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Editorial Preface

It gives me a great pleasure to publish the third special issue of the Jordan Journal of Earth and Environmental 
Sciences. This special issue includes research papers presented at the international conference that was held 
under the patronage of Her Royal Highness Princess Sumaya Bint Al-Hassan between 3-5/4/2014 in Amman/ 
Jordan. The conference, which was supported by many governmental, academic and international institutions, 
was held under the title: "Building International Networks for Enhancement of Research in Jordan." 

The research papers that were accepted for publication in this special issue are of paramount importance 
and significance to Jordan since they address issues related to Economic Geology and the development of 
Mineral Ores, such as Zeolites, Uranium Ores as well as Mud and Concrete Processing in Jordan. The papers 
that were selected for publication in this special issue passed a process of review and evaluation according to 
the policies duly followed by our Journal. 

I would like to extend my sincere thanks and regards to my colleagues in the Journal's Editorial Board for 
their efforts without which this special issue could have never seen light. I would also like to extend my thanks 
to the Language Editor of the Journal, Dr. Qusai Al-Thebyan, and to Mr. Obada Smadi, the Publishing Layout 
Editor at the Hashemite University for their efforts.

Editor-in-Chief,
Prof. Dr. Eid Abdel Rahman Al-Tarazi
Jordan Journal of Earth and Environmental Sciences
Faculty of Natural Resources and Environment
The Hashemite University,
Zarqa, Jordan
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Conference Preface

The conference "Building Int. Networks for Enhancement of Research in Jordan" was held in Amman 
between April 3 - 5th, 2014 at Princess Sumaya University for Technology (PSUT) and the German Jordanian 
University (GJU). Generous support by the Alexander von Humboldt Foundation (AvH), Science Research 
Support Fund (SRSF), King Abdullah II Fund for Development among others played important role in the 
success of the Conf.

The Conf. was one of the most successful activities the Jordanian Club of Humboldt Fellows (JCHF) ever 
organized since it was established in 1997. More than 300 people attended including 100 Int. participants 
from 25 countries. Ph.D. students, representatives of Associations, AvH, DAAD, AGYA (Arab German Young 
Association), Federal Foreign Office, German Embassy in Amman, German Archaeological Protestant Institute 
in the Holy Land, the AvH - MED (Mediterranean) Network participated. 

Eighty papers and 75 posters were presented. Parallel sessions were organized. Several workshops took 
place: Cultural, Physics, Chemistry, Biological and Pharmaceutical Sciences and Archaeology. Humboldtian 
Prof. Luay Rashan organized the Pharmaceutical Workshop. A price for the best poster was chosen by a 
Committee chaired by Dr Nelli Wanderka from Berlin.

 A 2-days pre-Conference training workshop, organized at the Univ. of Jordan (JU) in Amman, "Opportunities 
& Problems of scientific Research in MENA Region" for Jordanian and MENA graduate students was run by 
three German top scientists and an active Humboldtian Prof. Bothina Hamad. Those young scientists presented 
their improved works at the Conf. 

A workshop for Junior Scientists was also organized, where Dr Thomas Hesse made a presentation about 
the AvH Foundation and its programs. DAAD Director in Amman gave a presentation about DAAD programs.

The AvH- MED (Mediterranean) Network chairman Prof. Claudio Borri chaired the workshop which 
discussed major issues of common interest. Strengthening cooperation, joint research and to exchanges were 
discussed. 

Archaeology German team (2 professors and 9 PhD. Students from several German universities) stayed 16 
days in Jordan. The chairman of the team, Hans-Peter Kuhnen from Mainz University, chaired a workshop that 
had presentations from the visiting scientists and the Jordanian counterparts in cooperation with the German 
Archaeological Protestant Institute in Amman.

Participants were able to visit some Jordanian universities. Prof. Mohammad El Khateeb arranged the visit 
to JUST in Irbid. A meeting with members of staff took place. Prof. Ziad Al-Saad and Prof. Hani Hiagneh 
arranged the visit to Yarmouk Univ. and its Archaeology Museum.

Humboldtians Prof. Bothina Hamad and Prof. Hani Khoury arranged the visit to JU. Humboldtian Prof. Dr 
Sultan Abu Orabi, Secretary General of the Association of Arab universities, participated at the activities aimed 
at increasing cooperation with German Universities.

Building International Networks for Enhancement of Research in Jordan
Int. Conference / Humboldt Kolleg

April 3 - 5, 2014
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Visits were facilitated to the Royal Geographic Center, Jerash, Um Qeis, Madaba, Baptism site, Dead Sea, 
Petra, Wadi Rum, Aqaba, Iraq El Amir and Roman Theater in Amman.

A busy program and successful outcome with Ambassador/ Foreign Office in Germany Dr Heinrich Kreft, 
Deputy Sec. General of the AvH Dr Thomas Hesse gave distinguished talks.

HRH Princess Sumaya bint el Hassan opened the Conf. and gave excellent talk praising Scientific and 
cultural cooperation, Humboldt Foundation, JCHF and its role. Ambassador of Germany to Jordan, HE Mr. 
Ralph Tarraf expressed appreciation of what JCHF is doing to strengthen the German-Jordanian relations. 
Chairman of the Conf. HE Prof. Khaled Toukan gave an excellent talk at the Conf. Evaluation of the Conf. took 
place, with HE Ralph Tarraf, Dr Kreft and Dr Thomas Hesse took part. Director of DAAD office in Jordan Mr. 
Andreas Wutz was very supportive.

Marwan S. Mousa
Director of the Conference/Kolleg
Humboldt Ambassador Scientist
President of the Jordanian Club of Humboldt Fellows
President of the Jordanian Physics Society
Prof. of Materials
Dept. of Physics
Mu'tah University
Al-Karak, Jordan
Tel: 00962-79-5659761
Fax: 00 962-3-2375540
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Importance of Clay Minerals in Jordan 
Case Study: Volkonskoite as a Sink for

Hazardous Elements of a High pH Plume

Hani N. Khoury*

Abstract

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 (Al-
Thawabeia, 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., 

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 chromium-
bearing minerals (Foord et al., 1987).

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

Department of Geology, Faculty of Science, The University of Jordan, Amman, Jordan

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

* Corresponding author. e-mail: khouryhn@ju.edu.jo



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.

Structural Formulae Location Reference
-Ca0.2 (Cr1.1Mg0.4Al0.6) (Si3.9Al0.1) O10 (OH)2

-Ca0.3 (Cr0.6Mg0.8Al0.7) (Si3.9Al0.1) O10 (OH)2
Uleimat Quarry Grathoff & Khoury, 2010

-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 

-Ca0.51Na0.03K0.02(Si3.64Al0.036)(Al0.08Ti0.02Fe0.08Cr3+
0.75Mg1.24) O10(OH)2

-Ca0.35Na0.02(Si3.71Al0.29)(Al0.29Ti0.01Fe3+
0.03Cr1.17Mg0.53)O10 (OH)2

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

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

-Suweileh

-Zmaileh 

-Khan Az Zabib

-Tlul. Al Hammam

-Siwaqa Station

-Jabal Khreim

Khoury, 2006; Khoury & 

Zoubi, 2014
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2. Geology of central Jordan

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 uranium-
vanadium 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 

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 

Table 1: Chemical formulae of the studied volkonskoite in Jordan

Figure 1: Location map of the study area.



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 

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).

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 

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

3. Field and laboratory work



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.

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.

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.

Figure 4: Sampling sites

Sample No. Description
Q-1 Porous travertine with green clay
Q-2 Porous travertine with green clay
Q-3 Porous travertine with green clay
Q-4 Porous travertine with green clay
Q-5 Porous travertine with green clay
Q-6 Porous travertine with green clay
Q-7 old Porous travertine with green clay
T2-1 Yellowish gypsum rich calcrete with green clay
T2-3 Yellowish gypsum rich calcrete with green clay 
T3-4 Yellowish gypsum rich calcretewith green clay
T3-5 Yellowish gypsum rich calcrete with green clay
T2-6 Dolomite rich calcrete with green clay
T4-1 Red calcrete with green clay
T5-1 Yellowish calcrete with green clay
T5-2 Green yellow calcrete

Table 2: Description of the studied samples.

Q = Quarry T = Trench

4. Results

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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green Cr-rich smectite and yellow uranium minerals are 
common in voids and weakness zones of both travertine and 
calcrete. 

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).

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.

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)

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)

Figure 7: Representative infrared spectra (IR) of the studied samples.

Figure 6: Representative XRD pattern of the studied samples
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Table 3: XRF results of the whole rock samples (Khoury, 2012)

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

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, Qu1-
5), 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.

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. 

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

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.

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

6. Summary and Conclusions

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 safety-
critical 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. 

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 Cr-
smectite - 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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Abstract

1. Introduction

Uranium deposits are found in all types of rocks as a 
result of magmatic, metamorphic and sedimentary processes 
(Dahlkamp, 1993). Genetic classification of uranium deposits 
has indicated the exceptional diversity of processes involved 
in their formation (Cuney, 2009). 

Surficial uranium deposits are defined by the International 
Atomic Energy Agency as young (Tertiary to Recent) near-
surface uranium concentrations in sediments or soils (IAEA, 
2009). The largest surficial deposits are the calcrete soils and 
usually cemented by calcium and magnesium carbonates. 
Such soils form uranium-rich sediments by evapotranspiration 
process in fluviatile to playa systems in a semi-arid to arid 
climate (Mckay and Miezitis, 2001). Calcrete related uranium 
deposits occur in valley-fill and in Playa Lake sediments in 
Western Australia, and at the top of the alluvial sediments 
in central Namib Desert of Namibia. Uranium is entirely 
deposited as UO2 minerals carnotite K2(UO2)2(VO4)2·3H2O 
and tyuyamunite Ca(UO2)2(VO4)2·5-8H2O (Cuney, 2009). 
Tyuyamunite is closely related to carnotite as indicated 
by the chemical formula, which is the same except that 
calcium substitutes for the potassium of carnotite. Strelkinite 
Na2(UO2)2(V2O8).6H2O is the sodium analogue of carnotite 
and tyuyamunite.

In central Jordan, unusual surface uranium deposits cover 
large areas and are mainly associated with the varicolored 
marble, Pleistocene-Recent travertine and calcrete. Yellow 
uranium encrustations are also associated with the varicolored 
marble (pyrometamorphic rocks) and the underlying 

bituminous marl (oil shale) and phosphorites (Khoury et al., 
2014). The uranium bearing rocks are widely distributed in 
two areas: Daba (Khan Az-Zabib) and Siwaqa (Fig. 1). The 
northern boundaries of the first and second areas are located 
25 km and 60 km south of Amman with the first area situated 
between E36o 00’ to 36o 15’ and N31o 15’ to 31o 30’ and the 
second area between E35o 00’ to 36o 15’ and N31o 15’ to 31o 
30’.

Keywords: Surficial uranium minerals, central Jordan, U-V minerals, travertine, calcrete.

Department of Geology, Faculty of Science, The University of Jordan, Amman, Jordan

Inhomogeneous unusual surface uranium mineralization hosted by chalk marl/travertine and calcrete/top soil covers large 
areas in central Jordan. Quarries and trenches with bituminous marl, varicolored marble, travertine and caliche were sampled 
to understand the geochemistry of the uranium deposits. The samples were characterized mineralogically and chemically 
using XRD, XRF, SEM, EDX techniques. Relatively high uranium concentrations were found in the calcrete samples where 
it reaches up to 419 ppm. The secondary uranium mineralization is restricted to the permeable fractured and porous zones. 
The combustion of the bituminous marl led to the formation of the varicoloured marble in central Jordan. This was followed 
by the action of circulating highly alkaline water that accelerated the leaching of the redox sensitive trace elements as U and 
V. Such an alkaline oxidizing environment (pH~12.7) is currently active in Maqarin area, north Jordan. The paleo-circulating 
water in the combusted rocks of central Jordan oxidized the dissolved V4+ to V5+ and fixed the uranyl-ion as uranyl vanadate. 
Strelkinite and/or tyuyamunite precipitation and the solid solution, between the two end members, were dependent on the Ca/
Na ratio in solution. Carnotite is restricted to the veins associated with the varicoloured marble. The uranyl-vanadate minerals 
were precipitated from highly alkaline solutions during the dry periods after the precipitation of the thick travertine deposits. 
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Figure 1: Location map of Daba-Siwaqa area, central Jordan.
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Previous work on the varicolored marble from central 
Jordan has indicated that a multiple phase metamorphism 
has occurred as a result of spontaneous combustion of the 
bituminous rocks. The bituminous marl (the non-metamorphic 
protoliths) varies in composition from argillaceous to siliceous 
marl. The event is related to the epirogenic movements that 
took place in late Miocene to Pliocene along the Jordan Rift 
Valley. The Miocene tectonism and/or a meteorite impact 
were most probably the triggering factor which initiated 
the metamorphic event in central Jordan. Recently a large 
meteoritic impact structure has been discovered in Jabal Waqf 
as Suwwan, some 30 km east of the marble (cement) area 
(Salameh, et al., 2006, 2008). 
The event was not simultaneous and was not one event 
(Khoury and Nassir, 1982 a, b; Khoury et al., 1984; Khoury, 
1989; Khoury et al., 1992). The product minerals reflect the 
chemical composition of the original bituminous marl. The 
mineralogy of the marble is comparable to that of cement 
clinker (high temperature assemblage) and to hydrate 
cement products (low temperature assemblage). The high 
temperature mineral assemblage includes among others: 
diopside, wollastonite, monticellite, gehlenite-akermanite, 
spurrite, and merwinite, garnet, anorthite, pervoskite, 
magnesioferrite, fluorapatite and recrystallized calcite. The 
low temperature assemblage includes among others: calcium 
silicate hydrates (tobermorite, jennite, afwillite, apophyllite), 
sulfates (ettringite, hashemite, barite, thaumasite, gypsum), 
stable and metastable carbonates (calcite, vaterite, aragonite, 
kutnahorite), oxides and hydroxides (goethite, portlandite, 
hydrocalumite), and many calcium silicate hydrates (Khoury 
and Nassir, 1982a, b). The mineralogy of similar areas 
in Israel was recently reviewed by Gellerhe et al., 2012. 
They concluded that isochemical reactions took place as 

The studied area was mapped in details by the Natural 
Resources Authority (NRA) (Barjous, 1986; Jasser, 1986). 
The geology, stratigraphy and sedimentology of central 
Jordan were described in details (Powell, 1989, Powell 
and Moh’d, 2011). The exposed rocks are sedimentary and 
range in age from Upper Cretaceous (Turonian) to Tertiary 
(Eocene). Outcrops in central Jordan illustrate the presence 
of three main rock types: Bituminous marl; varicolored 
marble (pyrometamorphic rocks); travertine and calcrete. 
The Bituminous Marl Unit overlies the Phosphorite Unit and 
underlies the varicolord marble and all are of Maestrichtian 
– Lower Paleocene age. Recent work of Alqudah et al., 2014 
and 2015 has indicated that the bituminous marl of central 
Jordan contain abundant calcareous nannofossil taxa of 
Eocene age along with varying abundances of Maestrichtian 
and Paleocene taxa that suggests major reworking. Travertine 
and calcrete deposits are of Pleistocene – Recent age. They 
found up to 60 m thick succession of Early Eocene bituminous 
marl.

a result of the combustion of the organic matter. They 
compared between the different metamorphic rocks and 
their bituminous marl equivalents using the three component 
system Al2O3-SiO2-CaO and isocon plots. The average 
mass loss of 30% of the protolith volume was the result of 
oxidation and decarbonation processes. The oxidation of the 
organic matter during combustion has led to an average mass 
loss of 30% and some volume loss as a result of dehydration 
and decarbonation processes. The stable isotopes (δ18O and 
δ13C) were depleted from the carbonates (recrystalline calcite, 
spurrite and larnite). The isotopic depletion in δ18O and δ13C 
from equilibrium values supports the thermal event (Clark et. 
al., 1993; Khoury, 2012). A similar type of travertine forming 
from highly alkaline waters has been observed in Oman (Clark 
et al., 1992; 1993). A mud-volcanic hypothesis was suggested 
by Sokol et al., (2007; 2008; 2010), Sharygin et al., (2008); 
Vapnik et al., (2007) for the origin of the marble of the mottled 
zone. The active metamorphism in Maqarin area, north Jordan 
however, supports the combustion model (Khoury and Nassir, 
1982b).

2. Geology

2.1. Previous Work

2.2. Geology of the studied area

The mineralogy of surficial uranium deposits in central 
Jordan and uranium source rocks, transport conditions, and 
deposition processes were explained in detail by Khoury et 
al., 2014. The geochemistry of uranium and vanadium of the 
mineral phases was not investigated in detail. The following 
work aims at understanding the geochemistry of the surficial 
uranium minerals of central Jordan.

Daba covers 662 sq. km and Siwaqa covers about 660 sq. 
km. 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 23oC with a 
maximum temperature 44oC and high evaporation rate. 

Yellow uranium crystals from the calcrete of central 
Jordan were analyzed by Healy and Young, (1998) and they 
found that U-minerals are inhomogeneous and the U and V 
content ranges are 37- 41%, and 7 – 11% respectively. They 
concluded a mixed mineralogy of 50% tyuyamunite, 40% 
tyuyamunite, 5% carnotite with the following mineral solid 
solution series:

Na0.929Ca0.379K0.119Sr0.057Mg0.038)(UO2)2(V1.914Si0.062Al0.019Fe0.006)O8.nH2O.
(Na,Ca,K,Sr,Mg)(UO2)2(V,Si,Al,Fe)2.001O8.nH2O

-
-

Figure 2: An outcrop in central Jordan illustrating travertine, caliche, 
bituminous marl and marble.
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 The bituminous marl is highly fractured and is affected 
by the alkaline circulating water as indicated by the secondary 
minerals (mainly secondary carbonates and sulfates) filling 
the cracks and cavities. Few outcrops of the varicolored 

Most of the field work was done during summer of 2011 
and 2012. Sampling has concentrated on outcrops from the 
quarries and trenches excavated by the private sectors and/
or the Natural Resources Authority. Samples were collected 
from the bituminous marl, varicolored marble, intermixed 
chalk marl/travertine and calcrete/top soil outcrops.

 Figure 2 illustrates the different lithological units’ that 
crop out in central Jordan. The thickest outcrop (up to 30 
m) is found on the downthrown side of Siwaqa fault. Gentle 
folding and faulting that trend NW-SE and E-W are the main 
structures. In Jordan, synsedimentary uranium deposits are 
formed during sedimentation of bituminous marl (oil shale) 
and phosphorites in shallow continental shelves. Jordan was 
part of the phosphorite belt along the southern margin of the 
Tethys Ocean (paleolatitude 8–15° N), (Cuney, 2009; Abed, 
2012). Uranium concentration values range between 60-379 
ppm (parts per million or g/ton) with an average value of 153 
ppm. Certain phosphorite horizons in central and south Jordan 
have higher U values than the average and reach up to 242 
ppm (Abed, 2012). The phosphorites of Jordan are carbonate 
fluor-apatite (francolite) with a structural formula [Ca 9.86Mg 

0.005 Na0.14] [PO4.93 CO3 1.07 F 2.06] (Abed and Fakhouri, 
1996). Uranium substitutes for Ca in the carbonate fluor-
apatite structure and correlates well with Ca in the Jordanian 
phosphorites (Abed, 2012; Khoury et al., 2014). The travertine 
and calcrete that host the main uranium deposits overlie the 
varicolored marble (pyrometamorphic rocks) in all the studied 
outcrops. Secondary clay smectite fillings (volkonskoite) are 
mainly responsible for the green color of the travertine and 
calcrete (Khoury, et al., 2014; Khoury and Zoubi, 2014). 
Apatite, barite, hashemite, ettringite, tobermorite and opaline 
phases are also present as secondary minor phases (Khoury, 
2012).

2.3. Field and laboratory work

Figure 3: a-f. Secondary yellow uranium encrustation in (a) black 
marble (b) highly altered marble (c) travertine (d) calcrete (e) Cr - rich 
plant molds in travertine (f) varicolored marble breccia embedded in 
travertine.
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marble are not altered (Fig. 3a). The highly altered marbles 
by the alkaline circulating water are characterized by low 
temperature minerals filling fractures as hydrous Ca-silicates 
and Al-silicates (Fig. 3b). The travertine thickness in the 
studied areas reaches up to 30 meters. The outcrops are white 
yellow – brown and are characterized by wavy, vesicular, 
banded structure and are composed of calcite with mineralized 
plant remains and other secondary minerals. Secondary U- and 
V-rich phases are present as yellow encrustations and filling 
voids, cavities and along bedding planes in travertine (Fig. 
3c, d). Few intermixed chalk marl/travertine and calcrete/top 
soil outcrops show the association of uranium encrustations 
and green Cr-rich smectite. Plant molds and replacement of 
vegetation by Cr-rich minerals are typical for central Jordan 
travertine (Fig. 3e). The calcrete is massive hard to nodular and 
sometimes friable to white, with voids and fractures. It varies 
in color between pale brown to creamy to white. The earthy 
calcrete as observed in the trenches forms a fairly continuous 
layer that grades upwards into the overlying regolith. The hard 
porous calcrete is intermixed with gypsum in many trenches. 
Secondary green Cr-rich smectite and yellow uranium 

encrustations are common (Fig. 3e). Brecciated varicolored 
marbles are noticed associated and embedded in travertine 
cement (Fig. 3f). The chalk marl/calcrete and/or travertine/
top soil are underlain by baked bituminous limestone and or 
varicolored marble.

Thirty five bituminous samples of the varicolored marble, 
travertine and calcrete were collected and are described in 
Table 1. Fifteen samples were collected from quarries and 
trenches of Siwaqa area (Q and T samples) and twenty from 
Daba quarries (KH samples). Another ten selective samples 
of yellow encrustations were also collected from two trenches 
excavated by Areva Co. (N 31° 23’ 361”, E 36° 11’ 361”) and 
Natural Resoures Authority (NRA) (N 31° 31’ 643”, E 36° 
12’ 301”). Figure 3(a-f) illustrates some of the uranium rich 
outcrops.

All samples were subjected for mineralogical and chemical 
characterization. Polished thin sections were prepared for all 
the samples at the Department of Earth Sciences, University 
of Ottawa, Canada. Part of the analytical work was carried 
out using X-Ray fluorescence spectrometer (XRF), scanning 
electron microscope (SEM) and X-Ray diffractometer (XRD) 

Sample No. Description XRD Results
KH01 Baked bituminous marl Calcite*, gypsum, illite/smectite, francolite
T2-1 Bituminous limestone Calcite*, gypsum, illite/smectite
KH02 Black marble Calcite*
KH03 Pale green marble (altered) Calcite*, smectite, francolite
KH04 Gray marble Calcite*, apatite, smectite
KH05 Yellow marble Calcite, wollastonite, aragonite
Q-1 Porous travertine with green clay Calcite*, Cr-smectite
Q-2 Porous travertine with green clay Calcite*, Cr-smectite
Q-3 Porous travertine with green clay Calcite*, Cr-smectite
Q-4 Porous travertine with green clay Calcite*, Cr-smectite
Q-5 Porous travertine with green clay Calcit*e, Cr-smectite
Q-6 Porous travertine with green clay Calcite*, Cr- smectite
Q-7 old Porous travertine with green clay Calcite*, Cr-smectite
KH06 Travertine with green clay Calcite*, Cr-smectite, francolite
KH07 Travertine with green clay Calcite*, Cr-smectite, francolite
KH08 Travertine with green Calcite*, francolite
KH09 White travertine Calcite*
KH10 Travertine Calcite*, Cr- smectite, francolite
KH18  Green soft travertine Calcite*, quartz, smectite
KH19 Green travertine Calcite*, quartz, smectite
KH20 Green travertine Calcite*, quartz, opal-CT
KH21 Green travertine Calcite*, quartz, opal-CT
KH22 Green travertine Calcite*, gypsum, opal-CT, Cr-smectite
KH23 Green travertine Calcite*, opal-CT, Cr-smectite, gypsum
T2-3 Yellowish gypsum rich calcrete with green clay Calcite, gypsum, Cr-smectite
T3-4 Yellowish gypsum rich calcrete with green clay Calcite*, gypsum,ettringite, Cr-smectite
T3-5 Yellowish gypsum rich calcrete with green clay Calcite*, gypsum, Cr-mectite
T2-6 Dolomite rich caliche with green clay Calcite*, gypsum, Cr-smectite
T4-1 Red calcrete with green clay Calcite*, Cr-smectite
T5-1 Yellowish calcrete with green clay Calcite*, gypsum, ettringite, Cr-smectite
T5-2 Green yellow calcrete Calcite*, gypsum, Cr-smectite

Table 1: Description of the samples from central Jordan and the XRD results (Khoury, 2012).

(*): major component
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in the laboratories of the Federal Institute for Geosciences 
and Natural Resources, Hanover (BGR), the Geology 
Department, Greifswald University, Germany and Mango 
Center, University of Jordan. Most of the work (XRD, SEM, 
EDX, and Microprobe) was accomplished at the Department 
of Earth Sciences, University of Ottawa. A JEOL 8230 Super 
Probe for quantitative chemical analyses and images of 
minerals was used. The electron microprobe is fitted with five 
WDS spectrometers and a high count-rate silicon drift detector 
(SDD) EDS spectrometer. A JEOL 6610LV SEM was also used 
for studying and analyzing the uranium phases. All uranium 
rich samples were investigated for single crystal EDS analysis 
where hundreds of spot EDS analyses were accomplished. 
The XRD is a Philips double goniometer X’Pert system with 
CuKα radiation. The 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 to 65° 2 
theta. Powdered samples were chemically analyzed using a 
PANalytical Axios and a PW2400 spectrometer available in 
BGR. 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). The loss on ignition (LOI) was determined by heating 
1000 mg of each powdered sample to 1030 °C for 10 min. 
After mixing the residue with 5.0 g lithium metaborate and 
25 mg lithium bromide, it was fused at 1200 °C for 20 min. 
The calibrations were validated by analysis of Reference 
Materials. «Monitor» samples and 130 certified reference 
materials (CRM) are used for the correction procedures.

Tables 1, 2 and 3 represent the mineralogical and chemical 
composition of the different rock varieties. Table 1 describes 
the samples and their mineral content as indicated from the 
XRD results. The petrographic results indicated that the 
bituminous marl is biomicrite with 10% average clay content. 
Clay minerals are mostly highly expansive mixed layer illite/
smectite. In addition to micritic calcite, francolite (fluor-
carbonate apatite) and dolomite are the essential constituents of 
the rocks. Frambiodal pyrite, other sulfides, rare earth minerals 
and organic matter are found filling the forams cavities and 
intermixed with the matrix. The photomicrographs of Fig. 4 
describe the laminated biomicritic texture, the bioclasts and 
the rare earth minerals of the bituminous marl. The EDS results 
of rare earth minerals vary in their crystal chemistry (Fig. 4d). 
Some crystals are composed of Y2O3 (15.2%-24.8%), V2O5 
(18.8%-20.30%) and Fe2O3 (2.5%-16.20%). Some crystals 
have additional Nd2O3 (2.1%-4.6%) and CeO2 (7.5%-7.8%). 
Detrital quartz, K-feldspar and mica are also present. Traces 
of Zn, Cu, Ni, Fe sulfides and selenides, native selenium, 
sulphates and selenates, and goethite are also present. In the 
equivalent bituminous rocks in north Jordan (Maqarin) pyrite, 
other sulfides and selenides as sphalerite, galena, Ni-Se, Ag-
Se, AgCuNiFeZnCd-S-Se, FeCuZnNi-S, ZnCuFeNi-S and 
ZnFeCuNi-Se were reported (Milodowski et al., 1998).

Table 2 illustrates the chemical composition of the major 
elements that agrees with the XRD results. The XRD results 
have indicated that calcite is the major mineral in all rock 
varieties. Gypsum and mixed layer illite-smectite are present 

3. Results

in the bituminous marl. Wollastonite, calcite, aragonite, and 
francolite are among the minerals associated with the marble. 
Gypsum, ettringite, hashemite, opal CT, quartz, francolite, Cr-
smectite, fluorite and halite are among the secondary minerals 
in the travertine and calcrete. 

Figure 4: Photomicrographs of bituminous marl (a) silt-size bioclasts 
embedded in a laminated organic-rich matrix (b) fossil shell fragments 
filled with organic matter (c) bioclasts (forams) in micritic matrix (d) 
rare earth minerals in micritic matrix (Khoury et al., 2014)
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The chemical composition of the studied samples 
illustrate that CaO is the main oxide (highest value = 51.5%) 
and is mainly related to the presence of calcite. The highest 
SiO2 value (47.14) is related to the opaline phases found in 
travertine. The highest MgO, Fe2O3 and Al2O3 values (2.1%, 
2. 6% and 7.6% respectively) are found in the bituminous 
marl and are related to clay minerals. The highest P2O5 (8.6%) 
and F (1.1%) are found also in travertine and are related to 
the presence of francolite and fluorite. The trace elements 
composition is given inTable 3. The table illustrates that 
all samples are enriched in redox sensitive trace elements 
as U, Cr, V, Zn, and Ni. The highest trace elements content 
is present in the calcrete samples. The wide range of trace 
elements composition in the whole rock samples indicates 
a non-homogeneous distribution because the yellow and 
green mineralization of the secondary minerals is restricted 
to voids, fractures and bedding planes. The green travertine 
with Cr-smectite has the highest Cr content that reaches up 

to 4.1%. Strontium substitutes for calcium in the carbonates 
and francolite. Cr, Ni, U, V, Zn and Zr are associated in the 
different sulphide-selenide mineral phases. The U values in 
the whole rock samples of the bituminous marl, varicolored 
marble, travertine and calcrete range between 32-34 ppm, 
6-17 ppm, <3-52 ppm and 6-419 ppm respectively. The 
highest uranium concentration (419 ppm) is found in a 
surface calcrete sample (T2-6). The V values in the whole 
rock samples of the bituminous marl, varicolored marble, 
travertine and calcrete range between 429-558 ppm, 21-196 
ppm, 27-1117 and 62-7136 ppm respectively. The highest V 
concentration (0.74%) is in a surface calcrete sample (T5-1). 
The high V values are related to its incorporation in phases 
other than uranium vanadate.

The chemical composition of hundreds of spotted crystals 
has revealed 10 varieties of uranium phases. The results are 
summarized in Table 4. The EDS spot analyses of polished 
thin sections were carried out on crystals associated with 

Table 2: Chemical composition (%) of bituminous marl, marble, travertine and calcrete (Khoury, 2012).

Sample No SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O P2O5 SO3 F LOI Total

Bituminous marl
KH01 18.89  2.45 1.0 0.65 39.35 0.16 0.105 4.731 0.3 0.66 30.15 98.57

T2-1 36.04 7.58 2.67 2.13 19.56 0.943 0.471 1.793 nd 0.29 16.13 87.6

Varicolored marble
KH02 1.24 0.18 0.15 1.02 53.06 <0.01 <0.005 0.538 0.13 0.17 42.6 99.14

KH03 5.88 1.96 0.58 1.38 48.08 0.05 0.006 0.893 0.73 0.22 39.01 98.89

KH04 2.64 0.66 0.44 0.69 51.52 0.05 0.008 1.624 0.43 0.28 40.47 98.89

KH05 25.45 7.27 2.35 1.75 35.48 0.21 0.068 1.622 0.4 0.14 24.02 99.11

Travertine
Q1 10.17 2.8 1.02 0.81 42.72 0.282 0.042 0.731 nd nd 34.33 92.9

Q2 15.37 4.19 1.39 1.378 35.89 0.513 0.103 1.192 nd 0.24 29.71 90.0

Q3 11.71 3.33 0.98 1.093 41.51 0.429 0.044 0.986 nd 0.14 33.29 93.5

Q4 16.58 4.38 1.12 1.55 36.18 0.242 0.035 0.875 nd 0.01 30.01 91.0

Q5 17.63 3.22 0.61 2.603 36.46 0.195 0.03 8.063 nd 1.16 22.60 92.6

Q6 11.78 2.69 0.60 1.895 42.82 0.156 0.034 8.63 nd 1.08 25.83 95.5

Q7 27.39 4.03 0.59 2.232 21.02 1.028 0.23 1.231 nd 0.1 19.66 77.5

KH06 12.08 2.07 0.35 1.19 41.01 0.29 0.061 2.946 0.44 0.4 34.61 95.75

KH07 17.0 2.94 0.4 1.45 34.10 0.57 0.08 2.987 0.47 0.4 32.7 93.53

KH08 2.30 0.56 0.39 0.23 52.55 0.07 <0.005 4.645 0.66 0.57 37.46 99.51

KH09 11.88 0.08 0.07 1 47.27 <0.01 <0.005 0.166 0.26 0.12 38.34 99.18

KH10 4.09 1.26 0.49 0.73 50.21 0.06 <0.005 3.33 0.47 0.42 38.18 99.34

KH18 41.26 0.3 0.06 0.68 29.81 0.07 0.009 0.147 0.16 0.18 25.93 98.62

KH19 43.56 0.1 0.01 0.8 28.72 0.06 0.006 0.024 0.16 0.13 24.92 98.49

KH20 41.99 0.11 <0.01 0.54 29.59 0.07 0.034 0.024 0.22 0.08 26.2 98.89

KH21 35.25 0.13 <0.01 0.41 33.67 0.07 0.02 0.256 0.1 0.11 28.99 99.01

KH22 47.14 0.08 0.01 0.57 26.04 0.13 0.006 0.075 0.96 0.1 23.68 98.82

KH23 36.85 0.54 0.17 0.4 31.17 0.03 0.017 0.472 0.94 0.17 28.15 98.93

Calcrete
T-4 4.99 0.83 0.26 0.458 50.49 0.042 0.004 0.914 nd 0.31 39.49 97.8

T2-2  2.69 0.92 0.298 6.276 44.79 0.033 0.008 0.207 nd nd 42.34 97.6

T5-2  4.95 1.5 0.542 0.668 31.97 0.207 0.044 0.771 13.44 0.22  9.36 63.7

T2-3 11.36 1.7 0.368 2.161 28.3 0.402 0.073 1.093  2.6 nd 12.44 60.6

T3-4 5.13 1.56 0.305 0.637 31.88 0.368 0.035 1.106 20.52 0.19 12.08 73.8

T3-5 19.93 3.3 0.893 3.882 27.56 0.665 0.155 4.84 6.02 0.55 15.13 82.9

T5-1 20.03 6.09 1.381 5.761 24.98 1.087 0.088 4.196 1.24 0.81 18.74 84.4

T2-6 18.11 2.06 0.278 2.924 26.34 0.588 0.085 0.488 4.15 nd 21.91 76.9
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Table 3: Trace elements composition (ppm) of bituminous marl, marble, travertine and calcrete.

Sample No Cr Ni Sr U V Zn Zr
Bituminous marl

KH01 3552 361 1043 32 558 1860 33
T2-1 594 93 575 34 429 347 118

Range 594-3552 93-361 575-1043 32-34 429-558 347-1860 33-118
Varicolored marble

KH02 174 24 656 7 21 124 10
KH03 2612 92 748 6 135 374 17
KH04 621 245 742 17 46 877 10
KH05 583 198 2177 17 196 135 53

Range 174-2612 24-245 656-2177 6-17 21-196 124-877 10-53
Travertine

Q-1 17636 124 440 9 124 538 37
Q-2 23888 317 419 13 165 688 51
Q-3 15797 212 484 10 136 483 47
Q-4 15937 242 819 9 142 246 79
Q-5 24641 278 601 38 193 418 66
Q-6 12660 162 734 37 125 453 80
Q-7 74621 190 601 33 1117 265 75

KH06 26379 105 619 34 473 253 38
KH07 41156 163 666 31 657 634 40
KH08 272 31 266 25 27 264 22
KH09 49 3 147 16 46 993 9
KH10 70 145 483 17 68 778 32
KH18 5450 34 129 52 96 718 9
KH19 6317 36 97 48 84 600 <3
KH20 4022 13 105 21 51 259 6
KH21 2469 13 130 19 39 218 7
KH22 5035 24 101 16 63 337 5
KH23 3284 92 119 42 59 448 10

Range 49-74621 3-317 97-819 9-52 27-1117 218-993 <3-80
Calcrete

T-4 531 44 406 6 62 400 28
T5-2 4723 205 381 86 2024 223 47
T2-3 26060 152 466 41 5236 3761 46
T3-4 26600 94 748 77 7444 287 46
T3-5 28914 301 597 41 4218 1229 80
T5-1 19967 1095 1095 33 9520 1604 114
T2-6 63171 107 727 419 7137 208 44
T2-1 594 93 575 34 429 347 118

Range 531-6317 44-1095 381-1095 6-419 62-7137 208-3761 28-118

calcrete and aggregates associated with travertine (Fig. 5). 
Hundreds of spotted selected uranium crystals and aggregates 
with EDS are illustrated in Fig. 6 (a-j). The results are 
summarized in Table 4. The table illustrates the variability 
in the chemistry of the surficial uranium minerals. The U-V 
minerals are the most common in the Areva and NRA uranium 
rich trench samples. Fig. 7 illustrates the positive correlation 
between UO3 and V2O5 that confirm their presence in the same 
phase. The high V2O5 values in some crystals are related to 
the dominance of V2O5 in the structure. The low correlation 
coefficient between U and V in the whole rock samples (Fig. 
8) is related to the presence of V in the structure of other 
minerals in the travertine and calcrete. The XRD results have 
indicated that metatyuyamunite Ca(UO2)2V

5+2O8.3(H2O) 
and strelkinite Na2(UO2)2V2O8.6(H2O) are the main uranium 
vanadate minerals. All possible solid solution between 
the two end members is also present (Fig. 9). The XRD 

results have also indicated the occurrence of a vanadium 
free carbonate phase urancalcarite Ca(UO2)3(CO3)(OH)6 
•3H2O. Table 4 indicates also the presence of other minerals 
as carnotite K2(UO2)2V2O8.3(H2O) and other unidentified 
varieties (carbonates -silicates) that need further studies. 
Carnotite is found as a minor constituent associated with the 
marble and depends on the availability of K as indicated by 
the presence of secondary K-apophyllite (Fig. 10). Carnotite 
is found in brown marble as yellow - green encrustations 
restricted to the secondary veinlets. Table 4 illustrates also the 
presence of other phases with: U and V - possibly ferganite 
U3 (VO4)2. 6H2O? ; U and V and low Ca silicate; U and V 
with high Ca silicate; U, V, and Na carbonate; U and V, Na 
silicate-carbonate; only U and Ca possibly vorlanite (CaU6+)
O4. All varieties are associated with altered marble, travertine 
and calcrete with the exception of the last variety with no 
vanadium that is restricted to unaltered marble. 
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Figure 5: Yellow uranium (metatyuyamunite-strelkinite (a) aggregates associated with travertine (b) orthorhombic crystals associated with 
calcrete.

Figure 6: a-f. Secondary yellow uranium encrustation in (a) black marble (b) highly altered marble (c) travertine (d) calcrete (e) Cr - rich plant 
molds in travertine (f) varicolored marble breccia embedded in travertine.
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Figure 7: EDS results: UO3 vs V2O5 correlation of the uranium 
minerals.

Table 4: Chemical composition of uranium minerals.

Type of sample UO3 V2O5 CaO Na2O K2O SiO2 CO2 U-Minerals
Marble 81.9-83.5 13.1-13.3 V
Marble/travertine 73.1-77.0 21.3-27.1 F
Marble/travertine 65.5-69.9 18.3-20.0 11.7-14.0 Mt

Marble/travertine 56.3-60.2 31.8-36.5 6.5-10.2 Mt
Travertine 68.8-69.2 24.1-24.3 6.0-6.1 S
Marble/ Secondary veins 64.2-71.3 18.6-23.1 3.8-5.9 C
Travertine 57.6-71.5 21.4-27.8 1.7-9.1 3.1-5.5 SS (Mt-S)
Travertine 38.5-41.4 13.1-13.5 2.9-3.3 41.1-43.9 ?
Calcrete 62.3-68.5 19.9-21.6 8.8-11.4 1.6-3.0 ?
Calcrete 37.4-42.8 15.1-18.2 35.8-38.1 6.2-6.3 ?
Calcrete 52.7-55.2 17.2-18.8 6.1-9.2 6.1-10.4 14.5-18.9 ?
Calcrete 38.8-58.0 13.1-18.9 2.5-14.8 1.4-5.5 1.1-5.7 6.0-18.2 ?

• Mt = Metatyuyamunite Ca(UO2)2V25+O8.3(H2O)
• S = Strelkinite Na2(UO2)2V2O8.6(H2O)
• C = Carnotite K2(UO2)2V2O8.3(H2O) – restricted to K-rich marble

• F = Ferganite U3(VO4)2 . 6H2O ?
• V = Vorlanite (CaU6+)O4
• SS (Mt-S) = Solid solution between metatyuyamunite -strelkinite

4. Discussion

The results have indicated the association of uranium and 
vanadium in the surficial deposits of central Jordan. The main 
sources of redox sensitive trace elements U, Cr, Ni, V and Zn 
in central Jordan is the bituminous marl and the underlying 
phosphorites. Organic matter and sulfides enable the reducing 
environment. The marine phosphorite beds immediately 
below the bituminous marl are enriched in U up to 200 ppm 
(Khoury, 2006; Abed, 2012; El-Hasan, 2008; Khoury et al., 
2014). Uranium, as well as Cr, Ni, V and Zn are trace elements 
that precipitate in suboxic and fully anoxic bottom-water 
environments and accumulate in marine sediments, such 
as oil shale (Piper and Calvert 2009).The same conditions 
resulted in the concentration of trace elements in the form of 
sulfides and selenides in the bituminous marl (Al Nawafleh, 
2007). Organic acids may increase the solubility of U in 
the bituminous marl, but its mobility may be limited by the 
formation of slightly soluble precipitates (e.g., phosphates 
and oxides) and by adsorption on clay minerals and organic 
matter (Kim, 1993; Read et al., 1993). Sr and U are hosted by 
calcite and francolite structures as a result of substitution for 
Ca. The sulfides and selenides were formed during the early 
diagenetic reducing stage (Khoury and Nassir, 1982 a and 
b; Milodowski, et al, 1998). The bituminous marl in central 
Jordan is characterized by unusual high concentrations of 

U, Cr, Ni, V, Zn, and Zr (Table 3). The average U content is 
33 ppm. Uranium and vanadium are mostly associated with 
francolite structure and are adsorbed onto the organic material 
and the clay minerals. 

The spontaneous combustion of the bituminous marl in 
central Jordan as indicated by Khoury and Nassir (1982b) 
is responsible for the formation of the varicolored marble 
(pyrometamorphic rocks). The chemical composition of the 
combusted bituminous rocks of central Jordan remained the 
same with a mass loss of 30% as indicated in the equivalent 
bituminous rocks of the mottled zone (Gellerhe et al., 2012). 
Combustion has further enriched the metamorphic rocks with 
trace elements. The source rock for uranium mineralization in 
central Jordan is the combusted bituminous marl (varicolored 
marble). Meteoritic water similar to the active system in 
Maqarin, north Jordan is responsible for the travertine and 
calcrete precipitation in central Jordan (Khoury, 2012). The 
groundwater discharges today in Maqarin, is characterized 
by high hydroxide alkalinity (pH ~ 12.7), and saturation with 
calcium sulfate and high concentrations of redox sensitive 
trace elements and precipitates soft travertine (Khoury et 
al., 1992). The original protolith (the bituminous rocks) in 
Maqarin is highly enriched in trace elements and is equivalent 
from the stratigraphical, lithological, mineralogical and 
chemical point of view to those in central Jordan and the 
mottled zone. All the travertine deposits in Maqarin area are 
recent and are precipitating as a result of the reaction of the 
hydroxide-sulfate waters with atmospheric CO2. 

The same mechanism has prevailed in an ancient system 
in central Jordan where travertine and caliche deposits overly 
the varicolored marble. The travrtine is an evidence for 
discharges of hyperalkaline groundwater in the past (Khoury, 
2012; Khoury et al., 2014). Thick travertine deposits were 
formed during wet periods in the low topography areas, and 
calcrete was formed later during dry period. The dry climate 
has contributed to increase metals concentration such as U, 
Cr, Ni, V and Zn. 

 The widely distributed brecciated varicolored marbles 
embedded in the travertine cement indicates a wet pluvial 
period. The presence of gypsum, fluorite and halite in the 
calcrete indicate a dry evaporation period. 

4.1. Source of U and V
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The U content of the rocks is variable and reaches up to 
419 ppm in the whole rock trench samples (Table 3). Both 
U and V are associated together as uranyl vanadate phases 
in most of the studied yellow crystals as (Table 4). The 
low correlation coefficient between U and V in the whole 
rock samples (Fig. 8) is related to the presence of V in the 
structure of sulphates, phosphates, REE hosted minerals and 
Cr-smectite. Uranium solubility in solution is predominantly 
controlled by the oxidation-reduction potential and pH 
(Murphy and Shock, 1999). Uranium mineralization in the 
travertine and calcrete is favored by the presence of source 
rocks of uranium and vanadium, and oxidizing alkaline 
circulating water. The uranyl ion is an oxycation of uranium 
in the oxidation state +6, with the chemical formula [UO2]

2+. 
Uranium +6 is considerably more soluble than uranium 
+4 and is highly mobile as hexavalent uranyle ion (UO2

2+) 
under oxidizing conditions (Langmuir, 1978; 1997). Under 
reducing conditions, uranium (+4) complexes with hydroxide 
or fluoride are the only dissolved species (Gascoyne, 1992). 
The precipitation of uranium (+4) under reducing conditions 
is the dominant process leading to naturally enriched zones of 
uranium in the subsurface (Osmond and Cowart, 1992). The 
hydroxide UO2(OH)2 dissolves in strongly alkaline solution 
to give hydroxy complexes of the uranyl ion. As pH increases 
the hydroxide species [(UO2)2(OH)2]

2+ and [(UO2)3(OH)5]
+ 

form before the precipitation of UO2(OH)2 (Hagberg, et el., 
2005). The association of vanadium with uranium in the 
secondary uranium minerals needs an oxidizing environment 
to oxidize dissolved V4+ to V5+. Complexing agents such as 
vanadium compounds are necessary to fix the uranyl-ion and 
vanadate to precipitate very low solubility uranium minerals 
in the form of uranyl vanadates (Battey et al., 1987; Brookins, 
1988). Hydroxyl vanadate VO3OH +5 is the dominant complex 
under alkaline conditions. 

The combustion of the organic rich source rock has 
accelerated leaching out the redox sensitive trace elements 
among others in the circulating highly alkaline water. The 
highly altered varicolored marble with its complex mineralogy 
shows yellow secondary U-minerals as encrustations and/or 
filling the veins, weakness zones and voids with other hydrous 

silicates (Nassir and Khoury, 1982; Khoury and Nassir 1982a 
and b; Khoury, 2012). Uranium and vanadium with other trace 
elements were leached out from the varicolored marble and 
were carried out by the oxidizing alkaline circulating water. 
Such conditions are indicated by the presence of relatively 
high levels of Sr, Cr, Ti, Mn, Ni, Zn, V, Zr, Cl, F, Se and REE 
in the Pleistocene-Recent carbonate sediments (Khoury, et 
al., 1984). The absence of Cs in the surface uranium phases 
indicates a low temperature solution (Healy and Young, 1998). 
U-levels up to 160 ppm were found in opaline phases adjacent 
to open voids (Hyslop, 1998). The yellow uranium phases are 
present in patches at the surface and along weakness zones in 
the travertine and caliche. 

The oxidizing environment of the alkaline water in 
central Jordan is indicated by the presence of abundant 
Cr6+ mineralization (Cr6+-bearing ettringite and hashemite). 
Uranium +6 is considerably more soluble than uranium +4 
and is highly mobile as hexavalent uranyle ion (UO2

2+) under 
oxidizing conditions (Langmuir, 1978; 1997). Oxidizing 
alkaline circulating water is a prerequisite to oxidize 
dissolved V4+ to V5+, and to mobilize uranium as uranyl 
complexes thereby establishing the conditions required for the 
precipitation of uranium vanadate minerals as strelkinite and 
tyuyamunite and carnotite (Battey et al., 1987; Dahikamp, 
1993). Complexing agents such as vanadium compounds are 
necessary to fix the uranyl-ion and vanadate to precipitate 
very low solubility uranium minerals in the form of uranyl 
vanadates as strelkinite and metatyuyamunite. The solid 
solution series between strelkinite and metatyuyamunite 
is dependent on the Ca /Na ratio in solution. Carnotite 
precipitates are dependent on the availability of K in the 
circulating water. The composition of other unidentified 
U-V phases was dependent on the solution chemistry. In 
the absence of uranyl vanadates complexes in the alkaline 
conditions, soluble uranyl-carbonate complexes as uranyl 
carbonates UO2(CO3)2

2- are the most probable to dominate 
(Langmuir, 1978; 1997; Battey, et al., 1987; Brookins, 1988). 
After the removal of Ca(OH)2 from the alkaline water and the 
precipitation of calcite, uranium carbonates as urancalcarite 
could precipitate. 

4.2. Uranium mineralization
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Figure 8: U values (ppm) plot versus V values (ppm) in the whole 
rock samples (Table 3).

Figure 9: XRD results of a representative sample of uranium yellow 
encrustations.
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Figure 10: SEM –EDX photomicrograph of secondary K-rich 
apophyllite associated with brown marble.

5. Conclusion
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Abstract

1. Introduction

Huge amounts estimated as billions of tons of bituminous 
limestone are considered as promising reserves to solve 
the increasing energy demands in Jordan in the foresight 
future. Extraction of crude oil by retorting and generation of 
electricity by direct combustion of organic rich bituminous 
limestone will produce bulk quantities of high alkali ash 
which is rich in calcium oxide and various heavy metals 
Abdel Hadi et al. (2008). 

Organic-rich rocks such as black shale are potentially 
hosted economic metal accumulations, and many have been 
discovered all over the world (Pasava, 1991 a). Moreover, 
Many studies indicated that black shales are very important 
host for Platinum Group of Elements (PGE) Pasava et al. 
(1993). Pasava (1990), reported a higher trace elements 
concentrations in the Barrandian Upper Proterozoic 
(Bohemian Massif) accompanied with high organic carbon. 
This metal enrichment was attributed to the role of organic 
matter that acts as geochemical reduction barrier for metal 
precipitation and accumulation. El-Hasan (2008), indicates 
that XRF analysis for trace elements in shale samples 
collected from El-Lajjoun, shows moderate contents of trace 
element enrichments compared to the average shale, where 
enrichment series is Cd > Mo > U > Cr > Zn > Ni > Cu > V. 
It seems that the poly-elemental ores sources in black shales 

became a significance resource for Ni, Mo and precious 
metals Pasava (1991 a).

The source of these metals is most probably volcanogenic-
hydrothermal exhalations. Rimmer, (2004) has used the 
paleoredox indicators to elucidate the paleo-environmental 
nature of Devonian black shales at central Appalachian basin. 
Particularly C-S-Fe analysis and the enrichment of Mo, Pb, 
Zn, V, Cu, Cr, and Co. Algeo and Maynard (2004) found that 
trace elements commonly exhibit considerable enrichment 
in laminated, organic-rich facies, especially those deposited 
under euxinic conditions. Moreover, previous study showed 
that Jordanian organic-rich Oil shale contains high amounts of 
trace and toxic elements such as Mo, V, Cr, Zn and other (El-
Hasan, 2008). Han et al. (2014), Found that the concentrations 
of biogenic elements, implying a genetic relationship between 
Mo and Ni enrichment and organic matter.

 The combustion process of Oil shale is expected to 
produce huge ash tailing that is considered as hazardous 
pollution source to the environment due to its friable nature 
and its enrichment of toxic elements. Among those elements 
chromium is the most hazardous. Especially Cr(IV) which 
are highly mobile and could reach water resources easily. 
El-Hasan et al. (2011), used the synchrotron based XANES 
analytical procedure and found a potential environmental risk 
in the form of high oxidation state toxic elements particularly 
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Many heavy and toxic metals are found in variable concentrations contained in the High Calcium Ash (HCA) produced 
by direct combustion of the bituminous limestone. Huge quantities of ash will be produced when bituminous limestone 
is utilized as energy source for electricity production or retorting process to produce crude oil in Jordan. One of the main 
serious environmental impact of this ash is the leachability of heavy metals and its potential contamination of the surface and 
groundwater reservoirs in the catchment area of Wadi Al-Mujieb. 

Encapsulation of Lead, Zinc, and Manganese ions were investigated by mixing of HCA with sand, cement and clay (kaolin) 
mortars. HCA was added with different percentages (e.g. 0%, 3.5% and 10%) to variable ratios of sand-cement-clay mixtures. 
Beside heavy metal encapsulation analysis; the unconfined compressive strength, water consumption and permeability were 
carried out for the produced mortars. The results shows that an effective heavy metal encapsulation were achieved with 10% 
HCA added to 25% clay, 50% sand and 25% cement mixture. Pb and Mn was encapsulated, very low Zn was detected and 
leached from the mortars. On the other hand, the maximum unconfined compressive strength (16.83 MPa) was reached when 
10% HCA was added to the mixture of 25% clay, 25% sand and 50% cement. The permeability was decreasing with increasing 
HCA, because of the pozzolanic composition of HCA similar to Ordinary Portland Cement (OPC).
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the Cr (IV), which was highly increased due to the aerobic 
combustion process. 

Al-Haraheshah et al. (2010) found that surface water at 
the area of oil shale utilization are facing medium to high 
potential to pollution risk. The leachability tests showed that 
there will be substantial amounts of amany pollutants such as 
Pb, Cr possibly leached out to surface water from oil shale 
utilizations plant. Abdel Hadi et al. (2008), has tested the 
change in engineering properties of the limy ash produced 
from the direct combustion of El-Lajjun oil shale mixed 
with brown clayey soil from various locations of Jordan. 
The results revealed a very high increase in the unconfined 
compressive strength and California Bearing Ratio values. 

This work aims to carryout a comprehensive investigation 
regarding the metallogenesis and leachability of heavy metals 
and other chemical elements by infiltration of water through 
dumped ash. The geochemical mobility of these metals 
accompanied with their toxicity to human and animal paid 
the attention toward finding suitable technologies or designs 
aims to maximize the remediation or solidification for these 
metals. Therefore, in this work two percentages (3.5% and 
10%) of HCA is added to the sand-cement-clay mixture. In 
order to determine the best mix ratio of (Sand-Cement-Clay 
and HCA) that would show higher compressive strength and 
at the same time encapsulates higher concentrations of heavy 
metals within its structure.

Calcium ash was brought from EL-Lajjun area. Ash is 
the solid waste product of surface combustion of the EL-
Lajjun bituminous limestone. The ash has a plasticity index 
less than 10 limit of 25 according to ASTM D4318 and thus; 
classified as a non plastic material, with specific gravity equal 
to 2.39. The chemical composition and the concentrations of 
major oxides and trace elements of the three representative 
bituminous limestone samples are given in Table (1). 
Moreover, the physical properties of the ash samples from El-
Lajjun are given in Table (2).

The ashing process was done on the labs of Natural 
Resources Authority . More than 5 kilogram of gravel size 
oil shale were burned directly on an aerobic conditions, then 
smaller amount of samples were completely burned using 
muffle furnace at different temperature up to 925 ºC. The 
chemical composition of major oxides of the ash samples 
compared with standard Ordinary Portland Cement (OPC) are 
given in Table (3).

Unconfined compressive test after 1 and 4 weeks, heavy 
metals leaching test and the permeability test were carried out 
for different mixtures.

2. Materials and Methodology

2.1. Materials

2.1.1 High Calcium Ash (HCA)

Sample 1 Sample 2 Sample 3 Average

SiO2 % 12.2 12.6 13.6 12.8

Al2O3 % 2.5 2.7 2.9 2.7

Fe2O3 % 1.3 1.8 1.5 1.5

CaO % 25.7 26.9 28.4 27.0

MgO % 0.46 0.45 0.47 0.46

MnO % 0.005 0.005 0.003 0.004

TiO2 % 0.13 0.14 0.14 0.14

K2O % 0.5 0.47 0.44 0.47

P2O5 % 2.40 2.96 2.42 2.59

 Li ppm 5 6 6 6

B ppm 22 22 26 23

V ppm 133 174 154 154

Cr ppm 474 467 534 492

Co ppm 46 48 56 50

Ni ppm 268 241 285 265

Cu ppm 110 124 118 117

Zn ppm 472 507 539 506

As ppm 91 117 87 98

Sr ppm 796 900 817 838

Y ppm 22 20 23 22

Nb ppm 16 20 19 18

Mo ppm 122 160 155 146

Ag ppm 3 4 4 4

Sn ppm 90 100 113 101

La ppm 8 5 5 6

Ce ppm 44 52 57 51

Pb ppm 34 38 41 38

W ppm 23 28 33 28

Zr ppm 661 722 415 599

Table 1: Chemical composition of the bituminous limestone samples 
from El-Lajjun

Table 2: Physical characteristics of El-Lajjun bituminous limestone

*Analysis was accomplished by using the coupled plasma technique (ICP).
* Loss on ignition is 51.98 %.

Physical property Sample 
(1)

Sample 
(2)

Sample 
(3) Average

Bulk density g/cm3 1.96 1.94 1.95 1.95

Specific gravity 2.39 2.38 2.41 2.39

Moisture content % 0.9 0.75 1.05 0.9
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The XRD analysis revealed that quartz and smectites 
(montmoorillonite) are the major components of the brown 
soil. The chemical analysis for major oxides was determined 
using the ICP. The major chemical constituents are given 
Table (4). Which indicates that SiO2 is the major constituent, 
while Al2O3 and Fe2O3 are present in considerable amounts as 
compared with the very low CaO content. P2O5 is presented in 
relatively low concentration and the organic matter content is 
measured as (3%).

The physical and mechanical properties are determined 
and listed in Table (5). Atterberg limits have revealed that the 
soil is medium to high plastic clay. The maximum dry unit 
weight is 1.81 g/cm3 and the optimum water content is 16% at 
standard Proctor effort (ASTM D 698).

The soil is classified into A-7-6 according to the American 
Association of Highway and Testing Organization (AASHTO), 
and classified as silty clay according to the Unified Soil 
Classification System (USCS) as shwon in Fig. (1).

The sample for the test was obtained with optimum 
moisture content and prepared using a Harvard miniature 
compaction device and measured the height and diameter of 
sample. The average of unconfined compression strength of 
clay equal (353.36 kN/m2 = 3.60 Kg/cm2) OR (347.16 kN/m2 
= 3.54 Kg/cm2).

As a source for natural clay, a bulk disturbed brown soil 
sample was obtained from the vicinity of Al Karak - Mutah 
area which is located about 130 km south of Amman. Its 
chemical composition is determined by ICP and listed 
in Table (4). The sample was tested to determine natural 
moisture content, grain size distribution, and its classification 
according to the Unified Soil Classification System (USCS) 
(Evett & Cheng, 2007) in addition to Atterberg limits. The 
sample parameters are given in Table (5).

2.1.2 Natural clay

Table 3: Chemical composition of ash sample compared with 
standard Ordinary Portland Cement (OPC). The analysis was done 
using XRF technique.

Table 4: Chemical composition of the brown soil determined by 
using ICP technique.

Table 5: Physical and mechanical properties of brown soil.

Oxide Wt. % Ash Sample OPC
SiO2 25.30 23
Al203 2.35 4
Fe2O3 1.37 2
CaO 45.21 64
MgO 1.63 2
P2O5 5.47 ---
Na2O 0.85 ---
TiO2 0.14 ---
MnO 0.02 ---

Oxide Wt %
SiO2 67.1
Al2O3 12.4
Fe2O3 7.1
CaO 1.9
MgO 0.8
MnO 0.16
TiO2 1.7
K2O 0.8
P2O5 0.11
L.O.I 7.5

2.1.2.1 Characterization of brown soil

2.1.2.2 Unconfined Compressive Strength of the 
brown soil

Parameter  
Liquid limit (LL)  46.3
Plastic limit (PL)  23.5
Shrinkage limit(SL)  11.7
Plasticity index  22.8
Passing #200%  93.65
Clay fraction %  56.6
Specific gravity  2.64
Unconfined compressive strength Kg/cm2  6.5
Maximum dry density g/cm3  1. 88
California Bearing Ratio  4.2

Figure 1: USCS plotting of particle size distribution of the brown soil 
used in the study
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 Sand was brought from Sweileh area western Amman. 
Flesh color and has a specific gravity equal to (2.66).

Ordinary Portland Cement (OPC), type-1 manufactured 
by Jordan Cement Factories Company was used.

2.1.3 Sand

2.1.4 Cement
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The study procedure of heavy metal encapsulation was 
done for Zn, Mn and Pb only. The conditions during the 
analytical procedure were done at room temperature. The 
permeability test was carried out for Sand-Clay mixture with 
0, 3.5 and 10% of HCA, because the hydration reaction of 
the cement continued more than 28 days. The samples of this 
study were inserted into tight plastic bags during the study 
period (1 and 4 weeks) for curing purpose. Unfortunately, 
there is no standard basics to explain or predict the behavior 
of the mixture when adding the calcium ash so far due to the 
lack of similar results.

Chemical composition of the HCA samples was 
investigated using X-Ray Fluorescence machine (XRF-
Pioneer F4), manufactured by Broker at the labs of Natural 
Resources Authority (NRA), Amman. The machine has an 
attached 72-position sample changer. The pellets were made 
by fusing 0.8 g of sample powder and 7.2 g of L2B4O7 in Au/
Pt crucible using a flexor machine (Leco 2000) for 4 minutes 
at 1200 ºC. The melt was poured in a mold and left to cool to 
form glass disc. The machine was calibrated with international 
standards, the analytical error was within ± 5%.

For the unconfined compressive strength test, the samples 
were obtained from mixtures of sand, clay and cement in 
percentages given in Table (6). Then HCA was added to 
mixture with (0.0%, 3.5% and 10%), herethen they will be 
called HCA0, HCA1 and HCA2 respectively. Three trials 
were done of each test. Water was added to make the sample 
saturated and the sample was compacted and prepared 
using Harvard miniature compaction device. The height 
and diameter were measured of each sample. The curing of 
samples is to put the sample in package, this sample contain 
the moisture content to time of test after one and four week. 
Because the compressive strength of samples were expected 
to be high we used the CBR machine. 

The procedure of the test unconfined compressive 
strength test was repeated but with adding 3.5% of HCA to 
the mixture, results are illustrated in Fig. (3).

 The same procedure of the unconfined compressive 
strength test was repeated with addition of 10% of HCA to the 
mixture, the results are shown in Fig. (4). 

Table (7) shows that among the best mortars that contain 
all components (i.e. samples No. 1, 2, and 3), Sample No. 2 
was the lowest consuming water mortars. The highest Cement 
percentages (50%) and equal Clay (25%) and Sand (25%) is 
the reason for that. However, this sample shows the highest 
compressive strength as shown in Figs. (2, 3 & 4). In general 
the effect of HCA percentage on the water consumption was 
clear and it found to be of proportional trend.

The permeability test was done for samples (HCA0, HCA1 
and HCA2). Permeability coefficient (K) was decreased with 
increasing HCA content as revealed in Table (8). The highest 
K value was recorded for the HCA0 sample. Therefore, the 
lowest value of K was recorded in Sample No. 2 of HCA2, 

The procedure unconfined compressive strength test was 
done for mixture without HCA. The result are shown in Fig. 
(2).

2.2. Analytical methods

3.1 Mixtures

Table 6: Percentage of mixed sand, clay and cement in the sample

Table 7: Amount of water consumed by the three mixtures.

Sample # Sand (%) Clay(%) Cement (%)
1 25 50 25
2 25 25 50
3 50 25 25

3. Results and Discussion

3.1.1 Compressive strength of Mixture for HCA0

3.1.2 Compressive strength of Mixture for HCA1

3.1.3 Compressive strength of Mixture for HCA2

3.1.4 Water Consumption

3.1.5 Permeability of Mixture HCA0, HCA1 and HCA2
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Figure 2: Compressive strength of samples of HCA0

Figure 3: Compressive strength of samples of HCA1

Figure 4: Compressive strength of samples of HCA2

Sample 
#

Water (ml) in mixture 
with 10% high 

calcium ash (HCA2) 

Water (ml) in mixture 
with 3.5% high 

calcium ash (HCA1)

Water (ml) in 
mixture without high 
calcium ash (HCA0)

1 29 24.9 24.94
2 29.1 28.3 26.5
3 25.2 18.5 20.35
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which was equal to 2.7x 10-6 cm/sec. This might be attributed 
to the mixing ratio of mixture components that affects the 
water consumption.

Table 8: Result of permeability test for all mixture samples.

Table 9: Result of permeability test for all mixture samples.

4. Conclusions

Acknowledgemnet

Sample 
No. h1 (cm) h2 (cm)

K (cm/sec)

HCA0 HCA1 HCA2
1 143 133 1.29*10-5 7.74*10-6 3.5*10-6

2 143 133 3.1*10-5 4.74 *10-6 2.7*10-6

3 143 133 2.8*10-5 5.17*10-6 4.35*10-6

The samples submerged in the water put into the 
permeability mold for 24 hours before tested. Table (9) shows 
the results of the analyzed water. It shows that sample No. 3 
has the lowest leached Zn % of mortars of HCA2, while Pb 
and Mn were not detected in all samples.

The sample of high ratios of cement (50% of mixture) 
reflects increasing compressive strength with increasing both 
the percentage of ash and curing period as shown in Figs. (2, 3 
& 4). High calcium ash played the role as a cementing binder 
of binding for sand so it increased the mixture compressive 
strength. The sample with mixed ratio (25 % sand, 25 % clay, 
50 % cement) has the maximum compressive strength of 
(16.83 Mpa) of HCA1, there is no big difference if compared 
with samples of HCA2 mortars. While the sample with mixed 
ratio (50% sand, 25% clay, 25 % cement) of HCA2 has 
highest ability to encapsulation the metal ions. Where Mn and 
Pb were not detected and has the lowest Zn content released 
to the solution. However, the mixture sample that proved the 
test result with high compressive strength of (16.83 Mpa) 
and proper encapsulation of heavy metals from solution was 
with mixed ratio (25% sand, 25 % clay, and 50% cement) of 
HCA1. Shawabkeh and Mahasneh (2004), had studied the 
encapsulation of Lead ions in Sand-Cement-Clay mixture, 
and assured the ability of such mixture with mass percentages 
of 25% sand, 50% cement and 25% clay to encapsulate metal 
ions from solution. This mass ratio showed the maximum 
adsorption capacity toward lead with high compressive 
strength. 

El-Hasan et al. (2011) found that oil shale ash produced 
from aerobic combustion is composed mainly from Calcite and 
Quartz beside clay, gypsum and apatite as gangue minerals. 
Such assemblage is considered as composite of OPC and clay. 
Moreover, the HCA has a pozzolanic composition similar 
to OPC, which reacts with the alkali portion of the mixture 
to produce self-cementaceous compounds. Eventually, an 
increase in HCA would increase the compressive strength, 
which is similar to the increase of OPC to the mixture. This 
might be attributed to the fact that HCA act as the role of OPC, 
therefore it enhances the compressive strength of mixture. 
And therefore, sample No. 2 of HCA2 is showing the higher 
compressive strength because of its higher cement content 
and this would explain the reverse relationship between the 
HCA and permeability. 

Moreover, there is no relationship between permeability 
and water consumption. Which can be explained as HCA 
increased it needs more water for mixing, this was obvious 
from the proportional relation between HCA and water 
consumption as shown in Table (7). 

Before starting this study we were expecting a negative 
results on compressive strength and water consumption 
after adding the high calcium ash to the mixture. But the 
research outputs revealed positive results. The encapsulation 
of heavy metals are acceptable too. The HCA1 and HCA2 
with percentages 3.5% and 10% are the best to achieve higher 
compressive strength. Moreover, the HCA2 (10%) are the 
better in attain the higher metal encapsulation. Further studies 
needed to investigate the fate of toxic elements such as Cr, V 
and As.

The authors are grateful to the Natural Resources 
Authority (NRA) for providing the Oil Shale samples and 
helping in the ashing and chemical analysis procedures. As 
well we are thankful to Lafarge Cement Factory for providing 
the OPC.

3.2 Heavy Metal Encapsulation 

Sample No. Zn (ppm) Mn (ppm) Pb (ppm)

1 0.68 Nd Nd

2 0.53 Nd Nd

3 0.38 Nd Nd
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Geology and Mineralogy of Zeolitic Tuff in Tulul Unuqar Rustum 
Ash Shmaliyya, NE JORDAN
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Abstract

1. Introduction

2. Geological Setting

Harrat Ash Shaam Basaltic Group (HAS) exposed in 
northeast Jordan is considered the largest volcanic field in 
the Arabian Plate (Ibrahim, 1993, Ibrahim et al., 2003, Shaw 
et al., 2003) (Fig. 1). The basaltic activity of the HAS was 
manifested in form of intermittent pulses of eruption started 
from about 26 Ma and continued to about 0.1 Ma ago (Illani et 
al., 2001). As a result, volcanic tuff deposits were extensively 
formed from isolated volcanic centers, which are confined to 
three volcanic fields as shown in Fig. 1 (Ibrahim et al., 2006). 
Locally, the black variety of the volcanic tuff is commercially 
exploited as pozzolanic tuff in cement industry. The estimated 
annual production of the black pozzolana from the HAS 
Basaltic Group is about 500,000 ton. Zeolites were discovered 
and reported in several volcanic centers associated with the 
volcanic tuff (Dwairi, 1987, Ibrahim, 1996; Al Dwairi et al., 
2009; Khoury et al., 2015). A new occurrence of zeolites was 
reported in Tulul Unuqar Rustum Ash Shamaliyya (URS) 
area during an intensive geological exploration program to 
delineate the commercial pozzolanic tuff deposits. The URS 
is a cinder cone of Tlul Esh Shahba volcanic field (Fig. 1, 
Field 2), which is about 55 km east of As Safawi town along 
the Amman – Baghdad highway. It is situated about 20 km 
to the south of the highway. The study area is bordered by 
the coordinates 394900 – 395900 E and 180700 -181700 
N; Palestine Grid. The main objective of this paper is to 
contribute to the geology, mineralogy and geochemistry of 
the zeolitic tuff in the URS area. 

The HAS was classified by Ibrahim (1993) into five 
volcanic groups. As illustrated in Table 1, the URS volcanic 
center comprises rocks belong to the Asfar and to Rimah 
groups. The former is defined simply to include the basaltic 
rocks, which pre-date or associated with the Rimah Group 
(Ibrahim et al., 2006). The latter is subdivided into two 
formations of which the Aritayn Formation contains authigenic 
zeolites (Ibrahim, 1996). The second is Hassan Formation. 
The Aritayn Formation is developed from composite cinder 

Keywords: phillipsite, chabzite, zeolitic tuff, NE Jordan.
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Detailed geological mapping and drilling campaign in Tulul Unuqar Rustum Ash Shamaliyya (URS) volcanic center 
have been carried out to evaluate the geology and mineralogy of zeolitic tuff. The most abundant rock type in the volcano is 
scoriaceous tuff and zeolitic tuff. The zeolites occur as cement to palagonite clasts and as filling inside the vesicles, making 
about 30% of the rock. Phillipsite is the most abundant zeolites mineral with spherulitic radiating aggregates or stout-prismatic 
crystals. The second zeolites mineral is chabazite which occurs as rhombohedra with simple penetrating twinning. Chemical 
analysis of the phillipsite indicates that they are K-rich type with similar Na/K and Ca/K ratios and has small variation in the 
Si/Al ratio. The zeolitic tuff samples have a wide range of SiO2 content indicating wide range of alteration and formation of 
authigenic minerals. The model of zeolites formation in the URS volcano is believed to be an open hydrological system model, 
where soluble elements released from the fresh basaltic glass by the hydrolysis reaction due to the raised higher pH and saline 
conditions, re-deposited in the of form zeolites, smectite and calcite.
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Figure 1: Location map of Harrat Ash Shaam Basaltic field and 
location of Tulul Unuqar Rustum Ash Shmaliyya (URS) volcanic 
center. (1): Asfar volcanic field, (2): Tlul Esh Shahba volcanic field, 
(3) Qatafi volcanic field.
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strato-volcanoes. The formation consists of stratified, sorted, 
poorly cemented air-fall tuff and agglomerate, which are 
rarely intercalated with short lived lava flows from a central 
vent. Lithologicaly, it is made up of fine-grained ash, angular 
and spherical lapilli as well as volcanic bombs and blocks 
of different size and shapes cemented either by carbonate or 
zeolites and carbonate. However, non-cemented volcanic ash 
and lapilli is sometimes found forming tephra deposits.

The URS is a conical crescent shape volcano (Fig. 4a & 
4b) that is about 750 m wide and 950 m long. It consists of 
three summits surrounding a depression, facing the southwest 
(Fig. 4a). The topographic relief in the volcanic cone is about 
70 m, varying from altitude about 940 m in the low laying 
ground surrounding the cone to altitude 1030 m at the north 
eastern summit of the volcano (Fig 4a & 4b).

Table 1: Late phases of Harrat Ash Shaam basaltic field (Ibrahim et 
al., 2006)

Eruption Phase Age (Ma)

Bishriyya Group 1.80 – 0.15

RIMAH Group 2.19- 0.60

Late NW-SE dykes 3.09-1.64

ASFAR Group 4.52 -1.00 

3. Methods of Investigations

Field work was conducted to execute detailed geological 
mapping and exploration drilling. A detailed geological 
map at a scale of 1: 5000 was prepared for the area (Fig. 2). 
Four exploration boreholes 15 to 25 m deep were drilled. 
Continuous core drilling was used to obtain representative 
samples. The cores were subjected to detailed and systematic 
description of their lithology, texture and color (Fig. 3). 20 
representative samples were selected from the zeolitic tuff for 
further studies and analyses. Mineralogical and petrographical 
characterization of the core samples was carried out using the 
polarizing microscope. Normal thin sections were prepared for 
the representative samples. The samples were characterized 
using petrological, mineralogical, and chemical methods. 

The analytical work included the minerals identification 
using X-ray diffraction analysis (XRD) and chemical analysis 
using X-ray fluorescence techniques (XRF). A Shimatzu 
X-ray diffractometer with CoKα radiation was carried out in 
the Royal Scientific Society according to (SOP) No. 131M03-
010 test method. 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 to 65° 2q. Powdered 
samples were analyzed using a XRF machine (PANanlytical-
Axios and a PW2400 spectrometer). Samples are prepared 
by mixing with a flux material and melting into glass beads. 
After mixing the residue with 5.0 g lithium metaborate and 
25 mg lithium bromide, it is fused at 1200 °C for 20 min. The 
calibrations are validated by analysis of Reference Materials. 
Blank samples and several certified reference materials 
(CRM) were used for the correction procedures. The beads 
were analyzed by wavelength dispersive x-ray fluorescence 
spectrometry (WD-XRF). To determine loss on ignition (LOI) 
1000 mg of sample material are heated to 1030 °C for 10 min. 
To investigate crystal forms and the paragenetic relationships 
of the zeolites and non-zeolites, scanning electron microscope 
(SEM) and Energy-Dispersive X-ray (EDX) study of selected 
samples has been carried out using a PANanlytica based in 
Mango Center, University of Jordan.

Figure 2: Geological map of Tulul Unuqar Rustum Ash Shmaliyya 
volcanic center

Figure 3: Lithological description of selected borehole drilled in the 
study area.

4. Results
4.1. Geology and Volcanology
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5). The exposed thickness of the zeolitic tuff in the URS is 
from 10 m to 30 m whereas the scoriaceous tuff is from 2 
m to 15 m (Fig. 3). The scoriaceous tuff is characterized by 
presence of highly vesicular lappili and cinder clasts (grain 
size >4 mm) called scoria. The unit comprises bedded, friable, 
reddish brown to violet in color, poorly sorted, coarse-grained 
scoria (generally 0.5-20 cm long, and with average of 6 cm) 
making about 85% of the rock, along with volcanic bombs 
and blocks with various shapes and up to 50 cm-sized (Fig. 
4f). Mantle xenoliths and lower crust lithic fragments are 
abundant in the zeolitic tuff and scoriaceous tuff units (Fig. 
4e). They also host large pyroxene xenocrysts.

The Hashimyya basalt is the second basaltic phase in the 
URS area. It covers most of the western and northern parts 
of the volcano, and makes about 25% of the URS area. It is 
less than 15m thick and comprises thin flow units, mostly 
between 2 m and 3 m thick, sometimes inter-bedded within 
the volcanic tuff units. The basalt is melanocratic, bluish-
gray to medium-dark gray, aphanitic, holocrystalline olivine-
phyric basalt with microporphyritic textures.

Agglomerate is a very hard pyroclastic unit with large 
clasts (Fig. 4g). It occurs as a massive, hard, about 5 -10 m 
thick unit consists of 2 –4 beds occupies the central part of 
the URS area. It gives weathering colors of brown, red brown 
and black. It includes bombs with various shapes (Fig. 4f). 
The clasts are from 15 cm to 50 cm-sized and with average 
of 20 cm. The unit is associated with thin basaltic dikes and 
flows (Fig. 4h).

Field evidence for faulting in the basalts of the mapped area 
is usually equivocal. Therefore, the structure interpretation 
is based mainly on: interpretation of satellite images, the 
alignment of volcanic centers and vents along with the abrupt 
variation in elevation of lava surface. In the mapped area, the 
faulting is influenced by the regional NW- SE tectonics related 
to Qitar El Abid dike and the associated fault system (Fig. 1), 
which is a regional structure extends more than 100 km with 
not less than 500 m wide (Ibrahim et al., 2003, Rabba’ and 
Ibrahim, 2005). It appears as a normal fault with a possible 
strike-slip movement. The other important fault trend is the 
dominant N-S fault associated with the central volcanism of 
the Asfar Group occurring in the HAS in both the Asfar and 
Tlul Esh Shahba volcanic fields (Fig 1) (Ibrahim et al., 2006). 
The fault is indicated based on the alignment of the volcanoes 

Detailed geological mapping of the URS (Fig. 2) indicate 
presence of several lithological rock units outcropping in the 
URS area. The Ufayhim Xenolithic Basalt is the oldest unit. 
It displays closely spaced horizontal jointing, which appears 
as thin laminations. It contains huge amounts of lherzolite 
and dunite xenoliths sometimes forming up to 50-60%. 
They also host large pyroxene xenocrysts. The xenoliths and 
xenocrysts vary in size from few millimeters up to 15 cm, 
and are rounded. The xenoliths have brown reaction rims, 
comprising mainly granular, orange, olive brown olivine and 
lesser amounts of dark green tabular pyroxene.

The zeolitic tuff of the Aritayn Formation (Fig. 4c) and 
the Hassan scoriaceous tuff (Fig. 4d) are very similar in 
lithology. The difference is that the clasts in the former unit 
are cemented by zeolites and calcite. The zeolitic tuff consists 
of stratified, sorted, air-fall volcaniclastic (tuff, labillistone, 
volcanic breccia and agglomerate). The unit contains ash, 
lapilli, volcanic bombs and basaltic blocks of different size 
and shapes that are all cemented by zeolites and carbonate. 
The volcaniclastic layers are arranged in shower bedding 
maintaining an even thickness and exhibit graded laminations 
with particle size from 1 mm to 50 mm. zeolitization of the 
volcanic tuff is not consistent. Localities with high degree of 
zeolitization are characterized by presence of yellowish light 
brown color, soft and friable highly altered lapilli clasts. They 
are cemented by a thick coating of zeolites and calcite (Fig. 

Figure 5: Hand specimen of the zeolitic tuff

Figure 4: Lithology and morphology of URS volcanic center. (a): 
Morphology of volcanic center; (b): Zeolitic tuff unit (c): Hassan 
scoriaceous unit; (d): Sandstone inclusions in Ufayhim basalt unit; (e) 
Sandstone inclusions in Ufayhim basalt unit; (f): Volcanic bombs; (g): 
Agglomerates unit; (h): Basaltic flow over agglomerate.
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and the associated volcanic vents, although direct evidence 
for vertical and/or horizontal displacement is lacking.

The studied samples comprise highly-altered volcanic 
tuff with variable amounts of secondary minerals including 
zeolites in the form of phillipsite and chabazite; smectite; 
calcite and gypsum. The volcanic clasts comprise highly 
vesicular dark brown, yellowish brown to deep red color 
palagonite. Color variability reflects the degree of alteration 
(i.e. palagonitization). The vesicles are either encrusted by rim 
of the secondary minerals or totally filled with the secondary 
phases. These vesicles are circular, subcircular and sometimes 
irregular in shape. The palagonite is characterized by its 
vitreous luster with conchoidal fracture. Micro-phynocrysts 
of anhedral olivine and iddingsite are common. Plagioclase is 
found as euhedral to subhedral phenocrysts or small laths in 
the groundmass with albite twinning.

All samples contain variable amounts of phillipsite 
crystals. It occurs mainly as colorless, radial, fan shape 
crystal aggregates or as spherulitic growth. Phillipsite crystals 
form thin rim encrusting walls of the vesicles or cementing 
the palagonite clasts. Chabazite appears as colorless sugar-
like, rhombohedral crystals with twinning. Smectite appears 
as colorless, cloudy rim fringing palagonite granules and/or 
encrusting the vesicle walls with minute fringes in most of 
the samples.

In addition to presence of primary minerals including 
olivine, pyroxene and plagioclase, the sample host secondary 
minerals including zeolites. The zeolites occur in form of 
phillipsite and chabazite. Quantitative determination of these 
two minerals was aided by XRD. As Show in Table 2, zeolites 
content is very high in specific areas among the mapped areas. 
The total zeolites content is up to 60% in the borehole No. 1 
and close to 49% in the borehole No. 2. Phillipsite is the most 
dominant zeolites mineral which makes up to 49% in some 
samples. The average zeolites content in the zeolitic tuff in 
the URS is 30%.

The SEM study shows that phillipsite occurs either as 
spherulitic radiating aggregates or stout-prismatic crystals 
elongated along the a-axis (Fig 6a, 6b & 6c). Phillipsite forms 
pseudo-orthorhombic twinned prismatic crystals evident 

from the two-sided or four sided dome capping the end of 
the prism (Fig. 6b). Some of the phillipsite twins imitate a 
tetragonal prism. The spherulites are about 40µm, and range 
in length from 30µm to 100µm and in width from 10µm to 
5µm. EDX study of phillipsite (Fig. 7) indicates that Si/Al 
ratio is between 2.45 and 2.65, Na/K ratio is 0.95 and Ca/K 
ratio is around 0.45 (Table 3). It can be concluded that URS 
phillipsite is K-rich phillipsite.

Chabazite occurs in colorless rhombohedra with simple 
penetration twinning (Fig. 6e & 6f). Crystals vary in size from 
50 up to 250µm. Smectite occurs as colorless aggregates of 
tiny flakes (Fig. 6d) or as thin rim fringing palagonite clasts, 
or encrusting vesicle walls.

4.2. Petrographic Study

4.3. Mineralogy

4.4. SEM and EDX Results

Figure 6: Scanning electron micrograph of the zeolitic tuff (a, b, c): 
phillipsite, (d): smectite and (e, f): chabazite.

Table 2: Qualitative mineralogical composition of the zeolite samples 
by (XRD).

Table 3: Energy dispersive X-ray analysis of phillipsite crystals.

Sample 
No. BH No. Depth (m) Phillipsite 

(wt%)
Chabazite 

(wt%)
Total Zeolite 

(wt%)
1 1 3 – 4 21 12 33
10 1 9 – 10 45 15 60
8 2 5 – 6 28 21 49
9 2 24 – 25 49 0 49
11 2 16 - 17 44 3 47
5 3 5 – 6 8 0 8
6 3 6 – 7 6 0 6

BH1 BH2

El Z  (Wt %) Atomic (%)  (Wt %) Atomic (%)

O 8 43.29 57.71 40.22 54.49

Na 11 2.94 2.73 2.63 2.48

Al 13 13 10.27 13.42 10.78

Si 14 33.1 25.14 36.98 28.54

K 19 5.25 2.86 4.71 2.61

Ca 20 2.42 1.29 2.04 1.1

Si/Al 2.45 2.65

Na/K 0.95 0.95

Ca/K 0.45 0.42
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As Illustrated in Table 4, the samples of the zeolitic tuff 
are characterized by low SiO2 content with a very wide range 
of variation. It varies from 21.6% to 40.10% decrease with 
increasing degree of alteration. The Al2O3 wt% in the studied 
samples is between 7.69% and 12.8%. As shown in Fig 8a 
and 8b, the Al2O3 wt% versus SiO2 wt% and total alkalis 
(Na2O + K2O wt %) versus SiO2 wt% display proportional 
relationships, indicating that they exhibit similar geochemical 
behavior under the zeolitization process. The studied samples 
are also typified by high value of LOI, with a very wide range 
of variation as well, ranging from 10.0 to 30.7 wt%. The 
inverse relationship between SiO2 wt% versus LOI content 
is well illustrated in Fig 8c. This indicates that the samples 
are highly altered and display several stages of alteration. 
This is supported by field evidences, including occurrences of 
abundant zeolites and calcite in the volcanic tuff, occurring as 
cement in the volcanic clasts. The presence of very high CaO 
wt% in selected samples up to 24.9% indicates presence of 
abundant carbonates. Presence of minor amounts of Cl wt% 
and SO3 wt% may indicate occurrence of traces of gypsum 
and halite. The other important constituents of the samples are 
the Fe2O3 and MgO. In detail, the Fe2O3 wt% is from 6.26%, 
to 13.5%, whereas the MgO wt% is from 4.04% to 8.05.

The origin of zeolites in Jordan was thoroughly 
investigated by many authors (Dwairi, 1987; Ibrahim, 1996; 
Ibrahim & Hall, 1995, 1996; Khoury et al, 2015). The model 
of zeolites formation in the URS volcano is believed to be the 
open hydrological system model which was first described by 
Hay and Iijima (1968a & 1968b) at Koko Crater, Hawaii. This 
model was already adopted by Ibrahim (1996, Ibrahim and 
Hall (1995 & 1996) and Khoury et al. (2015).

Following the deposition of the fresh basaltic glass in the 
volcanic tuff pile, percolating water coming from rainwater 
interacts with the glass. The interaction of the percolating 
water with the fresh non-stable basaltic glass in the volcanic 
tuff increases the pH and salinity of the percolating water with 
depth. Thus, hydrolysis reaction of the basaltic glass takes 
place. This leads the volcanic glass to transform to palagonite. 

4.5. Geochemistry

Figure 7: Energy dispersive X-ray analysis of phillipsite crystals.

Figure 8: Variation diagram of selected major oxides in the zeolitic 
tuff, (a): SiO2 vs Al2O3; (b): SiO2 vs (Na2O+K2O) and (c): SiO2 
vs LOI.

Table 4: Chemical composition of selected zeolitic tuff samples 
(wt%) by (XRF).

Sample No. 1 5 6 7 8 9 10 17 18

SiO2 33.40 25.30 21.60 33.90 28.60 29.60 37.60 37.30 40.10

TiO2 2.09 1.11 1.09 2.15 2.91 1.72 2.09 2.59 2.30

Al2O3 10.30 8.07 7.69 11.02 9.23 9.31 12.80 12.80 13.00

Fe2O3 11.10 6.26 6.04 11.10 14.80 10.40 11.30 13.50 12.50

MnO 0.13 0.07 0.07 0.13 0.16 0.11 0.13 0.16 0.15

MgO 6.56 4.04 3.31 8.05 7.52 7.84 6.90 6.58 8.47

CaO 8.72 23.20 24.90 6.89 5.11 7.21 8.00 7.21 9.90

Na2O 1.43 0.13 0.13 1.22 0.88 0.42 1.32 0.85 0.90

K2O 1.53 0.76 0.43 1.80 2.00 1.82 2.23 1.52 1.91

P2O5 0.55 0.15 0.16 0.37 0.71 0.59 0.56 0.67 0.59

SO3 1.03 0.36 0.16 0.36 0.23 0.14 0.53 0.11 0.11

Cl 0.76 0.04 0.05 0.06 0.92 0.13 0.51 0.03 0.03

LOI 21.80 30.50 34.50 22.70 26.20 30.70 15.80 16.90 10.00

5. Discussion
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scoriaceous tuff and zeolitic deposits. The volcanic tuff 
contains zeolites occurring as cement and as filling inside the 
palagonite clasts, making about 30% of the rock. Two zeolites 
minerals were reported, which are phillipsite and chabazite. 
Chemical analysis of phillipsite indicates that they are K rich 
type with narrow variation in Si/Al ratio, and similar Na/K 
and Ca/K ratios. The zeolitic tuff samples have a wide range 
of SiO2 content indicating wide range of degree of alteration 
which leads to formation of authigenic minerals. The model 
of zeolites formation is believed in the URS volcano is 
believed to be the open hydrological system model, where 
soluble elements released from the fresh basaltic glass by the 
hydrolysis reaction due to the high pH and saline conditions 
re-deposited in form of zeolites, smectite and calcite.

As a result of the transformation of the fresh basaltic glass 
to palagonite, smectite and different zeolites minerals start to 
form. Mass movement of the percolating water downwards 
through the volcanic tuff pile leads to development of vertical 
zonation of the zeolites minerals (Hay and Iijima, 1968a & 
1968b, Ibrahim, 1996). The elements released from the fresh 
basaltic glass by hydrolysis reaction including Si, Al, Na, K, 
Ca and Mg have been re-deposited as authigenic minerals 
(smectite, zeolites and calcite) forming the intergranular 
cement and the amygdaloidal texture.

The degree of zeolites formation in the open hydrological 
system depends mainly in many factors including the chemical 
and mineralogical composition of the parent material (basaltic 
glass), chemistry of the percolating water, water /rock ratio, 
the physical properties of the host-rock including its porosity 
and permeability, hydraulic /topographic gradient and the 
climatic conditions including rainfall and temperature. Such 
conditions influence the chemical and structural nature of the 
zeolites minerals crystallization (Hay, 1986; Barth-Wirsching 
and Höller, 1989; De la Villa et al., 2001).

6. Conclusions
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Abstract

1. Introduction and Backgrund

Pozzolana is the commercial name of the igneous rocks 
named volcanic tuff (VT). The mineral content of VT varies 
from geological bed to another bed based on the weathering 
rate and zeolitization processes which reflect the quantity of 
secondary minerals associated with volcanic tuff. Zeolites are 
the most important minerals associated with volcanic tuff, so 
the name of the volcanic tuff enriched with zeolites is zeolitic 
volcanic tuff or zeolitic tuff (ZT). 

Zeolites are hydrated aluminum silicate framework in 
which its structure contains channels or pores filled with 
exchangeable cations and some percentage of water (Mumpton 
1978). They characterized by availability, low coast, high 
ion exchange capacity, excellent adsorption properties and 
slow release fertilizers. Such important properties make 
zeolites a good solution as a natural alternative of other used 
soil fertilizers and amendments. Identification of zeolite as 
a mineral goes back to 1756, by the Swedish mineralogist, 
Fredrich Cronstet (Gottardi, 1978). In the world, their 
commercial production and use started in 1960s, but in Jordan 
they were discovered for the first time in 1987 by Dwairi 
in north east area (Arytain Volcano). Jordan has important 
zeolitic tuff production potentials and reserves that cover 
large areas that are distributed in three main locations north 
east, central and south Jordan (Al Dwairi 2007). 

The application of natural zeolitic tuff as soil conditioner 

and fertilizer has known by the Japanese for over a hundred 
year. Mumpton (1985) discussed the zeolite potential for the 
use as a source for slow release of fertilizers such as N and K. 
The zeolitic tuff (soil conditioners) is also used to reduce the 
agriculture pollution. Al Dwairi and Al-Rawajfeh (2012) listed 
the recent patents of natural zeolites and their applications in 
environment, agriculture and Pharmaceutical Industry.

In Jordan zeolites, ZT, and VT have been studied widely 
for their mineralogy, petrology and their environmental 
applications. The most important studies were carried out by 
Dwairi (1987), who was the first to discover zeolites in Jabal 
Aritain, Ibrahim (1993), who accomplished a lot of mapping, 
geological and geochemical work, and Khoury, et al (2015) 
summaries new Neogene – Quaternary zeolitization of the 
volcanic tuff in Jordan. 

Jordanian phillipsitic tuff of Aritain area was suggested for 
a possible us as a soil amendment (conditioner) in agriculture 
(Reshiedat, 1991), furthermore Dwairi (1998) used zeolitic 
phillipsite tuff from Aritain as slow release fertilizer, and he 
evaluated the exchange and release properties of the natural 
phillipsite tuff by using NH4–Na system. Ghrir (1998) has 
evaluated the Jordanian Phillipsitic tuff from Aritain (north 
east Jordan) and Mukawer (Central Jordan) in agriculture as 
soil conditioner for planting strawberry under green houses.

Manolov, et al (2005) used Jordanian zeolitic tuff from 
Aritain (north east Jordan) as raw material for the preparation of 

Keywords: Pozzolana, Al Hala volcano, Volcanic Tuff, Zeolites, Phillipsite, Soil Amendment, Plant growth.

Department of Natural Resources and Chemical Engineering, Engineering Faculty, Tafila Technical University, Tafila, Jordan.

Volcanic tuff (VT) (Pozzolana) deposits are available in huge quantities in Tafila area. Al Hala Volcano (HV) is one of the 
biggest deposits for VT located in southern Jordan which was chosen in this study. Characterization of zeolitic tuff (ZT) minerals 
is the main goal of this study in addition to the agricultural application for possible usage as soil amendment and improvement. 
Field studies indicate that VT is highly altered to ZT due to percolating alkaline water. ZT is characterized by highly weathered, 
friable and range in color according to zeolitization process and chemical composition to many different colors. The three main 
ZT types are reddish (RZT), brownish (BZT) and grayish (GZT). Mineralogical studies indicate that VT is composed mainly 
of three mineral components: Volcanic glass (palagonit), primary rock forming minerals (idingsite and diobside) and secondary 
rock forming minerals (zeolites, calcite and clay minerals). The main zeolites minerals in HV are phillipsite and chabazite. The 
ZT from HV shows acceptable pH with high cation exchange capacity range from (189 meq/gm) for RZT to (136 meq/gm) for 
GZT. Geochemical studies indicate that ZT from HV has low Na2O% ranges between 0.34% - 1.44% with a high percentage of 
important oxides such as Ca, Mg, K, Mn, and Al. The type of Tafila Soil (TS) is silty clay texture which is considered as heavy 
soil as indicated by size fractionation analysis results. 

The ZT from HV is evaluated for agricultural applications by using RZT and GZT as soil amendments for planting tomatoes 
and pepper vegetables. The mixture with the ratio of 50:50 TS:RZT results shows increasing in terms of growth, yield and roots 
assemblages for both vegetables.
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substrates used for plant growth. The research study concluded 
that the Jordanian zeolitic tuff has specific properties – high 
CEC, high content of macro and microelements which makes 
them one of good alternatives to the traditional potting media. 

Al Dwairi (2007) reported new occurrences in the 
northeast, central, and south of Jordan. The research explored 
and studied the characterization (mineralogy, petrology and 
geochemistry) of all possible locations of volcanic tuff in 
Jordan. Also, in 2009 Al Dwairi et al studied the mineralogy 
and authigenesis of zeolitic tuff from Tall-Juhira and Tall 
Amir, in the south of Jordan. New occurrences in northeast, 
central and south Jordan were later reported by Ghrir (1998), 
Tarawneh, (2004), Al Dwairi (2007), Al Dwairi et al. (2009) 
and Al Dwairi and Sharadqah (2014).

The soil of Tafila (TS) area is very poor in terms of minerals 
necessary for plants growth and also the rainfall percentage is 
very low, consequently zeolites as a soil conditioner can play 
a significant role in improving the soil characterization which 
will be reflected upon agricultural production.

Tafila area considered as arid to semiarid regions with a 
short rainy winter season with an average annual precipitation 
of 100 mm. The soil of Tafila shown in Fig.(1) is characterized 
by soft grains, high porosity and low permeability, so this type 
of soil is called the heavy soil, consequently zeolites as a soil 
conditioner plays a significant role in improving the physical 
and chemical characterization of soil which will be reflected 
upon agricultural sector in Al Tafila.

To enhance and improve Tafila soil, this research proposes 
the ZT from HV to be mixed with these soils. There are huge 
amounts of zeolitic minerals in Al Hala Volcano (HV) (Fig. 
2) without investigation or characterization as agricultural 
fertilizes and amendments. The main problem is the lack of 

information about these zeolites and their mineral content in 
HV. In addition to the promising future of using zeolite as 
agricultural soil conditioner. This encourages the present 
researcher to extend their production scope to include the soil 
conditioners and amendments.

The used material in this study is VT obtained from the 
Great Company of Mining and Agriculture (GC) quarry in 
HV. Six bulk samples (10 Kg) were collected from the quarry 
for the characterization analyses and two main bulk Samples 
(1 Ton) were chosen for the agricultural experiments, Table 1. 
The grain size fraction (1-0.3mm) was used in the agricultural 
experiments because of the highest zeolitic content (50-70%) 
(Al Dwairi 2007). The used soil was collected locally from Al 
Eis area (TS).

The exploration of zeolites includes many exploration 
trips, sample collecting, cross section, and mapping. The 
characterization of the volcanic tuff tuff have been carried 
out using using different analytical methods including 
thin section, X Ray Diffraction (XRD), Scanning Electron 
Microscope (SEM), and X Ray Fluorescence (XRF) (Table 
1). Finally the results studied and analyzed to evaluate the 
ability of using zeolites as soil amendment then to start a series 
of agricultural experiments by using mixtures of soil and 
zeolites with different ratios. The used soil was thoroughly 
characterized using chemical analysis, physical properties and 
grain size distribution.

The Agricultural experimental setup was basically carried 
out by using RZT and GZT for a primary experiments as 
indicated in table (2) and Fig. (3). The area of agricultural 
experiment was divided into five equal area tubs (1m*1m). 
Tomato and Pepper were chosen as example for important 
vegetation in Jordan. 17/6/2013 was the starting day were the 
different tubs planted and 17/10/2103 was the end day. The 
irrigation program was carried out one time peer week for all 
tubs.

Figure 1: Soil from Al Eis area (Tafila).

Figure 2: Location map of the southern Jordan basaltic tuff showing 
the Al Hala Volcano (after Al Dwairi 2007).

2. Methodology
2.1. Materials

2.2. Methods

2.3. Agricultural Experimental Setup

Table 1: Sampling and the used laboratory techniques.

Table 2: Agricultural experiment setup parameters.

# Type Color Thin 
section XRD SEM XRF Agricultural 

application

1 RZT1 Reddish X X X X X

2 BZT2 Brownish X X X X -

3 LBZT3 Light Brown X X X X -

4 GZT4 Grayish X X X X X

5 LGZT5 Light gray X X X X -

6 VT6 Black X X X X -

7 TS (Control) Yalow to white --- --- --- X X

Type Grain size 
(mm)

Mixing Ratio
TS:ZT pH for Type Plant Name

RZT1 1-0.3 75:25 7.8 Tomato+ Pepper
RZT2 1-0.3 50:50 8 Tomato+ Pepper
GZT3 1-0.3 75:25 7.9 Tomato+ Pepper
GZT4 1-0.3 50:50 8 Tomato+ Pepper

TS Normal ----- 7.7 Tomato+ Pepper
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HV has a height of 1673m above the sea level. field 
inspection studies indicate that the VT has a thickness 
of (70m) with a reserve of 16 million tons. A soil bed was 
recognized on the top of the VT section with about 70 cm in 
thickness. The northern part of HV is an open mine for the GC 
for the production of pozzolana for cement industry. 

The primary observation of the VT shows that the 
pyroclastics is highly altered to ZT due to the arid environment 
and alkaline percolating water. The field investigation and 
the lithological section shows that the VT is bad sorted, 
bad cemented, and dominated by large bombs. The VT 
cross section in the mine is characterized by the absence of 
bedding with a variety of vertical colors (red, brown, gray, 
and black) refers for the high alteration and weathering (Fig. 
4). The natural zeolite in the area of discovery was formed 
by the reaction of volcanic glass with percolating alkaline 
water leading to provide a white gel rim of aluminum silicate 
(zeolite) filling the cavities of the volcanic tuff (Fig. 5)

Thin section results indicate that VT is highly altered 
to ZT. Fig. (6) shows that the ZT is composed of palagonite 
matrix, iron oxides, zeolites, clay minerals, and calcite.

The surface morphology of ZT was examined by SEM 
and is presented in Fig. 7.The figure shows assemblages of 
zeolite minerals such as phillipsite and chabazite in addition to 
clay minerals. The powder X Ray Diffraction (XRD) analysis 
(using Cu KR as the source for X-rays) of VT was performed 
for 10 samples from the GC quarry. The XRD patterns of VT 
are presented in Figure 8. The results show that the VT is 
composed of zeolitic minerals (phillipsite and chabazite) and 
other assemblages of minerals such as: (palagonite. smectite, 
iron oxides and calcite).

Figure 3: Configuration for the agricultural experiments using tomato 
and pepper tubs.

Figure 4: Cross section of VT in HV (The GC quarry).

Figure 6: Thin section of VT from HV.

Figure 7: SEM for ZT from HV.

Figure 8: X-Ray Diffraction pattern for ZT from HV.Figure 5: Reddish zeolitic tuff sample from HV.

3. Results and Discusstion
3.1. Zeolitic Tuff Exploration Results

3.2. Zeolitic Tuff Characterization Results
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The chemical composition of black volcanic tuff (BVT), 
reddish zeolitic tuff (RZT) and grayish zeolitic tuff (GRT) are 
determined by using X Ray Fluorescence (XRF) apparatus. 
The results are listed in table 3. The chemical analysis 
indicates that the ZT from HV contains many elements such 
as Mg, Mn, Ca, K and Al. Furthermore the silica percentage 
for the BVT is the highest with an average of (41%) and range 
between (42.10%) to (40.30%), while the lowest percentage 

was for the RZT with an average of (40%) and values range 
between (41.70%) to (39.60%). 

The most important oxide in the agriculture issue is Na2O3. 
The results show very low percentage values for ZT ranging 
between (0.345%) and (0.67) with an average of (0.51), while 
it’s high in the BVT with an average of (3.58%) and values 
ranging between (4.12%) and (3.03%).

Ion exchange capacity (CEC) is an important property for 
zeolites to be used as an agricultural amendment. The three 
main zeolitic tuff types (RZT, BZT and GZT) from HV were 
subjected to the CEC measurements. The ZT was sieved into 
the grain size of (1-0.3) mm which has the highest zeolitic 
minerals content (Al Dwairi 2007). Table (4) shows the 
results of the CEC values expressed by meq/100gm. The ZT 
from HV has a high CEC. The highest CEC value is obtained 
for RZT (189), while the CEC for BZT is (132). The lowest 
value or CEC obtained was for GZT (118). pH ranges from 8 
to 7.7 for Pozzolana, TS and different mixing types (Table 2).

Table 3: Chemical composition (wt %) for volcanic tuff from HV.

Table 4: The CEC values for (1-0.3mm) ZT from HV.

Table 5: The particle size distribution for TS.

Table 6: Physical and chemical characteristics of the Tafila soil (Al 
Eis area).

Color Sample # Sio2 Na2O Fe2O3 MgO Al2O3 K2O CaO MnO TiO2 P2O3 CO2 Sum

Reddish

RZT1 41.70 0.521 15.50 6.67 15.60 0.94 7.62 0.199 3.28 0.700 6.80 99.53

RZT2 40.80 0.670 15.80 7.23 16.90 0.80 6.70 0.210 3.17 0.900 6.10 99.28

RZT3 39.60 0.340 16.01 6.89 16.17 0.82 8.10 0.220 3.50 0.810 6.90 99.36

Grayish

GZT1 38.20 1.44 13.20 6.44 14.60 0.58 11.6 0.178 3.37 0.728 9.00 99.33

GZT2 39.30 1.20 14.50 6.90 15.70 0.71 8.70 0.240 3.41 0.691 8.00 99.35

GZT3 40.00 1.60 13.70 6.70 15.10 0.92 9.60 0.191 3.52 0.710 7.61 99.65

Black

BVT1 40.30 3.03 15.60 8.07 12.20 0.50 8.90 2.203 3.84 0.205 4.20 99.05

BVT2 42.10 4.12 12.39 9.97 11.33 1.02 9.70 1.801 3.17 0.600 3.20 99.40

BVT3 41.80 3.90 13.45 8.70 11.90 0.80 8.20 2.530 3.67 0.320 4.70 99.97

Color Sample # CEC
Meq/100gm Average

Reddish

RZT1 167

170RZT2 175

RZT3 189

Brownish

BZT1 132

129BZT2 127

BZT3 129

Grayish

GZT1 118

115GZT2 115

GZT3 113

The various physical and chemical properties for Tafila 
soil are shown in Tables (5) and (6). The results of size 
distribution indicate that the clay size is the highest with a 
percentage ranges between (45.1) and (46.2), the silt size 
range between (45.3) and ( 42.8), and the sand size range 
between (9.0) and (11.2); according to sieve analysis the 
texture of this soil is silty clay. The chemical analysis shows a 
good percentage of CaCO3 ranges between (27.6) and (26.1).

The agricultural results expressed by using comparison 
between the different parameters (growing, yield and root 
assemblages) are carried out for different planted tubs (Table 
7). All the mixed ZT tubs compared with the controlled TS 
gave good results for improving different growing parameters. 
The primary experiments for tubs with the mixing ratio of 50: 
50 TS: ZT show best results observed for tomato and pepper 
vegetables. The results of the majority of the agricultural 

3.3. Tafila Soil Characterization Results 3.4. Agricultural Experiments Observation

Size fraction TS1 (%) TS2 (%) TS3 (%)
Sand 9.1 10.2 10.3
Silt 45.3 44.3 42.8
Clay 45.1 45.2 46.2
Total 99.5 99.7 99.3

Oxides (%) TS at depth
10 cm

TS at depth
20 cm

TS at depth
30 cm

SiO2 52.60 51.89 52.21

Na2O 0.41 0.37 0.31

Fe2O3 4.17 8.81 9.71

MgO 2.77 3.10 3.51

Al2O3 8.12 7.98 8.52

K2O 1.48 1.55 1.68

CaO 18.02 18.83 18.80

MnO 0.07 0.06 0.06

TiO2 0.71 0.76 0.78

pH 7.7 7.7 7.7

EC 1.30 0.96 0.81

CaCO3% 26.9 27.6 26.1
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Table 7: The comparison between planted tubs after 3 months 
planting. 

experiments are shown in figures (9, 10, 11, 12, and 13). 

Figure 9: Tomato planted in RZT and TS with a mixing ratio of 50:50 
after 3 months. 

Figure 10: Tomato planted in GZT and TS with a mixing ratio of 
50:50 after 3 months.

Figure 11: pepper planted in RZT and TS with a mixing ratio of 25:75 
after 3 months.

Figure 12: Tomato Roots planted in RZT and TS with a mixing ratio 
of 50:50 after 3 months.

Figure 13: Pepper roots planted in RZT and TS with a mixing ratio 
of 50:50 after 3 months.

The Jordanian natural ZT from HV is suitable for 
agricultural applications due to its low Na2O %, high cation 
exchange, suitable mineral content, and stable pH. ZT is 
therefore used to promote better plant growth by improving 
the value of fertilizers. They retain valuable plant growth 
and improve the quality of the soil and can also be used as 
a slow release fertilizer or a soil amendment. When applying 
ZT to agricultural production, one should emphasize that their 
natural source suitable and is of uniform characteristics and 
unique properties such as cation exchange capacity, pH, and 
Na content.

The results of this study strongly suggest the use of 
ZT from HV as a soil amendment to improve the soil 
properties. Also, more preparation and processing for ZT are 
recommended. For wide application in the agricultural sector 
a production of agricultural commodity is needed. 

 For the sake of commercial purpose, extensive research 
that pertains agricultural experiments using mixtures of soil 
and zeolites is highly needed and recommended.

4. Conclusions and Recommendations

Vegetables Tub Average plant 
height (cm)

Plant Root 
assemblages Yield

Tomato

50:50 TS:RZT 1.32

Long, 
distributed, 

Available 
and 

observed

75:25 TS:RZT 95
50:50 TS:GZT 1.12
75:25 TS:GZT 80

TS (Control) 28 Condense, 
short, 

No yield 
observed

Pepper

50:50 TS:RZT 80

Long, 
distributed,

Available 
and 

observed

75:25 TS:RZT 50
50:50 TS:GZT 70
75:25 TS:GZT 45

TS (Control) 20 Condense, 
Short, 

No yield 
observed
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انه من دواعي �ضروري وغبطتي اأن يتم ن�ضر العدد الثالث الخا�ص للمجلة والذي يت�ضمن الأبحاث التي لها علاقة بمو�ضوعات المجلة والتي 
قدمت في الموؤتمر الدولي الذي عقد برعاية كريمة من �ضاحبة ال�ضمو الملكي الأميرة �ضمية بنت الح�ضن المعظمة خلال الفترة 3-2014/4/5 في 

عمان وبدعم من العديد من الموؤ�ض�ضات الحكومية والأكاديمية والدولية، حيث كان الموؤتمر تحت عنوان:

Building International Networks for Enhancement of Research in Jordan

اإن الأبحاث التي قبلت للن�ضر بهذا العدد تعتبر ذات اأهمية كبيرة للاأردن، حيث اأنها تتحدث في موا�ضيع الجيولوجيا القت�ضادية والخامات 
المعدنية وتطويرها، مثل الزيوليت واليورانيوم والخامات الطينية و�ضناعة الإ�ضمنت في الأردن. هذا ولقد تم اإر�ضال الأبحاث التي تم تقديمها 

للن�ضر في هذا العدد للتقييم وذلك ح�ضب الأ�ضول المتبعة للمجلة.

اأتقدم بخال�ص ال�ضكر والتقدير للزملاء اأع�ضاء هيئة التحرير للمجلة على جهودهم في دعم هذا العدد الخا�ص، اإ�ضافة اإلى الجهود الطيبة 
من المحرر اللغوي الدكتور ق�ضي الذبيان وال�ضيد عبادة ال�ضمادي المحرر المخرج الفني في الجامعة الها�ضمية.

رئي�ص هيئة التحرير
الأ�ضتاذ الدكتور عيد عبد الرحمن الطرزي

مجلة علوم الأر�ص والبيئة
كلية الموارد الطبيعية والبيئة

الجامعة الها�ضمية،
الزرقاء، الأردن

تمهيد
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