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Abstract: The most abundant mineral produced in the wood and leaves of trees is calcium oxalate
monohydrate (whewellite), and after burning the wood the ash obtained is calcite. In the case of the
Tamarix sp. tree, the freshly prepared ash is calcium sulfate (anhydrite). The aim of this study is to
determine the calcium sulfate mineral phase in the fresh wood of Tamarix aphylla prior to burning.
SEM images of the crystals show that they express smooth faces, are about 5-15 microns in their
longest dimensions and are located in the ray cells. Fourier transform infrared spectroscopy (FTIR)
and Raman microspectroscopy of the crystals in the wood and after extraction, both showed that
the crystals are composed of calcium sulfate hemihydrate (bassanite). As elemental analyses of the
crystals showed that in addition to calcium and sulfur, around 20 atom percent of the cations are
sodium and potassium, we also obtained an X-ray powder diffraction pattern. This pattern excluded
the possibility that the crystals are composed of another related mineral, and confirmed that, indeed,
the crystals in the T. aphylla wood are composed of calcium sulfate hemihydrate (bassanite).

Keywords: biomineralization; plant minerals; biogenic crystals; tamarix; wood; bassanite; calcium
sulfate hemihydrate; plaster of paris

1. Introduction

Trees produce a variety of different minerals. The most abundant mineral is calcium
oxalate monohydrate (whewellite), which is found in the leaves, wood and bark [1,2]. The
calcium oxalate crystal druses are composed of several intergrown crystals. They are found
most frequently in ray and/or parenchymal cells, and they often express their natural
crystal faces [1]. One proven function of some of these crystals in the leaves of Ficus species
is to enhance photosynthesis by scattering light into the dark interior of the leaf [3]. Some
Ficus leaves also contain deposits of amorphous calcium carbonate (cystoliths), which
enhance photosynthesis [3]. Silica is also widely distributed in the leaves, wood and bark
of many trees [4]. These deposits are often called phytoliths. The wood and bark of some
trees also contains an unusual mineral deposit in which crystalline minerals, probably
derived from the soil, are encapsulated in a matrix composed of silica. As opposed to the
silica of phytoliths, which is relatively pure, about half of the cations of the matrix of these
so-called siliceous aggregates comprises Al, K and Fe [5]. Calcium sulfate deposits have
been identified in several plants based on elemental analyses [2,6,7], but plant calcium
sulfate is rare [7].

In a study of wood ash from different trees growing in Greece, Tsartsidou et al. noted
that the ash of the Tamarix sp. and Juglans regia is composed of anhydrite (CaSO;) [8]. This
was confirmed for Tamarix aphylla [9]. The ash of most other trees is composed mainly of
calcite (Table 7.1 in [10]), which forms at around 430 °C to 510 °C when the calcium oxalate
monohydrate loses carbon monoxide [11,12]. The unusual Tamarix and Juglans ash raised
the question of what is the mineral phase in the wood prior to burning that produced this
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calcium sulfate ash. X-ray microanalysis of T. aphylla tissue showed that it is a calcium
sulfate deposit and the authors suggested that the mineral might be gypsum [13]. The aim
of this study was to directly determine the identity of the calcium sulfate mineral in the
wood of T. aphylla.

Tamarix species (Tamaricaceae) are typical recretohalophytes, namely that they ex-
clude or secrete salt [14]. These shrubs/trees generally grow in semi-arid and arid climatic
zones (Figure 1) [15], and are common in the southern arid regions of Israel (Negev Desert).
In Israel, Tamarix sp. trees also grow in the north, including on the banks of the Jordan
River. The average annual rainfall in the north of Israel close to the Jordan River is about
four times greater than in the south (Israel Meteorological Service).

Figure 1. Photograph of a Tamarix tree growing in the Negev Desert, Israel. Inset: higher magnifica-
tion view of the leaves.

2. Materials and Methods
2.1. Materials

Wood from thin branches of Tamarix aphylla growing in the usually dry river bed of
Nahal Agev, central Negev (Israel) were analyzed. The species identification was based
on the very large diameter of the vessels in the ray cells [16]. Wood from a Tamarix sp.
from the banks of the Jordan River in the more humid northern Israel region was also
examined. The wood was collected fresh and was stored dry for 25 years. Standards of
gypsum, anhydrite and calcium sulfate hemihydrate were purchased from Sigma-Aldrich.

Specimen Preparation

Several different branches were examined by SEM and they all contained crystals. All
the spectroscopic analyses were made on the same branch of T. aphylla from Nahal Agev in
order to be sure that the results are comparable. The branch has a diameter of around 1 cm.

Crystal extraction: About 200 mg of fine saw dust was collected by sawing the branch
repeatedly after the bark was removed using a jigsaw with a fine blade. The saw dust was
suspended in 10 mL of 96% ethanol, vortexed and then sonicated (Branson sonicator 3510,
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Danbury, CT, USA) for one hour. The suspension was then passed through a 21-micron
nylon mesh gauze (Sinun Tech, Barkan, Israel) and the filtrate was collected and allowed to
stand for 5 min. The pellet was resuspended in 10 mL 96% ethanol and passed through
the gauze a second time. After 5 min, the supernatant was removed. A drop of the pellet
was dried on a small round microscope cover slip for SEM/EDS analysis and another drop
was dried on a microscope slide, for Raman analysis. The remaining pellet was dried and
lightly ground for X-ray powder diffraction.

2.2. Methods
2.2.1. SEM/EDS

Transversely and longitudinally fractured wood samples, or the glass cover slip with
dried extracted crystals, were attached to an aluminum substrate using carbon conduct-
ing putty. The samples were examined uncoated in a Phenom Pharos Desktop SEM
(Thermo Scientific, Waltham, MA, USA) at 15 kV using a back scattered electron detec-
tor. The elemental compositions of the crystals were also analyzed using an attached
EDS elemental detector.

2.2.2. FTIR

About 500 micrograms was lightly ground in an agate mortar and pestle and then
mixed with 2-3 mg of spectro-grade pure KBr. The mixture was pressed into a 5-mm pellet
using a Pike hand press (Pike Technologies, Fitchburg, WI, USA). The infrared spectrum of
the transparent pellet was obtained using a Nicolet iS5 spectrometer (Thermo Scientific) at

4 cm~! resolution in the range of 4000 to 400 cm ™.

2.2.3. Raman Spectroscopy

Micro-Raman spectra were collected by using a LabRAM HR Evolution (Horiba
Scientific, Kyoto, Japan), a confocal Raman spectrophotometer, which is based on an
upright modular microscope BXFEM (Olympus, Tokyo, Japan). The spectrograph has a focal
length of 800 mm. The spatial resolution of the microscope at 600 nm is roughly 300 nm.

A 100x objective MPlanFL, NA 0.9 (Olympus, Tokyo, Japan) was used. Laser excita-
tion was chosen from three sources (532 nm, 633 nm or 785 nm). Dispersive gratings (600 or
1800 gr/mm) were used, and exposure and averaging conditions were chosen in order to
achieve the best spectral signal to noise ratio (SNR). In order to measure the Raman spectra
of the fresh tree samples a crystal was located using the imaging power of the microscope
and the measurement was performed using a 785 nm laser for reduction of fluorescence
from the sample. The extracted crystals were also located under the microscope, and the
laser was focused on them. For the standard samples, crystal grains were chosen from the
powders. The spectra were subjected to polynomial background removal as is common in
the field.

2.2.4. X-ray Powder Diffraction (XRD)

The measurements were carried out in reflection geometry using a TTRAX III (Rigaku,
Tokyo, Japan) diffractometer equipped with a rotating Cu anode operating at 50 kV and
200 mA and with a scintillation detector aligned at the diffracted beam after a bent graphite
monochrometer. 26/6 scans were performed at specular conditions in Bragg-Brentano
mode with variable slits and scanned with step size of 0.02 degrees and scan speed of
1 degree per minute. Phase analysis was made using the Jade Pro software (Materials Data,
Inc., Livermore, CA, USA) and PDF-4+ 2020 database (ICDD).

3. Results

The wood and bark from thin (1-cm diameter) branches were fractured longitudinally
and transversely and then examined in a scanning electron microscope (SEM). Figure 2
shows the presence of euhedral crystals about 5-15 microns in cross section located in
vessels belonging to the ray cells of the wood. Fractured wood specimens exposed to
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deionized water for 10 min contained no crystals. The crystals are, therefore, soluble in
water. We also examined the wood of a Tamarix growing on the banks of the Jordan River
(in the north of Israel) with its roots partially in the fresh water itself. SEM showed that
similar crystals were observed in the same cells of this Tamarix tree.

30 microng L

Figure 2. SEM images of the crystals in the Tamarix ray cells. (a): Transverse section. (b—d): Longitudinal sections at different

magnifications.

EDS point analyses of the crystals showed that the major elements comprise approxi-
mately equal amounts of calcium and sulfur in atom percent, together with large amounts
of carbon. Small amounts of sodium and potassium are also present. As the carbon and
possibly the Na and K could come from the surrounding organic tissue, the crystals were
extracted in ethanol and most of the associated organic material was removed by passing
the suspension through a 21-micron mesh fabric. The EDS analyses of the filtered crystals
did not contain C, but still contained small but significant amounts of Na and K, as well as
trace amounts of Si (less than 1.0 atom percent). As Si was not present in the analyses of
the crystals in the wood, we assume that the Si is derived from the glass substrate. The
average stoichiometry of 13 extracted crystals analyzed by EDS is (Ca,Na,K); 151 .The
average percent of Na and K in relation to the total cation content is 18 atom percent, and
the range is from 9.9 to 29.5 atom percent. Some of the Na and K may not be included in
the crystal lattice.

FTIR spectra of freshly collected and ground wood of the T. aphylla growing in the
central Negev (Israel) all contain a doublet at 657 cm~! and 600 cm ™! (Figure 3), which
is consistent with the presence of calcium sulfate hemihydrate (spectrum b in Figure 3).
Figure 3 also shows standards of the three common forms of calcium sulfate, namely gyp-



Minerals 2021, 11, 289 50f8

sum (CaSOy4-2H;0), anhydrite (CaSOy) and calcium sulfate hemihydrate (CaSO4-0.5H,0),
also known as bassanite or Plaster of Paris. The FTIR spectrum of Tamarix sp. wood
collected fresh and stored dry at room temperature for 25 years, also contained the two
peaks at 657 and 600 cm ™! (spectrum not shown).

!
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Figure 3. (a) FTIR spectrum of wood from T. aphylla growing in Nahal Aqev showing the presence of two peaks at 657 cm ™!
and 600 cm~!, which are indicative of the presence of calcium sulfate hemihydrate. All the other peaks are mainly from
cellulose and lignin. (b) Spectrum of the extracted crystals showing more clearly the 657 cm~! and 600 cm~! peaks, in
addition to peaks of mainly cellulose and lignin. (c¢) Spectrum of standard calcium sulfate hemihydrate showing the two
peaks at 660 cm ! and 600 cm~!. (d) Spectrum of standard gypsum. (e) Spectrum of standard anhydrite.

We used the micro-Raman to obtain spectra directly from the crystals exposed at the
surface of a freshly fractured piece of Tamarix wood, as well as crystals extracted from the
wood in ethanol and then placed on a glass microscope slide. Figure 4 shows the Raman
spectra of the crystals in the wood and after extraction, as well as the spectra of gypsum,
anhydrite and calcium sulfate hemihydrate. The crystals are clearly composed of calcium
sulfate hemihydrate.

The presence of around 20 atom percent Na and K of the total cations in the crystals,
raised the question as to whether the crystals are composed of calcium sulfate hemihydrate
or possibly the very rare mineral called omongwaite, (Nay;Cas(SO4)s-3H20); a mineral from
recent salt lake deposits in Namibia [17] or another member of this family. We, therefore,
dried an aliquot of crystals extracted from around 200 mg of the T. aphylla wood examined
above, and obtained a powder X-ray diffraction pattern (Figure 5). This pattern confirms
that the crystals are composed of calcium sulfate hemihydrate (bassanite). The baseline
rise is probably from the remnants of the wood still present in the sample, although we
cannot exclude the possibility that some of the mineral is in a disordered state.
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Figure 4. (a) Raman spectrum of wood from T. aphylla growing in Nahal Aqev showing the presence of calcium sulfate hemi-
hydrate. (b) Spectrum of the filter-extracted crystals. (c). Spectrum of standard calcium sulfate hemihydrate. (d) Spectrum
of standard gypsum. (e) Spectrum of standard anhydrite. The peaks in spectra (a—c) are at very similar wavenumbers.
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Figure 5. X-ray powder diffraction pattern of a dried aliquot of crystals extracted from approxi-
mately 200 mg of T. aphylla wood. The main peaks of bassanite (CaSO4-0.5H,0, ICDD 98-000-0108)
indicated in the figure by Miller indices (hkI) have the following values of d-spacing: dygg = 6.016 A;
di10 = 6.003 A; d3y0 = 3471 A; d_q174 = 2.804 A; dpgs = 2.798 A; d_514 = 1.851 A.
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4. Discussion

Here, we show that the crystals that are present in the wood of the Tamarix aphylla are
composed of the mineral calcium sulfate hemihydrate (bassanite). We emphasize that both
FTIR and Raman spectroscopy analyses were also carried out directly on crystals in the
wood itself, without the need for extraction, and by doing so, we exclude the possibility
that the mineralogy was altered during extraction. These crystals are located in the ray
cells of the Tamarix wood. Calcium sulfate hemihydrate crystals were also observed in
the wood of a Tamarix sp. growing on the banks of the Jordan River in the north of Israel
with some of its roots in the fresh water. Thus, clearly the formation of these crystals is not
due to the tree growing in an arid environment, and crystal formation may, therefore, be
genetically controlled.

Calcium sulfate hemihydrate has been reported from the wood of the tree Salvadora
persica which is used as a “natural toothbrush” in many different countries [18]. The
crystals are very similar in both size and shape to the crystals found in T. aphylla. For more
information on the natural occurrence of geogenic calcium sulfate hemihydrate (bassanite)
see Dogan et al. [18].

Biogenic calcium sulfate hemihydrate crystals have also been reported in the gravity
sensors of the medusa (jellyfish) Periphylla periphylla (Scyphozoa, Coronatae) [19]. These
crystals are much larger than the crystals in the wood and are elongated. They also express
smooth crystal faces.

The mechanism of formation of the biogenic calcium sulfate hemihydrate in wood and
the medusa is puzzling, as this mineral cannot be precipitated from water under normal
conditions and the temperature required to dehydrate gypsum to the hemihydrate is
around 100 °C [19]. Furthermore, this mineral is highly soluble, and even a brief exposure
to water of a freshly fractured piece of Tamarix wood, resulted in the crystals dissolving. If
they were protected by a thin coat of organic material in vivo, this would not be expected to
occur. Apparently, water is prevented somehow from entering into the vacuoles in which
the crystals reside in the Tamarix wood. We do not know the function(s) of the calcium
sulfate hemihydrate crystals in the Tamarix.

Tamarix trees are common in arid environments and their wood was most likely used
as fuel in the past. This has been documented for a site in the Negev, Israel [9]. During the
burning process, the calcium sulfate hemihydrate transforms into anhydrite, which then
hydrates and forms gypsum [9]. Thus, the presence of gypsum in archaeological sites in
arid regions may well indicate that Tamarix was used as a fuel, especially if the gypsum
is associated with other materials that were exposed to high temperatures, such as clay
minerals and bone.

5. Conclusions

Here, we use SEM, infrared spectroscopy, Raman spectroscopy and X-ray powder
diffraction to show that the wood of Tamarix aphylla contains crystals of calcium sulfate
hemihydrate (bassanite) in its ray cells. As similar crystals are present in the wood of
a Tamarix growing in northern Israel, on the banks of the Jordan River, we conclude
the crystal formation may be a genetically controlled process and not a function of the
arid environment.
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