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Abstract We explored the potential use of combining
wavelength-dispersive X-ray spectroscopy (WDX) and
micromorphology of thin sections to identify minerals in
peat soils. Peat soil minerals from three peats and swamps
across Golestan Province in northern Iran were first characterized by micromorphological studies. Soils were
composed mainly of quartz, muscovite, biotite, pyroxene,
sericitized Fe-nodules, and iron-rich garnet. In addition,
micromorphological results indicated that Galougah
Coastal Swamp sections contained some inorganic residue
with biological origin including oyster and limpet, which
may be related to the swamp’s location near Gorgan Gulf.
In order to determine mineralogical properties of samples,
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twelve unknown grains were chosen for elemental concentration map studies. Quartz, garnet, ilmenite, calcite,
and pyroxene in Suteh samples; epidote and Fe-nodule in
Ghaleh-Ghafeh Peat Swamp; and barite, phyllosilicates,
and calcite in Galougah were identified by WDX mapping
of Si, Al, Fe, Ca, Mg, C, Ba, S, and Ti. Composition of the
oysters’ body was also analyzed by WDX for Si, Ca, Fe,
and C. The results indicated that most of the minerals in all
sections likely formed through weathering, inheriting their
composition from the parent rock. This research suggests
that merging micromorphology and SEM/WDX image
techniques can be useful in confirming the presence of
mineral particles in soil science.
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1 Introduction
Peat is an organic soil, formed by the accumulation of
decayed vegetative matter that has collected in areas of poor
water drainage (Delicato 1996). The inorganic fraction of
peat usually contains only 2% to 10% of the dry weight of the
sample. For highly decomposed mucks, the fraction can
increase to about 60% of the dry weight (Leson and Winer
1991). The inorganic composition of peat varies considerably from region to region (Dalouche et al. 1981).
Since the early 1990s, micromorphological studies have
become increasingly popular in the analysis of lakeside
settlements (Wallace 2000, 2003; Karkanas et al. 2010).
Micromorphology is a microscopic technique to collect
particular kinds of data on soil materials and profiles
(Brewer 1972). Evaluation of soils considers thin-section
observations, macromorphological features, and laboratory
data. The interpretation can also incorporate experimental
work in the laboratory or in the field, or field observations
(Stoops 2010). Micromorphological methods make it

possible to assess initial changes in the soil fabric under the
influence of urban pedogenesis (Gerasimova et al. 2003).
Micromorphology has been shown to be a very powerful
tool in the assessment of pedogenesis (Igwe 1989).
Micromorphological analyses allow the characterization of
natural and anthropogenic sediments, which in turn enables
the determination of sedimentary processes and depositional environment (Ismail-Meyer 2014). Soil micromorphology helps characterize soil organic matter variability at
the material scale (Poch and Virto 2014).
Scanning electron microscopy (SEM) has been utilized
by many soil scientists to analyze soil characteristics (Liu
et al. 2005). SEM reveals grain properties, allowing
researchers to explain the mechanical responses of soils. In
preparation for SEM analysis, soil samples must be dehydrated, compacted, made into polished sections, and coated
with gold or platinum (Al-Rawas and McGown 1999).
Recent technological developments include wavelengthdispersive X-ray spectroscopy (WDX), which counts the
number of X-rays of a specific wavelength diffracted by a
crystal. Due to its wide elemental range, WDX is often
used to analyze soil grain composition.
Inductively coupled plasma optical emission spectrometry (ICP-OES) and k-means cluster analyses are among
the methods that have been used to study the mineral
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Fig. 1 Map of Golestan Province in the north of Iran. The field sites are indicated by the filled red triangle: (1) Suteh PSF; (2) Ghaleh-ghafeh
PS; (3) Galougah CS and Study area picture; a. Suteh PSF; b. Ghaleh-ghafeh PS; and c. Galougah CS
Table 1 The coordinates of
sampling locations

Site

ID

Latitude

Longitude

Altitude (m a.s.l.)

Suteh PSF

1

36°400 6.7900 N

54°250 45.9300 E

1500

Ghaleh-ghafeh PS

2

37°00 46.7800 N

55°270 28.5200 E

1600

Galougah CS

3

association and origin of peat soil grains. However,
micromorphological observations combined with WDX
elemental mapping might improve analytical accuracy.
This paper presents SEM/WDX elemental mapping results
and micromorphological characteristics of peat and swamp
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soils in Golestan Province, northern Iran. Three cases were
studied, consisting of a peat swamp forest (Suteh PSF), a
highland peat swamp (Ghaleh-Ghafeh PS), and a coastal
swamp (Galougah CS). The objective of this study was to
determine mineralogical properties of the three soils and
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Fig. 2 Quartz particle in the Suteh PSF; a. thin section in XPL, b. backscattered electron (BSE) image of sample, c. BSE image of Quartz
particle and d. WDX outcome based on Si element

assess the potential application of elemental mapping in
soil science.

2 Materials and methodology
2.1 Study area
Three peatlands with different ecological conditions were
chosen in the Golestan Province (Fig. 1), near the Caspian
Sea, northeast Iran. The province has a moderate climate
and is subdivided into two major parts: plains and the
Alborz mountain range. Golestan is nearly 18% forest and
is the third-largest cereal producer amongst the 31 provinces of Iran.
Three different peatlands and swamps were chosen for
this study. Sample locations are presented in Table 1.

2.1.1 Suteh PSF
Suteh PSF is located in the Ziarat Jungle, southern Golestan Province (Fig. 1, No. 1). The area includes the north
side of the Alborz Mountains and extends northward to the
township of Gorgan. The altitude is approximately
950–2000 m a.s.l. Precambrian and Mesozoic sediments
play a major role in the lithology of the area. The Precambrian basement mainly consists of dark green metamorphic schist (mica schist, chlorite schist, quartzite,
marble, and slate) and bright green Gorgan green schist.
The Mesozoic sediments are mostly limestone and dolostone with layers of marl in the Upper Jurassic. In some
locations there are Quaternary loose sandy sediments.
According to the Gorgan Natural Resources Bureau report
(2010), Suteh is temperate to semi-arid on the Emberger
climate diagram. Annual rainfall in this area is
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Fig. 3 Garnet in the Suteh PSF; a. thin section in PPL, b, and c. garnet in BSE mode and WDX map results based on d. Si, e. Fe, f. Ca, g. Mg
and h. Al
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Fig. 4 Garnet, quartz and Fe nodule in the Suteh PSF

approximately 520 mm and the annual mean temperature is
about 18 °C. Figure 1a shows an image of the Suteh PSF.
2.1.2 Ghaleh-ghafeh PS
The Ghaleh-Ghafeh PS is a highland peat swamp situated
near Minoodasht City in southeastern Golestan Province
(Fig. 1, No. 2). The Ghaleh-Ghafeh area mainly consists of
alternating dark grey to greenish shale and sandstone,
thick-bedded sandstone with plant remains and coal seams,
thin-to-thick-bedded fossiliferous limestone with grey
shale, thick-bedded and unconsolidated sandstone, and
conglomerate, clay, and silt. The predominant soil types
are silty clay loam and clay loam (Gorgan Natural
Resources Bureau 2010). Mean annual precipitation of the
area ranges from 138 to 335 mm (Roodposhti et al. 2014).
The Ghaleh-Ghafeh PS (Fig. 1b) is a seasonal swamp that
is used as pasture for livestock, and there is some local
irrigation nearby. Its vegetation is dominated by Carex and
Phragmites species. The altitude of this area ranges from
100 to 2500 m a.s.l.
2.1.3 Galougah CS
The Galougah CS lies near the Qareh Sou Basin and
Gorgan Gulf (Fig. 1, No. 3). It is a coastal swamp (Fig. 1c)
located on the southern shore of the Caspian Sea (-28 m
a.s.l.). Gorgan Gulf, covering around 400 km2, is one of the
surface water resources of southwestern Golestan Province.
The vegetation of Gorgan Gulf is dominated by Phragmites
and Potamogeton species. Landuse around its shoreline is
mainly agriculture, animal husbandry, and fish farming.
The Galougah area consists mainly of young alluvium,
young terraces, and gravel fans.

3 Collection and preparation of peat samples
Samples were collected in April 2014 from various locations at the three sites. At each sampling station, peat
samples were collected with a trowel from areas 10 cm in
diameter and depth from 0 to 40 cm. In the laboratory, the
samples were dried to constant mass at 110 °C, then pulverized in a swing mill.
For microscopy, thin and polished sections were prepared by mixing peat samples with polyester, cobalt oxide,
and hardener. Polyester formed the background matrix of
the sections; hardener (HCl ? H2O2) reduced hardening
time of the samples. Cobalt oxide was used as a catalyst.
Samples were kept in special containers to harden. The
presence of organic matter, increased hardening times.
Samples were dried and solidified within 20 days. The
samples were polished by various polishing powders (No.
400, 600, 800, 1000, and 2000 mesh). Afterwards, all
samples were polished by alumina suspension (Al2O3 ? H2O) for 20 min. Coating samples creates a conductive
layer of metal, reduces thermal damage, and improves the
secondary electron signal for SEM. In this study, the polished samples were coated with gold via sputter coater.
Micromorphological studies and SEM/WDX analysis
were carried out at the mineralogy laboratory of the
Amirkabir University of Technology by Olympus polarized
microscope and Philips XL 30 SEM, respectively.

4 Results and discussion
We obtained elemental composition of the soil samples
through WDX, which also illuminated element distribution
through point-analysis maps. Both thin sections
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Fig. 5 Ilmenite in the Suteh PSF; a, b and c. ilmenite in BSE mode. Mapping results of d. Si, e. Al, f. Ti, g. Ca and h. Fe are based on picture b
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Fig. 6 Calcite in the Suteh PSF; a. thin section in XPL, b and c. Calcite in BSE mode and d. WDX map based on Ca

(micromorphological study) and gold-coated polished
samples (point-analysis maps) were analyzed for each
location.
4.1 Suteh PSF
Micromorphological study of the Suteh PSF sections
showed that quartz, muscovite, orthoclase, calcite, pyroxene, biotite, and opaque minerals were the major phenocrysts. Some muscovite, pyroxene, and biotite grains
showed alteration. Figure 2 presents Suteh thin section
(Fig. 2a), backscattered electron (BSE) imagery (Fig. 2b
and c), and WDX elemental map (Fig. 2d). As shown,
quartz grains were clearly observed in thin sections and
confirmed by the SEM image and WDX map. There were
several brown-to-dark brown opaque minerals (Fig. 3a).
WDX showed these grains were characterized by Si, Fe,

Mg, Ca, and Al (Fig. 3). The enrichment of iron, silica, and
aluminum, combined with the high relief, deep red-tobrownish color, and irregular fracture of the grains, and
geology of Suteh (presence of metamorphic rock) indicate
the mineral is iron-rich garnet (almandine).
Consistent with the WDX observations, another section
of the garnet grain is presented in Fig. 4. In this section, a
brownish garnet grain in XPL and PPL with high relief is
shown, along with some quartz and Fe nodule.
For detailed assessment of opaque minerals, one of the
grains was selected and analyzed by WDX (Fig. 5). A
distinct feature of this grain was the existence of needleshaped crystals—of different specific gravity—that had
grown within the grain. On the basis of BSE imagery, Ti
distribution pattern, and Fe enrichment, this mineral is
likely ilmenite, which is a common accessory mineral
found in metamorphic and igneous rocks and having an
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Fig. 7 Pyroxene and calcite in the Suteh PSF; a. Thin section in XPL b and c. Pyroxene in BSE mode and WDX map results based on d. Ca,
e. Fe, f. Al, g. Si and h. Mg
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Fig. 8 Presence of calcite and pyroxene in thin section of Suteh PSF; a and b. calcite in thin section in XPL c and d. pyroxene in thin section in
XPL

exsolution texture typical of the magnetite-ilmenite solid
solution (Fig. 5c). The WDX element map (Si, Fe, Ca, Ti,
and Al) is presented as a BSE image with 1500X magnification (Fig. 5b). Lamellae of magnetite-ilmenite are not
clear in Fig. 5b, but a BSE image with higher 3000X
magnification (Fig. 5c) clearly shows the texture.
The micromorphological study of the Suteh thin sections
indicated presence of some calcite grains (Fig. 6). One
grain was chosen and analyzed by WDX; the enriched Ca
point map confirmed the presence of calcite. In Fig. 7c, d,
calcite grains were identified based on thin sections and
WDX maps.
Some grains displayed high birefringence and relatively
high relief in the Suteh thin sections, indicating the presence of pyroxenes. WDX elemental analysis of one grain

showed high Al, Si, Fe, Mg, and Ca (Fig. 7), supporting the
existence of opacitized pyroxene.
In order to evaluate the possibility of the misinterpretation of WDX results, a calcite grain with high
birefringence and with birefringent dust was examined
on another thin section with calcite and opacitized
pyroxene (Fig. 8a, b). Figure 8c, d show a photomicrograph of the opacitized pyroxene under cross-polarized light.
4.2 Ghaleh-Ghafeh PS
According to micromorphological studies, the main peatforming phenocrysts of Ghaleh-Ghafeh PS samples were
quartz, clay, biotite, and opaque minerals including Fe
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Fig. 9 Thin section of Ghaleh-ghafeh PS and presence of quartz, biotite, Fe nodules and sercitic background

nodules (Fig. 9). As shown in Fig. 10, large opaque grains
encompassed smaller minerals resulting in a poikilitic
texture. A part of this texture was analyzed by WDX for
element mapping of Ca, Si, Al, Fe, and C. As presented in
Fig. 10, carbon was scattered in this section, indicative of
organic materials. One small grain was mainly composed
of Ca, Al, Si, and Fe (Fig. 10c)—perhaps epidote. Detailed
SEM images of opaque minerals in Ghaleh-Ghafeh PS
samples are presented in Fig. 11. According to the point
map of Ca, Si, Fe, and C, the opaque mineral is likely
siderite that was affected by sericite.

4.3 Galougah CS
Micromorphological studies of Galougah CS thin sections
had high-order interference colors with some Fe-rich
components and quartz, indicating the samples were enriched in oyster or limpets. In addition, calcite grains were
distributed in these samples (Fig. 12).
A sample with oyster and limpet was selected and
analyzed by WDX for Ca, Si, Fe, and C (Fig. 13).
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Generally, these species contained a high percent of calcium and very little Si (*1%), Fe (*0.7%), K, Mg, and
Al. The results of the WDX mapping show that the calcium
dominated in the shell of the oyster, with the other part
characterized by Si and Fe. In addition, carbon was
examined to determine the effect of organic matter on
oyster or limpet but, unfortunately, it was impossible to
distinguish organic and inorganic carbon based on WDX.
Moreover, in some Galougah CS samples, some narrow
blade crystals with high birefringence were observed that
resembled phyllosilicate minerals such as biotite, which
was confirmed by the WDX mapping of enrichment in iron,
aluminum, and silica (Fig. 14).
Some unknown grains resembling barite, with moderately high relief and a dusty appearance, were identified in
Galougah CS thin sections (Fig. 15a). SEM images of these
flakes showed heavy specific gravity (Fig. 15b, c). WDX
maps for Ba and S were created for this sample. Along with
the dusty appearance and high specific gravity, the point
map of barium and presence of sulfate grains indicate that
these grains are likely barium sulfates or barite that originated from sedimentary rocks.
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Fig. 10 Fe nodule in the Ghaleh-ghafeh PS; a. thin section in XPL b and c SEM image in BSE mode, and WDX map results based on d. Ca,
e. Si, f. C, g. Aland h. Fe
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Fig. 11 Opaque mineral in the Ghaleh-ghafeh PS in detail; a, b, c and d. SEM image in BSE mode, and WDX map results based on e. Ca, f. Fe,
g. Si and h. C
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Fig. 12 Calcite and sericitic background in the Galougah CS; a. SEM image in BSE mode, and WDX map results based on; b. Si, c. Ca, d. Fe

5 Conclusion
Three sites consisting of soil of a peat swamp forest (Suteh
PSF), a highland peat swamp (Ghaleh-Ghafeh PS), and a
coastal swamp (Galougah CS) were studied in Golestan
Province, northern Iran. Soils of the study areas were
mainly composed of quartz, muscovite, biotite, pyroxene,
an Fe component, and a sericitized matrix. The Galougah
CS sections contained some inorganic residue of biological
origin, such as oyster (Ostreidae). WDX elemental maps of
Suteh sections show the presence of quartz, garnet almandine, ilmenite, calcite, and opacitized pyroxenes

through concentration of Si, Al, Fe, Ca, Mg, and Ti. The
Ghaleh-Ghafeh PS sections were characterized by the
presence of epidote and Fe nodule as an opaque mineral,
noted through the enrichment of Fe, Al, C, Ca, and Si. The
Galougah CS grains had high Si, Ca, Fe, Al, Ba, and S,
indicative of phyllosilicate minerals and calcite. In addition, some grains contained high Si, Ca, Fe, and C, proving
the presence of oyster or limpet in Galougah CS. Overall,
this study indicates that a combination of micromorphology and SEM imagery—especially WDX elemental
maps—could be a useful method to confirm the presence of
mineral grains in soil.
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Fig. 13 Oyster or Limpet in the Galougah CS; a and b. thin section in XPL c and d. SEM image in BSE mode, and WDX map results based on;
e. Ca, f. Si, g. C and h. Fe
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Fig. 14 Phyllosilicates mineral in the Galougah CS; a. thin section in XPL b. SEM image in BSE mode, and WDX map results based on; c. Si,
d. Fe, e. Ca and f. Al
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Fig. 15 Barite in the Galougah CS; a. thin section in XPL b and c. SEM image in BSE mode; WDX map results based on; d. Ba, e. Fe and f. S
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