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Abstract
Among the most potential clay deposits in Jordan are kaolinite, bentonite, and palygoskite, volkonskoite, illite, and black
mud. A novel geopolymerization process has been recently developed by activating local raw kaolinite to produce green building
materials. The clay mineral volkonskoite, a unique green earthy smectite, is widely distributed in central Jordan and is associated
with yellow uranium vanadate minerals. Volkonskoite is hosted by altered marble and quaternary thick travertine and recent
calcrete deposits. The green clay occurs as thin layers, encrustations and fillings in voids and cavities. The Cr2O3 content of the
ignited smectites in the new localities ranges between 18.88% and 28.28%. The following are the structural formulae (oxygen
= 11) calculated from the microprobe spectral results with the highest and lowest Cr+3 content: Ca0.22Na0.03(Cr0.8Al0.89Mg0.3)
(Si3.92Al0.08)O10(OH)2 and Ca0.22Na0.12(Cr1.35Al0.4Mg0.25)(Si3.68Al0.32)O10(OH)2. The green clay has uninterrupted continuous
flaky texture that confirms their chemical origin.
Most of the travertine caps the varicolored marble zones that were discharged of hyperalkaline ground waters in the past. The
varicolored marble (combusted bituminous marl) from central Jordan was altered by the circulating hyperalkaline waters that
dissolved Cr3+ with other redox sensitive elements, and that was immobilized in Cr-rich smectite – volkonskoite solid solution
series. Such waters are similar to the present day active hyperalkaline seepages (pH ~ 12.7) in Maqarin area, north Jordan. The
authigenic volkonskoite was formed at a pH similar to the alkali disturbed zone expected at radioactive waste repositories. The
Jordanian sites provide the best currently known localities to examine the processes associated with the long-term behavior of
radwaste repository sites.
© 2014 Jordan Journal of Earth and Environmental Sciences. All rights reserved

Keywords: clay minerals, central Jordan, chromium rich smectites, hazardous elements, high pH water.

1. Introduction
Jordan is a country rich in clays of different origins. Clays
of industrial importance are found in different stratigraphic
units from Paleozoic to Cenozoic. The most potential
deposits are kaolinite, bentonite, and palygoskite. Other
deposits, such as volkonskoite, illite, and black mud, are
also widely distributed in Jordan. Details of the occurrence,
nature, character, and economic importance of the different
clay deposits are given by Khoury (2002 & 2006). Recently,
zeolite –A has been synthesized from Jordanian kaolinite (AlThawabeia, et al. 2015). Kaolinitic clay, from Jordan, proved
to be dioxin-free for in clays feed additives (Alawi et al.,
2013; 2014).
A novel geopolymerization process has been recently
devised on developing building products (geopolymers)
through the geopolymerization of Jordanian kaolinite. The
products could be used as low cost construction materials
for green housing. They are characterized by high strength,
high heat resistance, low production cost, low energy
consumption, and low CO2 emissions. The results confirmed
that natural Jordanian kaolinite satisfies the criteria to be used
as a precursor for the production of high quality inexpensive,
stable materials (Khoury et al., 2011a, 2011b; Rahier et al.,
* Corresponding author. e-mail: khouryhn@ju.edu.jo

2010, 2011; Slaty et al., 2013; 2015).
Volkonskoite is an important Cr-rich smectite; it was
discovered in 1831 by Kammerer in the Okhansak district
of perm province of Russia. It was named after Prince A.
Volkonskoite, Minister of the Imperial Court (Khoury et al.,
1984; Mackenzie, 1988; Eugene et al., 1988).
Volkonskoite is a dioctahedral member of the smectite
group that contains chromium as the dominant cation in the
octahedral layers. The following is a general chemical formula
for volkonskoite (with a molecular weight of 475.69gm.):
Ca0.3 (Cr+3, Mg, Fe+3)2 (Si, Al)4 O10 (OH)2. 4H2O. Volkonskoite
has a bright to dark green or emerald green color. In
transmitted light, it is emerald green with dull luster. Cr3+ is
an effective chromophore. In that only small amount, Cr3+
gives intensive color to its host mineral (it is used as natural
permanent pigment). For this reason, many smectites were
called volkonskoite in literature even though their Cr3+ content
was minor. The term volkonskoite was applied to Cr-bearing
smectites with chromium content ranging from 1 % to about 30
% Cr2O3 (Foord et al., 1987). Other smectites, with Cr2O3 less
than 15%, are properly termed chromium montmorillonite,
chromium nontronite or are mixture of various chromiumbearing minerals (Foord et al., 1987).
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Volkonskoite is found in Kama river area and Perm
basin, as epigenitic minerals commonly filling voids left by
the decomposition of plant remains and partly or completely
replace organic matter. Cr-bearing smectites have also
been formed by the decomposition of ultramafic and mafic
rocks in Ural Mountains, Brazil, Bulgaria, Italy, Germany,
Norway, Yugoslavia and Nevada. The chromium smectites
and chlorites at the Colorado plateau are found in uraniumvanadium deposits and are of epigenitic origin (Foord et al.,
1987).
Volkonskoite is widely distributed in central Jordan
which could be considered a new type locality for this mineral
(Khoury and Abu Jayyab, 1995; Khoury, 2006). Volkonskoite
was reported in Daba area for the first time by Khoury et al.
(1984). More sites have been recently discovered in central
Jordan (Khan Ez-Zabib, Tulul Al-Hammam, Siwaqa, and
Jabal Al Khurayim area). The structural formulae from
these localities are given in Table 1. A new locality has
been recently discovered by the author of the present study
in Suweileh area, near Amman (Khoury and Zoubi, 2014).
The first identified volkonskoite type in central Jordan was
characterized to be high chromium, high magnesium and iron
free with the following structural formula [1.06M + (Cr2.2
Mg2.52) (Si7.39 Al0.61) O20 (OH)4]. The chromium content (16%)
was higher than that of any volkonskoite yet described from
outside the USSR (23.50%) apart from that from Lyalevo, and
much higher than that of the samples from the same formation
in Palestine (Khoury et al., 1984). Khoury and Abu Jayyab
(1995) showed a variation in the Cr content in the octahedral
sheets of smectites from different sites from Jordan. The green
smectites have different affinities to interlayer cations. They
attributed that to compositional variations and/or differences
in the layer charge distribution.
Recently, as a result of quarrying and exploration activities
of marble, travertine, and surficial uranium deposits in central
Jordan, green clays have been found as encrustations and
they are associated with yellow uranium minerals (Khoury
et al., 2014). The clays together with uranium minerals are
hosted by the Pleistocene-Recent travertine and calcrete
deposits and the altered part of the underlying varicolored

marble. The Daba (Khan Az-Zabib) and Siwaqa areas, cover
1320 km2, and are situated between E36o 00’ to 36o 15’ and
N31o 15’ to 31o 45’ (Fig. 1). Many tracks leading from the
Desert are easily reached from the Amman-Aqaba desert
highway, making all parts of the two areas accessible by
four wheel-drive vehicles in normal weather. The mean
annual precipitation in winter is 110 mm. The mean summer
temperature is 23o C with a maximum temperature 44o C and
high evaporation rate. The newly discovered clay localities in
central Jordan have not been studied before. The following
work aims at characterizing the green clayey material from
the quarries and trenches mineralogically and chemically,
comparing it with that of other localities and at tracing their
origin. The importance of the present study lies in introducing
the new locality as a natural analogue of engineered barriers
in radwaste repository sites.

Figure 1: Location map of the study area.

Table 1: Chemical formulae of the studied volkonskoite in Jordan

Structural Formulae
-Ca0.2 (Cr1.1Mg0.4Al0.6) (Si3.9Al0.1) O10 (OH)2
-Ca0.3 (Cr0.6Mg0.8Al0.7) (Si3.9Al0.1) O10 (OH)2
-Ca0.30Na 0.23(Al 0.47Cr 0.63Fe 0.13Mg 0.66Zn 0.06) (Si3.88 Al0.12)O10 (OH)2
-M

+
0.53

(Si3.7Al0.3)(Cr1.10Mg1.26)O10(OH)2

Reference

Uleimat Quarry

Grathoff & Khoury, 2010

-Suweileh
-Zmaileh

-Ca0.51Na0.03K0.02(Si3.64Al0.036)(Al0.08Ti0.02Fe0.08Cr
-Ca0.35Na0.02(Si3.71Al0.29)(Al0.29Ti0.01Fe

Location

Mg1.24) O10(OH)2

3+
0.75

Cr1.17Mg0.53)O10 (OH)2

3+
0.03

-Khan Az Zabib

Khoury, 2006; Khoury &

-Tlul. Al Hammam

Zoubi, 2014

-Ca0.44Na0.03K0.02(Si3.40Al0.6)(Al0.44Ti0.04Fe3+0.30Cr0.34Mg0.61) (OH)2

-Siwaqa Station

-(Ca0.22Na0.03)(Si3.69Al0.31)(Al0.44Ti0.04Fe3+0.23Cr0.53Mg1.07)O10 (OH)2

-Jabal Khreim

2. Geology of central Jordan
The geology of central Jordan is illustrated in Fig. 2 and
described in details by Khoury et al. (2014). The exposed
rocks of the studied area (Daba-Siwaqa) are sedimentary and
range in age from Upper Cretaceous (Turonian) to Tertiary
(Eocene). Pleistocene – Recent travertine, caliche and regolith
cover most of the area. The studied area is characterized by
unusual colored marble overlain in some areas by travertine
and calcrete. The central Jordan varicolored marble is
equivalent to the active metamorphic rocks of Maqarin area,

north Jordan. The mineralogy is comparable to that of north
Jordan (Maqarin) where present day hyperalkaline seepages
circulate through the varicolored marble and bituminous marl.
The groundwater discharges today in Maqarin is characterized
by high hydroxide alkalinity (pH = 12.7), saturation with
calcium sulphate and high concentrations of trace elements
(Khoury et al., 1992; Khoury, 2012). The alkaline meteoric
waters circulate through the metamorphic zone and precipitate
soft travertine and extract redox sensitive elements from the
originally combusted bituminous rocks. All the travertine in
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the area are recent and are precipitating as a result of kinetic
reaction of the hydroxide waters with atmospheric CO2
(Khoury and Nassir, 1982 a, b; Khoury et al., 1984; Khoury,
1989; Khoury et al., 1992).
The studied area (Daba-Siwaqa) was situated in a
shallow marine, stable shelf environment of the Tethys Sea
during the Late Cretaceous to Early Eocene (~90 - ~50 Ma
ago). Transgression took place during Cenomanian times,
and marine sedimentation took place until the Late Eocene,
despite the fluctuations in sea level. Uplifting caused gentle
folding and faulting that was mostly related to the continued
tectonic movement along the Jordan Rift which is located
~60 km to the west of the Daba-Siwaqa area (Bender, 1968;
Powell, 1989; Powell and Moh’d, 2011).
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reducing elements as U, V, Zn, Cu, Ni, and Fe are present
as sulfides and selenides. U-oxides are mostly adsorbed on
the clay minerals and organic matter of the bituminous marl
and are soluble under reducing environment. The bituminous
marl is overlain by the varicolored marble that is composed
of prograde and retrograde metamorphic mineral assemblages
((Khoury and Nassir, 1982 a, b; Techer et al., 2006; Fourcade
et al., 2007; Eli et al., 2007). The origin of the extreme
polymetallic enrichment (Cd, Cr, Mo, Ni, U, V, Zn) of the
Late Cretaceous–Early Tertiary rocks, central Jordan was
attributed to the bituminous marl (Fleurance et al., 2012).
Combustion of bituminous marl led to decarbonation and
formation of prograde metamorphic minerals (recarbonated
calcite, spurrite, larnite, etc.) dominated by isotopically
depleted carbonates (Khoury, 2006; Khoury et al., 2014). The
isotopic evidence supported the high temperature event where
the combustion of the organic matter and decarbonation led
to the isotopic depletion of δ13C and δ18O. The increase of
the temperature of combustion is positively correlated to
the enrichment in light stable isotopes (Clark et al., 1993;
Khoury, 2006; Khoury et al., 2014). Heating sedimentary
apatite up to 800o C indicated a change of color into green,
where maximum isotopic depletion took place (Nassir and
Khoury, 1982).
Travertines and caliche are mainly composed of calcite.
Quartz, opaline phases, and sulphates (gypsum and ettringite)
are minor constituents of these rocks. These phases are
associated with yellow uranium encrustations and green Crrich smectite (volkonskoite) that was reported for the first
time in central Jordan by Khoury et al. (1984).
The source of Cr, U and V is the bituminous marl. The
combustion of the organic matter and the formation of
varicolored marble, followed by the action of circulating
highly alkaline water, accelerated the leaching of the
redox sensitive trace elements. Such an alkaline oxidizing
environment (pH~12.7) is currently active in Maqarin area,
north Jordan.
The alkaline lakes during Pleistocene Recent time in
central Jordan were responsible for the precipitation of
travertine as a result of kinetic reaction with atmospheric CO2.
Deflation, local subsidence and the prevalence of dry climate
in a later stage led to the concentration of trace elements and
the precipitation of calcrete that hosted the Cr-rich clay and
uranium deposits (Khoury et al., 2013).
3. Field and laboratory work

Figure 2: Geologic map of central Jordan (modified after Jasser,
1986; Barjous, 1986; Khoury et al., 2014)

The dominating fault trends are NW-SE and E-W (Fig.
2). The main faults in the area are the Zerqa Main, Daba and
Siwaqa fault systems. The fault set is an E-W group of faults
and linear features. The folds in central Jordan are of three
types: gentle folding associated with regional compression;
folding occurring adjacent to faults and directly associated
with drag during faulting; and folding in interference
structures caused by the interaction of E-W and NW-SE
faulting influences (Bender, 1968).
The bituminous marl in central Jordan is biomicrite
with average clay content of 10%. Calcite, francolite,
quartz, goethite and dolomite are the essential constituents.
Framboidal pyrite is found filling the forams cavities. Sensitive

Field work has concentrated on sampling the green clays
associated with varicolored marble, travertine and calcrete.
The green clay is associated with the altered marble. The
travertine, several meters in thickness is characterized by
the presence of green smectite, coprecipitated with calcite.
The travertine has a variety of textures including horizontal
laminations of porous and massive cryptocrystalline calcite,
calcite replacement of opaline phases and green smectite.
The excavated trenches indicated the presence of green clay
filling the cavities, replacing plant molds, and along bedding
planes in travertine and calcrete. Fig. 3 illustrates the green
clay with altered varicolored marble (Fig. 3a), filling cavities
and replacing plant molds (Fig. 3b), along bedding planes in
travertine Fig. 3c) and as encrustationd in calcrete (Fig.3d).
Most of the travertines are observed capping the metamorphic
(cement) zones and contains brecciated blocks of marble.
Fifteen samples of green smectite rich travertine and
marl were collected from the recently opened quarries and
trenches; seven (Q-samples) from the quarries and seven from
the nearby trenches (T-samples). Table 2 gives a list of the
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studied samples. The T-samples were collected from a trench
excavated by Areva Co. (N 31° 23’ 361”, E 36° 11’ 361”). The
Q-samples were collected from a quarry (N 31° 22’ 062”, E
36° 11’ 280”). Fig. 4 illustrates the location of the sampling
sites from central Jordan. The samples were characterized
using petrological, mineralogical, and chemical methods. The
clay size fraction was separated by using Atterberg techniques.
Oriented glass slides (dry and glycolated) were prepared. Part
of the analytical work (XRD, XRF, SEM) was carried out in
the laboratories of the Federal Institute for Geosciences and
Natural Resources, Hannover, Germany, and the Department
of Geology, Greifswald University, Germany. Infrared
spectra were obtained for the whole rock samples using KBr
technique (Merlin spectrometer and software). A Philips
diffractometer PW 3710 (40 kV, 30 mA) with CuKa radiation,
equipped with a fixed divergence slit and a secondary graphite
monochromator was used.

Table 2: Description of the studied samples.

Sample No.
Q-1
Q-2
Q-3
Q-4
Q-5
Q-6
Q-7 old
T2-1
T2-3
T3-4
T3-5
T2-6
T4-1
T5-1
T5-2

Description
Porous travertine with green clay
Porous travertine with green clay
Porous travertine with green clay
Porous travertine with green clay
Porous travertine with green clay
Porous travertine with green clay
Porous travertine with green clay
Yellowish gypsum rich calcrete with green clay
Yellowish gypsum rich calcrete with green clay
Yellowish gypsum rich calcretewith green clay
Yellowish gypsum rich calcrete with green clay
Dolomite rich calcrete with green clay
Red calcrete with green clay
Yellowish calcrete with green clay
Green yellow calcrete

Q = Quarry T = Trench

Figure 3: photographs of green clay a) with altered varicolored
marble b) filling cavities and replacing plant molds c) along bedding
planes in travertine d) as encrustations in calcrete.

Whole rock ‘random powder’ samples were scanned with
a step size of 0.02 - 2 theta and counting time of 0.5 s per step
over a measuring range of 2–65 2 theta. Powdered samples
were analyzed using a PANalytical Axios and a PW2400
spectrometer. Samples were prepared by mixing with a flux
material and melting into glass beads. The beads were analyzed
by wavelength dispersive X-ray fluorescence spectrometry
(WD-XRF). To determine loss on ignition (LOI), 1,000 mg
of sample material was heated to 1,030 o C for 10 min. After
mixing the residue with 5.0 g lithium metaborate and 25 mg
lithium bromide, it was fused at 1,200 o C for 20 min. The
calibrations were validated by analysis of reference materials.
‘‘Monitor’’ samples and 130 Certified Reference Materials
(CRM) were used for the correction procedures.
Polished thin sections were prepared for all the collected
samples for both petrographic, Scanning Electron Microscopy,
Energy-Dispersive X-Ray spectroscopy (SEM/EDS), and
microprobe analyses. This part of the laboratory work was
accomplished at the Department of Earth Sciences, University
of Ottawa. All green clay rich samples were chemically spot
analyzed using scanning electron microscope attached with
Oxford INCA large area SDD detector (quantitative analysis
of elements for Be to U). The SEM/EDS analyses were done
on fine clay crystals. A JEOL 6610LV SEM was used for
studying and analyzing the clay phases. A JEOL 8230 Super
Probe for quantitative chemical analyses and images of the
green clays was used. The electron microprobe is fitted with
five WDS spectrometers and a high count-rate Silicon Drift
Detector (SDD) EDS spectrometer.
4. Results

Figure 4: Sampling sites

The petrographic results indicated that calcite and
carbonate-fluorapatite are the essential constituents of the
altered varicolored marble. Travertine is mainly composed
of micro to cryptocrystalline calcite. Calcite moulds and
replacement of vegetation are typical for travertines (Fig.
5a). Smectite, possibly volkonskoite represents the green
secondary clay mineral. Mineralized plant molds, replaced
by Cr-smectite and calcite are common (Fig. 5b, c). Opaline
silica in travertine is common and indicates a later stage of
direct precipitation in weakness zones (Fig. 5d). Ettringite,
gypsum, fluorite, opal-CT, and secondary apatite are common.
The calcrete is mainly composed of calcite and gypsum. Other
carbonates (vaterite and aragonite) in addition to secondary
calcite were identified from the XRD patterns. Secondary
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Figure 7: Representative infrared spectra (IR) of the studied samples.

Figure 5: Photomicrographs of a) secondary calcite and replacement
of vegetation moulds is typical for travertine (XPL) b, c) mineralized
plant molds, replaced by Cr-smectite and calcite are common (PPL)
d) opaline silica replacing calcite (PPL)

The secondary green clay from the encrustations, veins
of altered marble, travertine, and calcrete was identified from
the oriented XRD patterns. The XRD results confirmed the
presence of smectite as the essential clay mineral. The XRD
basal reflections were constant in all the studied samples.
Tyuyamunite, strelkinite, halite and fluorite are associated
with the encrustations in the calcrete trench samples. Fig. 6
illustrates a representative XRD pattern of oriented sample
of the separated clay fraction. All patterns were identical. The
first basal reflection (001) of the dry preparations appears at
12.9 Å and expands to 16.6 Å upon glycolation. The smectite
is well ordered and all the basal reflections up to (004) were
recorded. The results of the IR spectra of the whole rock
samples also confirmed the presence of smectite. Fig. 7 is
a representative pattern, illustrating the IR spectra of the
minerals in the whole rock samples. This figure illustrates the
presence of smectite in addition to calcite and apatite.
The
scanning
electron
micrographs
(SEM)
photomicrographs indicated that Cr-rich smectites /
volkonskoite and the opaline phases are present within the
travertine filling voids and cavities and are considered as
secondary phases. Opaline phases, however, occur within
the some casts of vegetation roots (Fig. 8a). The SEM
image indicated that smectite has a cellular and continuous
uninterrupted texture (Fig. 8b). The uninterrupted continuous
flaky growth of the smectite indicates a chemical origin.
The opaline phases associated with the green clay are of
late authigenic origin (Fig. 8c). The opaline phases form
hexagonal nano-tubes (Fig. 8d).
KH_06_kl2µm_15mg - File: KH_06_kl2µm_15mg.raw

KH_06_kl2µm_15mg_EG - File: KH_06_kl2µm_15mg

Tables 3 and 4 represent the chemical composition of the
major oxides and trace elements of clay hosted travertines
and calcrete samples. The CaO and LOI values in Table 3 are
related to calcite, apatite and gypsum. The P2O5 and F values
are related to apatite. SiO2, Cr2O3 and MgO are related to
the presence of smectite. The CaO and LOI relationship is
plotted in Fig. 9a. The SiO2 and Al2O3 relationship is plotted
in Fig. 9b. The MgO and Al2O3+Cr2O3 relationship is plotted
in Fig. 9c. The relatively low positive correlation in these
figures is related to the presence of other different phases as
calcite, apatite and gypsum. Table 4 shows that the samples
are enriched in trace elements as Cr, U, V, Sr, Zn, Zr and
Ni up to 7.46 wt. %, 419ppm, 0.74 wt.%, 1042 ppm, 1603
ppm, 117ppm, and 1095ppm, respectively. Cr together with
the other elements is considered as redox sensitive elements
and is possibly absorbed by smectite. Cr values are related to
the presence of Cr-rich smectite as indicated from the EDX/
EDS, XRF (clay fraction) and electron microprobe results.
The chemical composition agrees with the XRD results of the
whole rock samples.

DIF - ceramic tile reflexes (sample thickness too small

16.6 Å smectite 001 EG
12.9 Å smectite 001 AD

Lin (Counts)

KH 05 < 2 µm ethylene glycol
KH 05 < 2 µm air dry
ca. 3.35 Å smectite 004 EG
ca. 3.1 Å smectite 004 AD
? 2.8 Å ?
? 3.07 Å alunite ?

? 2.7 Å ?

? ca. 32 Å super structure/mixedlayer?

? ca. 25 Å super structure/mixedlayer?

ca. 8.5 Å smectite 002 EG

20

2 Theta Scale Cu radiation

Figure 6: Representative XRD pattern of the studied samples

Figure 8: Scanning electron micrographs a) opal-CT with
volkonskoite b) continuous growth of volkonskoite c) later authigenic
opaline phases d) opaline silica tubes (Khoury, 2012)

6

© 2014 Jordan Journal of Earth and Environmental Sciences . All rights reserved - Volume 6, (Special Publication, Number 3), (ISSN 1995-6681)

Table 3: XRF results of the whole rock samples (Khoury, 2012)

Table 4: XRF results of trace elements in the whole rock samples
(ppm)

45

a

R=0.77

40

LOI%

35

Whole Rock Samples

Linear (Whole Rock Samples)

30

25

20

0

20

40

60

CaO%

8

b

7

R=0.84

6

Al2O3%

5
4

Whole Rock Samples
Linear (Whole Rock Samples)

3

The comparison of the average values of the redox
sensitive elements As, Cr, Cu, Ni, U, V, Zn and Zr in both
fractions, indicates a higher concentration is in the clay size
fraction. The only exception is the higher values of Sr in the
silt size fraction, that is related to the presence of calcite.
The SEM/EDS results revealed the presence of almost
pure crystallites of smectite (Fig. 10a, b, c, d) and are
composed of oxides of SiO2, Al2O3, Cr2O3 and MgO. These
oxides are the essential components of the smectite. These
crystallites were analyzed by the electron microprobe (Fig.

2
1
0

7

6

0

c

5

10

15

20
SiO2%

25

30

35

40

R=0.54

5

MgO%

Table 5 gives the chemical composition of the major
oxides of the separated clay (QU1 samples) and silt (QU2
samples) size fractions of few selected samples. The table
indicates the presence of a lot of impurities in the clay fraction
as phosphates (Q1-1, Qu1-2, Qu1-3), carbonates (Qu1-4, Qu15), and opaline amorphous silica (Qu1-4 and Qu1-5). The silt
size fraction is dominated by carbonates as indicated from
the CaO content and the high LOI values. Most of the XRD
patterns of the clay fraction indicate the presence of smectite,
with few crystalline phases as apatite and calcite. It was
difficult to calculate the structural formulae of smectites with
all these clay size impurities. The poor correlation between
the major oxides is related to the presence of impurities. Table
6 gives the XRF results of the trace elements of the separated
clay (QU1 samples) and silt (QU2 samples) size fractions of
the same samples.

4
Whole Rock Samples

3

Linear (Whole Rock Samples)

2

1

0

0

2

4

6

8
Al2O3%+Cr2O3%

10

12

14

16

Figure 9: Plot of the relationship between a) CaO and LOI b) SiO2
and Al2O3 c) MgO and Al2O3+Cr2O3.

11). The results are given in Table 7. The following structural
formulae were calculated and indicated the substitution of
Cr and Mg for Al in the octahedral layer: Ca0.22Na0.03
(Cr0.80Al0.89Mg0.30) (Si3.92Al0.08) O10 (OH)2; Ca0.22Na0.12
(Cr1.35Al0.40Mg0.25) (Si3.68Al0.32) O10 (OH)2. These formulae
added more information about the known volkonskoite from

other localities in Jordan and support the idea of possible solid
solution between dioctahedral smectites (montmorillonite,
Cr-smectite and volkonskoite).

© 2014 Jordan Journal of Earth and Environmental Sciences . All rights reserved - Volume 6, (Special Publication, Number 3), (ISSN 1995-6681)

7

Table 5: XRF results in wt% of the major oxides (%) in the (QU1) and silt (QU2) size fractions.

QU1 = Clay size fraction; QU2 = Silt size fraction

Table 6: XRF results of trace elements (ppm) of the clay (QU1) and silt (QU2) size fractions.

QU1 = Clay size fraction; QU2 = Silt size fraction

Figure 10: SEM/EDS photomicrographs and spectra of the green
clay showing Al, Mg, Cr and Mg as the major components a & b)
polished thin section b & d) uncoated sample.

Figure 11: Some selected spots for the electron microprobe analysis.
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Table 7: Electron microprobe analyses in wt% of green clay used for the calculation of structural formulae.

5. Discussion
The XRD basal reflections of the studied Cr-rich
smectite/volkonskoite were constant, although the chemical
composition and the structural formulae show variation in the
Cr content in the octahedral sheets. Specimens from different
sites have different affinities to interlayer cations (Table 1;
current study). This is attributed to compositional variations
and/or differences in the layer charge distribution. The
negative charge in the tetrahedral and octahedral sheets is not
equally distributed. The differential substitution would result
in the variation of the total negative charge within the layers,
and accordingly would lead to the variation in the adsorption
capacities of the interlayer cations.
Cr-rich smectites/volkonskoite associated with the
travertines, calcrete and altered marble in central Jordan
were precipitated from ascending high alkaline solution,
following the combustion of the original bituminous marls
and limestones. The free continuous crystal growth suggests
an epigenetic origin and was probably precipitated after
calcite and opal. The water chemistry was ideal for the
precipitation of the green clay after the removal of CaO
and silica from solution (Figs. 5 & 8). The travertine and
calcrete were precipitated from highly alkaline groundwater
containing calcium hydroxide (pH=12.5) through the uptake
of atmospheric CO2 and subsequent precipitation of calcite
(Khoury, 2012; Khoury et al., 2014). Such waters were
similar to cement pore water and equivalent to the present day
hyperalkaline seepages at Maqarin, north Jordan (Khoury et
al., 1992).
The mineralogy of the varicolored marble in central Jordan
(Daba-Siwaqa area) is comparable to that of cement clinker
and to hydrate cement products (Khoury and Nassir, 1982a,
b; Khoury et al., 2014). These rocks are long term natural
analogues of Portland cement for sealing of nuclear waste.
Premature failure could present serious hazards or release
of radionuclides into the environment. Many repository
designs, especially those for low- and intermediate-level
waste, involve the use of very large amounts of cementitious
materials. Bentonite (70% smectite) is one of the most safetycritical components of the engineered barrier system for the
disposal concepts developed for many types of radioactive
waste (radwaste). The choice of bentonite results from its
favourable properties – such as plasticity, swelling capacity,
colloid filtration, low hydraulic conductivity, high retardation
of key radionuclides and its stability in relevant geological

environments (Alexander and McKinley, 1999). However,
bentonite (smectites) are unstable at high pH. The interaction
of cement with groundwater results in a hyperalkaline
leachate which contains any radionuclides dissolved from the
waste. The interaction of such leachate with surrounding rock
and the mobility of radionuclides in this complex system must
be considered in repository safety assessment. The very slow
kinetics of many of the reactions involved, however, greatly
limit the applicability of conventional laboratory studies. The
varicolored marble, travertines and calcrete of Daba-Siwaqa
sites of central Jordan can serve as natural analogues of a
cementitious repository. Quaternary travertines capping the
metamorphic (cement) zones are the fossilized products of
ancient hyperalkaline groundwater discharges (pH ~ 12.7)
(Khoury, 2012; Khoury et al., 2014). The travertine and
calcrete indicate a long-term analogue of carbonation and
remobilization of silica in cementitious barriers for radioactive
waste repositories.
Relatively high levels of Cr, Ni, Cu, Zn, U, V, and Zr, are
associated with the clay size fraction with the exception of Sr
that is associated calcite (Table 6). The presence of Cr-rich
smectites - volkonskoite with relatively high levels of U and
other redox elements may suggest the use of central Jordan
outcrops as analogues with the repository disturbed zone.
Smectites are expected to be a sink of alteration products in
the late stage evolution of a high pH plume.
6. Summary and Conclusions
The present work demonstrated the value of the altered
marble, travertine and calcrete in central Jordan as analogues
of cementitious repositories. The sites indicate a long-term
analogue of carbonation and remobilization of hazardous
elements in cementitious barriers for radioactive waste
repositories. The sites offer a good chance to investigate
the interaction of the high-pH water enriched with leached
hazardous trace elements (Zn, Cr, U, Cu, Ni, V, etc.) with
rocks. Heavy metals if removed into groundwater may be
hazardous. Co-precipitation of these elements in mineral
phases is of great importance to control the concentration of
these elements in groundwater. For example, the unusual Crsmectite - volkonskoite precipitated from the mobile alkaline
water may act as sinks for such trace elements.
Mineralogical investigations of natural analogues of
cement systems, which underwent reaction with CO2 over
time periods measurable in thousands of years, could give us
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an idea about the uptake history of atmospheric CO2. Central
Jordan areas however, represent unique sites to study the
durability of Portland cement and concrete, especially for long
term assessment of radioactive waste storage. The interface
of marble (natural cement zone) overlain by travertine offers
large size sampling site which is similar to a sedimentary
disposal site. Further investigations of the area and detailed
work on the mineral phases in the marble (cement) zone and
travertine may aid in understanding the processes likely to
occur in the repository near site disturbed zone.
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