highlyCalcareous arid to semiarid Conditions (MISECA). As an



Table 8

MISECA value for pedon 10 as calculated from different features considered in Table 7

Characteristic Type in Bt horizon of pedon 10

(according to Table 6)

Rating

Microstructure moderately developed crumb

and angular blocky

3

b-Fabric striated 4

Clay coating size, Am 30 2

area, % 10–20 3

Decalcified zone area, % 90 4

Fe/Mn oxide area, % 7 2

Alteration degree class 1 1

Sum (MISECA) 19
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example, the calculation of the MISECA for the Bt horizon of Pedon 10 is illustrated in

Table 8.

The MISECA values range theoretically from 0 to 24 (Table 9) with increasing degree

of soil development. The comparison of different soils must be based on the MISECA of

the upper argillic horizon because this is more strongly correlated with FeDCB in the fine

earth (Fig. 10a), the colour index (Fig. 10b), the clay illuviation index (Fig. 10c), and the

ratio of smectite to chlorite and illite (Fig. 10d) than in other horizons.

Magaldi and Tallini (2000) found a strong correlation between MISODI and the

absolute ages of soils in the L’Aquila-Scoppito Basin, Italy. We suggest that MISECA can

be used in a similar way for relative dating of argillic horizons provided that climate,

topography and other soil forming factors have been uniform through the period of soil

development. As this is not the case for the soils we have studied in Fars Province where

former climatic changes are evident, we did not use MISECA for dating.

3.4. Genesis of argillic horizons

According to their calculated MISECA values, the argillic horizons of the soils in Fars

Province differ in their degree of development (Table 10). The following classes of

MISECA values were distinguished:

1. Argillic horizons formed on older landscape units, showing few to highly developed

calcite depletion pedofeatures in the groundmass (MISECA= 9–19);

2. Argillic horizons with little or no calcite depletion pedofeatures in soils that previously

had a high Na content (MISECA=7 and 9);
Table 9

Classes of degree of soil development according to the MISECA values, based on field and laboratory analyses

MISECA Degree of soil development

0–8 weakly developed

9–16 moderately developed

17–24 well developed



Fig. 10. (a) MISECA vs. average FeDCB (in fine earth). (b) MISECA vs. color index of pedon. (c) MISECA vs.

clay illuviation index of the upper Bt horizon. (d) MISECA vs. ratio of smectite/(chlorite + illite) as average in

pedon.
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3. Argillic horizons with little or no calcite depletion pedofeatures formed in coarse

materials (MISECA=7).

3.4.1. Moderately to well-developed argillic horizons with moderate to large areas of

calcite depletion pedofeatures (Pedons 10, 70, 5, 66, 11, 38, 72)

Large amounts of yellowish- to reddish-brown clay coatings are present and produce,

after deformation, a striated b-fabric (Fig. 6). In the Btk2 horizon, coatings of secondary

carbonate along channels and other voids have been subsequently covered by coatings of

strongly oriented reddish yellow clay, indicating that decalcification of the upper layers

(Ap and Bt) and downward movement of the carbonates occurred prior to formation of
Table 10

MISECA and degree of soil development in the studied pedons

Pedon MISECA Degree of soil development

(according to Table 9)

10 19 well developed

70 14 moderately developed

5 12 moderately developed

11 11 moderately developed

66 10 moderately developed

38 10 moderately developed

72 9 moderately developed

44 9 moderately developed

21 7 weakly developed

26 7 weakly developed
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clay coatings. The presence of some calcite coatings overlying clay coatings (Fig. 11)

suggests a later recalcification and movement of carbonate. The smaller amounts of total

CaCO3 in the upper horizons (Ap and Bt) and larger amounts in the lower horizons (Btk1

and Btk2) support this hypothesis (Table 3). A gradual change in the b-fabric from striated

(in Bt) to crystallitic and partly speckled (in Btk1) and, finally, to crystallitic (in Btk2)

resulted from decalcification of upper horizons and recalcification of lower horizons
Fig. 11. Clay coatings (Cl) invaded by calcite (Ca) as a result of recalcification (Pedon 10, Btk2). (a) Plain-

polarized light and (b) crossed-polarized light.
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(Btk2). In some of the studied soils, the presence of large areas with calcite depletion

pedofeatures point to strong recent decalcification, e.g., in the upper horizons (Ap and Bt)

of Pedon 10.

The large amount of clay coatings in Pedon 10 probably reflects a lighter texture and a

more stable geomorphic surface. In other soils, greater original clay contents and the

resulting higher COLE values explain the disruption of previously formed clay coatings.

Even within the almost completely decalcified Pedon 70, situated in an area with about

800 mm of precipitation, oriented clay is seen only in the groundmass where it is probably

a result of shrink/swell stress (Fig. 2). Processes of decalcification and subsequent clay

translocation are still active in some pedons (especially 10 and 70). In Pedon 66, a

moderately high degree of decalcification is indicated by the presence of many calcite

depletion pedofeatures, but the present rainfall is about 200 mm, suggesting that in the past

the climate must have been less arid.

The MISECA for these soils ranges from 9 in the moderately developed Pedons 38 and

72 to 19 for the well-developed Pedon 10 (Table 10). The different degree of development

of the argillic horizons are greatly dependent upon the earlier degree of decalcification;

this, in turn, reflects the effects of soil forming factors, especially the rainfall.

3.4.2. Weakly to moderately developed argillic horizons with few or no calcite depletion

pedofeatures and formed under the effect of past high Na content (Pedons 44 and 21)

Lakes Neyriz and Shiraz (Lake Maharlu), two of the interior Zagros mountain lakes

with saline and alkaline water are probably remnants of the post-Tethyan sea in Fars

Province (Fig. 1). Lake Shiraz now contains 5200 ppm of Na and 5320 ppm of Cl

(Krinsley, 1970). After their maximum development about 20,000 BP (Wright, 1968), the

lakes started drying up as a result of increasing temperature and evaporation, producing

salt affected soils. According to Abtahi (1977), the formation of argillic horizons in soils

near these lakes (Pedons 44 and 21) could be related to clay dispersion resulting from the

high sodium content of this saline and alkaline environment. In such an environment, clay

can migrate to lower horizons even in the presence of abundant calcium carbonate. Very

few calcite depletion pedofeatures are seen as small areas with speckled b-fabric in the thin

sections of these two pedons and only fragments of clay coatings occur within Pedon 44

(Fig. 7). The lower limpidity of these clay coatings, which is commonly observed in natric

horizons, indicates that they contain coarser clay than the coatings in other pedons. The

MISECA score is 7 and 9 for Pedons 21 and 44, respectively, suggesting weak to moderate

development.

3.4.3. Weakly developed argillic horizons with few or no calcite depletion pedofeatures

and formed in coarse materials (Pedon 26)

Preservation of the argillic horizon within Pedon 26 could have been favoured by the

presence of coarse limestone and other rock fragments, which would act as a stable

skeleton allowing preservation of clay coatings under shrink/swell conditions. Argillic

horizons seem to form much more easily in coarser than finer-textured soils. MISECA for

Pedon 26 is 7, indicating a lower degree of development than other pedons. As with Pedon

66, formation of an argillic horizon in Pedon 26 could have resulted from a past less arid

climate.
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4. Conclusion

These soils meet the requirements for an argillic horizon (Soil Survey Staff, 1999)

because the ratios of fine clay to total clay in the argillic horizons are greater than in the

overlying eluvial horizon. The shrink/swell characteristics on wetting and drying are the

main factors explaining destruction of the clay coatings because these are best preserved in

lighter-textured soils formed on more stable geomorphic surfaces.

Horizon decalcification is the dominant factor in the evolution of calcareous soils with

argillic horizons. Decalcification and clay translocation probably occurred during a past

less arid climate and were followed by recalcification during subsequent drier periods.

Nevertheless, calcite depletion pedofeatures in the upper horizons of some profiles point to

currently active movement of carbonates. The degree of development of the argillic

horizons ranges from well-developed, with strong decalcification, to weakly developed

with little or no decalcified zones and formed in coarser-grained parent materials or in

those developed in previously Na-rich saline and alkaline conditions.

The proposed micromorphological index (MISECA) for evaluation of the argillic

horizons in a strongly calcareous environment expresses their degree of development and

is strongly correlated with free Fe2O3, the colour index, the clay illuviation index and

smectite/(chlorite + illite) ratio. Using this index, the argillic horizons of the area can be

classified from weakly to well developed. Because the index takes into account the past

clay illuviation as well as the more recent localised calcite depletion and movement in the

upper part of the profile, it integrates the different steps of polygenetic formation.

Because abundant gypsum limits plant growth, an important criterion in Soil Taxonomy

(Soil Survey Staff, 1999), a new subgroup of Gypsic Haploxeralfs for Pedon 44 (Table 3)

is suggested for inclusion in Soil Taxonomy for Haploxeralfs with a gypsic horizon within

100 cm depth from the soil surface and underlying an argillic horizon with or without a

calcic horizon. Moreover, to accommodate Argiustolls with a calcic horizon underlying

the argillic horizon within 100 cm depth from the soil surface, the new subgroup Calcic

Argiustolls (Pedon 72) is also suggested for inclusion in Soil Taxonomy.
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