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ABSTRACT

Petrographic, mineralogical and chemical analyses of marl were investigated to verify the
formation processes of many alteration products under low temperature-pressure conditions,
where an ample source of sulphate exists. Marl (calcareous claystone) comprising about one
third of the lithological constituents of the Middle Miocene Fat'ha Formation (previously
named Lower Fars Formation) in northern Iraq in addition to evaporites and limestones. The
extensive reduction of its sulphate members produces economically significant deposits of
sulphur as well as sulphate and salt. Oxidation of H,S produces sulphuric acid due to the
effect of Thiobacillus bacteria. The interaction of H,SOy4 with marl, leaching of K, Na, Al, Fe
and Ca leaves behind a porous silica-vich (ninivite) center of the zoning pattern due to the
alteration- precipitation processes, followed outwards by alunite, which is, in turn,
surrounded by a narrow zone of jarosite and finally iron oxides in the vim. Secondary
gyvpsum (selenite) is precipitated in shrinkage cracks as veins or as floating crystals in the
ninivite.
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INTRODUCTION

Microbiologically induced formation of iron-silica minerals are widely distributed in various
geochemical environments, such as in hot springs (Ferris et al., 1986), acid sulphate soils
(Willett et al., 1992) and in iron ore sediments (Akai et al., 1999). Various iron-
aluminosilicates associated with bacteria have been reported from river and lake sediments
(Konhauser et al., 1993) and from weathering environments of volcanic ash deposits
(Kawano and Tomita, 2001). Among these geochemical environments, the acid mine
drainages are commonly produced by biotic and/or abiotic alteration of iron-sulphides such as
pyrite leading to the formation of sulphuric acid and the release of Fe** into aquatic
environments (Kittrick et al., 1982; Bigham and Nordstrom, 2000). Under such conditions,
poorly ordered iron minerals such as schwertmannite and ferrihydrite are initially formed as a
metastable phase resulting from bacterial oxidation of Fe*", and jarosite and goethite are
produced as thermodynamically stable phases by subsequent crystallization (Brady et al.,
1986; Schwertmann et al., 1995; Bigham et al., 1990). Many field observations suggest that
occurrences of these minerals are strongly dependent on solution chemistry, specifically the
pH and SO, activity (Webster et al., 1996).

In the area of study, marl (calcareous claystone) dominates in the Middle Miocene Fat'ha
Formation of northern Iraq and is exposed to subsurfacial acid waters resulting in various
alteration phases (Aswad et al., 1995). The general pattern of this alteration-precipitation
embraces silica at the center, followed outwards by alunite, which is, in turn, surrounded by a
relatively narrow zone of uneven distribution of jarosite and iron oxides. Secondary gypsum
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(selenite) may be associated with silica and alunite, or with jarosite and iron oxides as
veinlets or as floating crystals in ninivite.

This marl-H,S interaction, which was aided mostly by the action of bacteria was not reported
in detail in the literature (Aswad et al., 1995). Extensive studies were done on such alteration
from northern Iraq (Jassim and Al-Nagqib, 1989; Aswad et al., 1995; Jajjo, 1999; Al-Nagqib,
2006). The majority of these studies focus on overviews of mineral genesis, providing
descriptions of the environmental variables responsible for these alterations under low
temperature-pressure conditions.

In the present work, scanning electron microscopy is used to investigate the unaltered and
altered marls of the Fat'ha Formation and various mineral products of the acidification
process. The aim was to investigate the mineralogy and geochemistry of the marl and the
alteration phases resulted from H,S interaction in order to elucidate the acidification process
and their associated mineral formation.

REGIONAL GEOLOGY

Iraq is divided into shelf and geosynclinal areas, with the former subdivided it into stable and
unstable, longitudinal units parallel to the Zagros Suture (Fig. 1) (Buday and Jassim, 1987).
The Unstable Shelf contains three tectonic zones, which are, from west to east: the
Mesopotamian Zone (Quaternary molasses and buried structures), the Foothill Zone
(Neogene molasses and long anticlinal structures separated by broad synclines), and High
Folded Zone (Paleogene molasses and harmonic folded structures). These longitudinal
tectonic zones are segmented into blocks bounded by ENE-WSW (shifting to NE-SW)
transverse faults with both vertical and horizontal displacement (Jassim et al., 1999). The
transverse blocks have been active at least since the Late Cretaceous and greatly affected the
sedimentary facies of the Cretaceous and Tertiary sequences (Numan, 1997). These basement
blocks played an important role in the location and configuration of small basins that received
thicker sedimentation and later on were the sites of acticlinal structures (Numan, 1984). The
basin of deposition of the Fat'ha Formation was dominated by quiet lagoonal environment at
carly Middle Miocene that led to the deposition of the lower member of the formation which
characterized mostly by rhythmic alternations of carbonates, marls and evaporites. During
Middle to late Miocene the reactivation of the basement blocks took place marked by the
deposition of the clastic detritus (red sandstones and mudstones) in the upper member of
Fatha Formation. The Middle Miocene age Fat'ha Formation (formerly Lower Fars
Formation, Al-Rawi et al., 1993) is one of the most extensive and economically important
formations in the entire Middle East region (Al-Juboury et al., 2001). The formation covers a
large area (ca 1500 km x 300 km) and extends northwestward into Syria (there termed Lower
Fars Formation) and southeastward into Iran (there termed the upper part of Gachsaran
Formation) (Bellen et al., 1959). The extensive reduction of its sulphate members produces
economically significant deposits of sulphur (Jassim et al., 1999) in certain arcas where
specific hydrogeological and bacteriological conditions should be available.

The Fat'ha Formation was deposited in a cyclic fashion of mud rocks, limestone and gypsum
(Bellen et al., 1959). The mud rocks found in the region are exclusively carbonate rich, and
include marls, silty marls and sandy marls. These mud rocks vary in thickness from 0.5 to 7
m. in the upper member of the Fat'ha Formation. Thickness fluctuations are related to
variations in sediment supply to the basin, the duration of deposition and the relatively active
erosion of the source area (Al-Naqib and Aghwan, 1993).
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Figure 1. Tectonic zones and faulting of northern Iraq (after Buday and Jassim, 1987).
[lustrating the occurrence of ninivite along alineament extending from Guwair to Babnet

Methods and materials

Fifteen samples were collected from the studied locality of ninivite located about 25
kilometers south of Mosul City. Ten samples were taken from the center of the alteration
model outwards and five samples from the original (unaltered) marl.

Detailed petrographic observations using scanning electron microscopy of the altered and
unaltered marl samples were done. A Camscan MV 2300 SEM equipped with a calibrated
energy dispersive X-ray analysis system. Mineralogical analysis includes the XRD analysis
of unaltered green and yellow marl as well as of the alteration phases, ninivite, jarosite and
alunite which was performed using D8 Advance (Bruker axs), with Cu-a radiation. Chemical
analysis of the bulk unaltered varicolored marl was made using a Siemens SRS 303 X-ray
fluorescence spectrophotometer, whereas, the chemical composition of ninivite, alunite and
jarosite was performed using atomic absorption spectrophotometer.

RESULTS

1. Mineralogy and geochemistry of unaltered marl

Marl comprises about one third of the lithological components of the Fat'ha Formation
(Middle Miocene) of northwest Iraq. The Fat'ha marl shows various mineralogical and
chemical phases, CaCO; forms about 45% of the marl composition, the rest belong to silica
of both amorphous and crystalline phases as well as the clay minerals.

The studied marl displays variable colors of grey, green and yellow. The yellowish grey marl
is, in some cases, referred to as the basal marl, since it is found at the base of a complete
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rhythmic unit within the Fat'ha Formation (Mustafa, 1980). The contact between this basal
marl and overlying gypsum beds is usually irregular and erosional, whereas with limestone
beds the contact is gradational.

The marls contain large amounts of fossils (gastropods, pelecypods and oysters). Fossil
populations and sizes decrease gradually upwards, accompanied by an increase in the
frequency and size of gypsum nodules. The oysters are brackish-water fauna and the host
sediments are interpreted as having been deposited in subtidal lagoonal setting (Ma’ala et al.,
1988).

Scanning electron images show that the quartz is embedded within calcite cement (Fig. 2A).
The clay mineral assemblage is dominated by palygorskite illite and kaolinite (Fig. 2B-D).
The dominance of palygorskite in the claystones of the Fatha Formation may reflect the
gradual conversion of this mineral from smectite in restricted, evaporitic lagoonal conditions
(the major environment in the Fat'ha Formation).

Figure 2. SEM images for the original unaltered yellow marl of the Fat'ha Formation,
A: quartz (Q) embedded in carbonates with platy illite (1) clay mineral
B: palygorskite in carbonate groundmass (arrows),
C: hexagonal plates of kaolinite (K) and fibrous palygorskite
D: palygorskite fibers and illite sheets.

The marl is composed of silt-sized quartz and feldspar grains embedded in clayey and
carbonate matrix (Fig. 3). In thin sections, the color of marl is frequently red with dominate
carbonate content as calcite and rare dolomite. The yellow marls have a high CaO and low
Si0, content (Table 1). Other chemical features include the relatively high MgO content in

both green and yellow marl, which may reflect the occurrence of palygorskite as one of the
main clay minerals in the studied marl. Similarly, K,O content marked also the presence of
illite.
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Figure 3. X-ray diffractograms for the bulk samples A- yellow marl; B -green marl showing
different reflections of clay and non-clay minerals in the unaltered marl samples.

Table 1. Chemical composition of unaltered marl showing distribution of major oxides in the
unaltered green and yellow marl of the Fat'ha Formation in the area of study.

. ° Green marl Yellow marl
Oxides % ] 5 3 4

SiO» 52.07 40.31 25.83 35.21
TiO, 0.84 0.63 0.43 0.60
AlLOs 12.31 9.67 6.37 9.95
Fe, 05 6.39 7.22 3.21 6.80
CaO 1.26 13.15 17.85 22.63
MgO 7.56 8.47 12.66 3.12
Na,O 0.49 0.55 0.23 0.30
K,;0 3.28 2.11 1.72 2.54
MnO 0.03 0.10 0.03 0.07
P,05 0.14 0.10 0.11 0.09
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2. Mineralogy and geochemistry of the altered phases

Where H,S-marl interaction took place, ninivite was formed as byproduct of this process in
the center of the alteration body, which is located on the main fractured zone of the H»S
seepage and alunite and jarosite as aureoles and iron oxides precipitate in the rims.
Disseminated carbonates dissolved preferentially and migrated in acid solution and
eventually precipitating secondary gypsum (selenite) is deposited in shrinkage cracks as veins
or as floating crystals in the ninivite (Fig. 4B) as a result of sulfuric acid-marl interaction as
follows:

CaC03 +HQSO4+2HQO—> CaSO4+2H20+H2CO3

Field work reveals that ninivite occurs in semi-circular patches ranging from few meters to
tens of meters in diameter, which are, in some cases; coalesce to elongated bodies up to one
kilometer in length and 10 meters thick. Ninivite is closely associated with alunite and
jarosite during sulphuric acid-marl interaction. Nodules or aggregates of white alunite,
reddish-black iron oxides and ochreous yellow jarosite are common. Pure jarosite is seldom
found on its own, goethite and limonite are weathering products of jarosite. Chemical
composition of the altered phases ninivite, alunite and jarosite is given in Table (2). These
data provide evidence of significant loss of aluminium, iron, calcium, concurrent with
progressive enrichment of silica.

Figure 4. Field observations of the alteration products.
A alteration of marl into ninivite (n), alunite (a) and jarosite (J).
B: Secondary gypsum (selenite) as veinlets (black arrows) and floated crystals (white
arrow). C: ninivite (n) in the center of alteration zone surrounded by violet iron oxides
(ox) with alunite patches (a) and finally by yellow jarosite (J).

DISCUSSION

The structural setting, which includes longitudinal transversal fault trending in NW-SE
direction and approximately extending along the Tigris River appear from Guwair anticline
passing through Mosul and further towards NW until Babnet near Mosul Dam Lake (Fig. 1).
In addition, there are hundreds of seepages along this lineament, which served as suitable
geochemical environment to produce ninivite and related minerals as acidification products,
alunite, jarosite, iron oxides and floated crystals of selenite (Fig. 4). Although the main
geological formations embracing ninivite is the Fat'ha Formation, ninivite occurs as patches

61



Al-Juboury, Ali Ismail, et. al., Journal of the Association of Arab Universities for Basic and Applied Sciences, Vol. 2, 2006, 57-71

in Injana Formation and even found within Tigris river terraces, which depends on
paleoground water and stages of the Tigris River during succeeding periods of river
development (Al-Naqib, 2006).

The studied calcareous claystones are highly affected by pulses of acid sulphate waters,
which are characterized by low pH, high Al and Fe and sulphate concentration (Jajjo, 1999).
H,S gas seepage is probably derived from deep seated oil fields and/or as a byproduct of
sulphur formation, where sulphur was oxidized by Thiobacillus thiooxidans bacteria (Al-
Nagib and Mustafa, 1998) in the presence of water. The H,S mingles with the suspended
water in the vadose zone to produce H,SO4 wet soils aided mostly by action of bacteria
(Jassim and Al-Naqib, 1989).

The evolved gas moved upwards through the extension of the longitudinal basement faults
and the associating fractures, which are aligned in NW-SE direction along with the Tigris
River lineament. This lineament extends from nearby Guwair passing to the NW through
Mosul toward Wana village (near Babnet) SE of Mosul Dam Lake (Fig. 1) and produce acid
solutions that led to the dissolution of calcium carbonates in the calcareous claystone leaving
silica rich rock (ninivite), and hence leaching of Al'* and Fe" to produce both alunite and
jarosite, respectively (Al-Nagqib, 2006).

By continuous exposure of marl that is rich in palygorskite, illite and kaolinite to acid
sulphate water, which is common in the area, this marl is altered, resulting in various mineral
phases. H,SO,4 leaches most elements in the host marls and the released elements, which
include K, Na, Al and Fe, from the clay minerals and iron oxides, are transported laterally
(Aswad et al., 1995). The alteration products include ninivite, alunite and jarosite. This
mineral association is formed in response to a continuous reaction of sulphuric acid (formed
by H,S oxidation above the water table) with clay minerals and carbonates. The alteration
pattern displays zonation with siliceous central part (ninivite) rimmed by alunite and fringed
by jarosite and iron oxides (Fig. 5) (Jassim and Al-Nagqib, 1989).

Other Fe minerals
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calcareous claystones

Jarosite

Land surface
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Figure 5. Model of formation of ninivite and associated minerals illustrating the alteration pattern
displaying zonation with central silica rimmed by alunite and fringed by jarosite and iron oxides.
(Numbered circles are sample locations) (Modified from Jassim and Al-Naqib, 1989).

Ninivite, which is a new form of porcelainite, is a porous silica rich rock, occurs mainly in

isolated irregular shapes as white creamy bleached horizons which may coalesce forming
relatively large bodies. SiO, content may range from 50% to 95% Table (2), and is primarily

62



Al-Juboury, Ali Ismail, et. al., Journal of the Association of Arab Universities for Basic and Applied Sciences, Vol. 2, 2006, 57-71

related to the palaeo-ground water table that existed in the terraces of the Tigris River.
Because of its mode of formation, this rock type may occur in any stratigraphic and structural
position through the whole the Fat'ha Formation and the lower horizons of the overlying
Injana Formation (Al-Nagib and Al-Dabbagh, 1994; Al-Naqib, 2006). Field relations show
that ninivite is associated genetically with alunite [KAl;(SO4)(OH)g], jarosite
[KFe3(SO4)2(0OH)s] and gypsum [CaS04.2H,0].

Table 2. Chemical composition of ninivite, alunite and jarosite, showing the variation in
composition between semi-pure and pure ninivite, and the distribution of major oxides in the
studied alunite and jarosite. Data (average of 10 samples) from Jassim & Al-Nagqib, (1989)
and Aswad et al., (1995), see Fig. 5 for the sample locations.

Oxides % N,l nivite Alunite Jarosite
Semi  pure
SiO, 85.86  95.70 3.09 22.90
TiO, - 0.59 001 -
AlLO3 0.30 0.22 36.25 1.40
Fe, 05 0.12 0.08 0.29 26.90
CaO 4.20 0.98 0.08 1.70
MgO - 0.02 0.07 0.10
Na,O e e 7.19 0.20
KO e e 4.69 9.60
L O T
SO; 3.40 0.07 34.68 23.50
) 1.00 0.10
L.O.L 4.46 220 e e

Scanning electron micrographs revealed the presence of ninivite as dense and large masses of
amorphous silica, as white creamy bodies, mostly vuggy (Fig. 6 A & B). XRD diffraction
pattern shows three modifications of these silica horizons, including opal, cristobalite and
quartz (Aswad et al., 1995). In the present study, most peaks of silica belong to quartz.
Amorphous silica is represented by hump (Fig. 6C), whereas, most peaks belong to quartz.

The investigated alunite is sodium alunite (Table, 2). Hamley et al., (1969) argued that
solutions with very high Na'/K" ratios (10-14:1) are required for alunite formation. The
analysis of water from the springs in the area of study shows an approximate Na'/K" of 10:1
(Aswad et al., 1995). SEM microphotographs showing tiny idiomorphic crystals of this
mineral (Fig. 7, A-B) with an ellipsoidal to rod-shaped bacteria. XRD diffractgram of the
studied alunite is shown in (Fig. 7C), which represents also the coexistence of alunite-jarosite
in the altered marl.

Occurrence of early diagenetic Na-alunite was also described in the Middle Miocene
evaporitic succession from the Sinai at Ras Sudar on the eastern coast of the Gulf of Suez
(Rouchy and Pierre, 1987). There, Na-alunite was developed within cryptalgal sediments,
which end a regressive sedimentary sequence represented by intertidal lithofacies grading to
subtidal lithofacies. The formation of this sodium alunite was related to bacterial sulphate
reduction, followed by the reoxidation of sulphide and production of sulphuric acid which
reacted with clays (Goldberry, 1980) and can be regarded as an analogue to the alunite
formation in the Middle Miocene marl of Irag. The Na-alunite associated with evaporitic
sediments constitutes an accurate indicator of multistep sulphur redox diagenetic reactions
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involving bacterial sulphate reduction followed by organic or inorganic oxidation of sulphide
to sulphur and sulphate (Rouchy and Pierre, 1987).

50 40 30 20 10

2° 0 CuKa

Figure 6. Scanning electron micrographs of the altered marl showing:
(A & B) large masses of amorphous porcelanite (ninivite) as white creamy bodies (black
arrows) and tiny idiomorphic alunite crystals (white arrows).
(C) is the XRD graph of ninivite showing the hump for amorphous ninivite while most
peaks belong to quartz.

Jarosite is formed under highly acidic conditions after all carbonate elimination when pH
lowered to a value of 2-3 (Dauchafour, 1982), and is not stable in water, yielding iron
hydroxides on hydrolysis. Therefore, jarosite occurs with the iron enriched part of the studied
rocks. Jarosite occurs as weak and broad flakes (Fig. 8 A-B). XRD analysis for the jarosite-
rich rock is shown in (Fig. 8, C).
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Figure 7. Scanning electron micrographs showing:
A: masses of white creamy ninivite (N) and tiny crystals of alunite (black arrows) with
ellipsoidal shape of bacteria (white arrow),
B: alunite tiny idiomorphic crystals (arrow) with common jarosite flakes (J),
and C: representative XRD peaks for the studied alunite.
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Figure 8. (A & B): Scanning electron micrographs showing jarosite masses (J),
and C: XRD scan for jarosite- rich rock.
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CONCLUSIONS

The acidification products resulted from marl-H,S interaction in the Middle Miocene Fat'’ha
marl from northern Iraq constitutes important indicator of alterations under low temperature-
pressure conditions. These products were formed in response to a continuous reaction of
sulphuric acid (formed by H,S oxidation above the water table) with the clay minerals and
carbonates. Association of the alteration products alunite and jarosite with silica (ninivite, in
the present study) and their occurrence in exclusively sedimentary sequence of marl,
limestone and gypsum has not been reported elsewhere. The work could give an indication
for both sulphur occurrence and primary prediction for the oil reservoir situation.

ACKNOWLEDGMENT

We would like to thank the Geological Institute of the Bonn University, Germany for
providing access to facilities including the scanning electron microscopy; X-ray diffraction
and X-ray fluorescence. Furthermore, we thank the Geology Department of Mosul
University, Iraq for access to some geochemical analysis of the alteration product phases.

REFERENCES

1. Akai, J., Akai, K., Ito, M., Nakano, S., Maki, Y., and Sasagawa, [. (1999)
“Biologically Induced Iron Ore at Gunma Iron Mine”, Japan. American
Mineralogists, 84: 171-182.

2. Al- Rawi, Y.T., Sayyab, A.S., Jassim, J.A., Tamar-Agha, M.Y., Al-Sammarai, A.I,,
Karim, S.A., Basi, M.A., Dhiab, S.H., Faris, F.M., and Anwar, F. (1993) “New
Names for Some of the Middle Miocene-Pliocene Formations of Iraq” (Fatha,
Injana.Mukdadiya and Bai Hassan formations). Iraqi geological Journal, 25: 1-18.

3. Al-Juboury, A.l., Al-Naqib, S.Q., and Al-Juboury, A.M.S. (2001) “Sedimentology,
Mineralogy and Depositional Environment of the Clastic Units”, Fatha Formation
(Middle Miocene), South of Mosul, Iraq, Dirasat, (Pure and Applied Sciences),
Jordan 28 (1): 80-107.

4. Al-Naqib, S.Q. (2006) “New Occurrences of Ninivite”, genesis, field relations, and
their structural and depositional setting in northern Iraq. Tikrit Journal of Science (In
press).

5. Al-Naqib, S.Q., and Aghwan, T.A. (1993) “Sedimentological Study of the Clastic
Units of the Lower Fars Formation™. Iraqi Geological Journal, 26: 108-121.,

6. Al-Nagib, S.Q., and Al-Dabbagh, Th.H. (1994) “Sinkhole Occurrence in Hammam
Al-Alil Anticline”, northern Iraq. Iraqi Journal of Water Resources, 13: 22-29.

7. Al-Naqgib, S.Q., and Mustafa, M.H. (1998) “Preparation of New Material from
Montmorillonite-smectite Clay Minerals Used in; a- Bad Odour Removal from
Refrigerators, Deep Freezers and Food Stuff Stores. b- Colours Stains Removal from
Floors of Mosaic, Marble, etc.”, Patent No. 2710 in 20/4/1998, Iraqi classification (3),
International classification, CO1 B33/20, A47L 13/10, 23p.

8. Aswad, K.J., Amin, M.A., and Al-Nagqib, S.Q. (1995) “Marl- H,S Interaction Under
Surficial Oxidizing Conditions”. Dirasat (Pure and Applied Sciences), Jordan, 22(6):
1541-1561.

9. Bellen, R.C., Van, Dunnington, H.V., Wetzel, R., and Morton, D. (1959) “Lexique
Stratigraphique International”, Asie, Fasc 10a, Iraq, Paris.

10. Bigham, J.M., and Nordstrom, D.K. (2000) “Iron and Aluminium Hydroxysulfates
from Acid Sulfate Waters”. In: Sulfate Minerals, Crystallography, Geochemistry and
Environmental Significance. Alpers, C.N. Jamboc J.I. and Nordstrom, D.K. (eds.)
Reviews in Mineralogy and Geochemistry, Mineralogical society of America,
Washington, D.C. pp. 315-403.

67



Al-Juboury, Ali Ismail, et. al., Journal of the Association of Arab Universities for Basic and Applied Sciences, Vol. 2, 2006, 57-71

11. Bigham, J.M., Schwertmann, U., Carlson, L., and Murad, E. (1990) “A Poorly
Crystallized Oxyhydroxysulfate of Iron Formed by Bacterial Oxidation of Fe (II) in
Acid Mine Waters”. Geochimica et Cosmochimica Acta, 54: 2743-2758.

12. Brady, K.S., Bigham, J.M., Jaynes, W.F., and Logan, T.J. (1986) “Influence of
Sulfate on Fe-oxide Formation: Compositions with a Stream Receiving Acid Mine
Drainage”. Clays and Clay Minerals, 34: 266-274.

13. Buday, T., and Jassim, S.Z. (1987) “The Regional Geology of Iraq”, Vol.2,
Tectonism, Magmatism and Metamorphism. Publication of the Geological Survey of
Iraq.

14. Dauchafour, P. (1982) “Pedology”, George Allen and Unwin, London.

15. Ferris, F.G., Beveridge, T.J., and Fyfe, W.S. (1986) “Iron-silica Crystalline
Nucleation by Bacteria in Geothermal Sediment”. Nature, 320: 609-611.

16. Goldberry, R. (1980) “Early Diagenetic Na-alunites in Miocene Algal mat Intertidal
Facies”, Ras Sudar, Sinai. Sedimentology, 27: 169-198.

17. Hamley, I.J., Hostetler, P.B., Gude, A.J., and Mountjoy, W.T. (1969) “Some Stability
Relations of Alunite”, Economic Geology, 64: 599-612.

18. Jajjo, M.M. (1999) “Mineralogical and Geochemical Characteristics of Acid Sulfate
Alteration of Fatha Formation (Middle Miocene)”, south of Mosul city, northern Iraq.
M.Sc. Thesis, Mosul University, Iraq.

19. Jassim, S.Z., and Al-Naqib, S.Q. (1989) “Ninivite: A New Form of Porcelainite and
the Associated Alunite and Jarosite Minerals”. A suite related to sulphuric acid
seepage south of Mosul, Northern Iraq. Journal of the Geological Society of Iraq,
22(1): 112-122.

20. Jassim, S.Z., Raiswell, R., and Bottrell, S.H. (1999) “Genesis of Middle Miocene
Stratabound Sulphur Deposits of Northern Iraq”. Journal of the Geological Society,
London, 156: 25-39.

21. Kawano, M., and Tomita, K. (2001) “Bacterial Formation of Silicate Minerals in the
Weathering Environments”. In: Proceeding of the 10" International Symposium on
Water —Rock Interaction, Cidu, R. (ed.) Balkema Publishers, Netherlands, pp. 1445-
1448.

22, Kittrick, J.A., Fanning, D.S., and Hossner, L.R. (1982) “Acid Sulfate Weathering,
Soil Science Society of America”, Wisconsin.

23. Konhauser, K.O., Fyfe, W.S., Ferris, F.G., and Beveridge, T.J. (1993) “Metal
Sorption and Mineral Precipitation by Bacteria in Two Amazonian River Systems”,
Rio Solimoes and Rio Negro, Brazil. Geology, 21: 1103-1106.

24. Ma’ala, K.A., Mahdi, S.F., Al-Nagib, S.Q., and Lawa, F.A. (1988) “Detailed
Geological Mapping of Mosul-Fatha Area for Sulphur Exploration”. E.G. of Geol.
Surv. And Miner. Investigation.

25. Mustafa, A.A.M. (1980) “Sedimentological Studies of the Lower Fars Formation in
the Sinjar Basin, Iraq”. M.Sc. Thesis, Mosul University, Iraq.

26. Numan, N.M.S. (1984) “Basement Controls of Stratigraphic Sequences and Structural
Patterns in Iraq”. Journal of the Geological Society of Iraq, 16: 8-24.

27. Numan, N.M.S. (1997) “A Plate Tectonic Scenario for the Phanerozoic Succession in
Iraq”. Iragi Geological Journal, 30: 85-110.

28. Rouchy, JM., and Pierre, C. (1987) “Authigenic Natroalunite in Middle Miocene
Evaporites from the Gulf of Suez (Gemsa, Egypt)”. Sedimentology, 34: 807-812.

29. Schwertmann, U., Bigham, J.M., and Murad, E. (1995). “The First Occurrence of
Schwertmannite in a Natural Stream Environment”. European Journal of Mineralogy,
7: 547-552.

68



Al-Juboury, Ali Ismail, et. al., Journal of the Association of Arab Universities for Basic and Applied Sciences, Vol. 2, 2006, 57-71

30. Webster, J.C., Swedlund, P.J., and Webster, K.S. (1996) “Trace Metal Adsorption
onto Acid Mine Drainage Iron (II) Oxyhydroxy Sulfate”. Environmental Science and
Technology, 22 (10): 1361-1368.

31. Willett, I.R., Crockford, R.H., and Milnes, A.R. (1992) “Transformations of lron,
Manganese and Aluminium During Oxidation of a Sulfidic Material from an Acid
Sulfate Soil”. In: Biomineralization, Processes of Iron and Manganese. Modern and
Ancient Environments, Skinner, H.C.W. Fitzpatrick, R.W. (eds.) Catena, Verlag,
Germany, pp. 263-286.

69



Al-Juboury, Ali Ismail, et. al., Journal of the Association of Arab Universities for Basic and Applied Sciences, Vol. 2, 2006, 57-71

doadan) cad dpdaaal) cIS LY @\ﬂ@%}ﬁj@“h\)d
ol Jlad (A Sl g sl g i sl g culduind

"Gl age Bl 2 5 @il anld Al o) sall daeland e

Gl (o gall daala cdyilall 2 ) gall g 3 gaudl &.\j;.\)S)AJr
5l e 5 R e ) A il s o sl o

Uadlal)
0S5 Alee maa il Ll ) phm e Aliasll s Agandl 5 281 2 5 il Qs e d3c 5] ya)
asla aa yaiua Jeli jha e dga gy Gaadiial licall g5 ) pall il coad Jadll il 0
O A ) Dl sSall il Lo (s WS dal) el J el e S5 iy S
o) saally il yadiall Hdia ) ALaYL G el Jlad (8 (das 5V (s salall) daidl) 0 63
feo e S e Aol € (50 O Al m e Bl s Jalil) O3 ey
S35 Ly S0 st )5S0 s pated) i 5 e 82T st LS iy S5 sl )y
s Jolall ) gaim ae adlall s Jeldi die 5 (Thiobacillus) & 55 (e LSl 3 sy il
ol gall) Jha puabiall e 2SI IR o oulid 550 5 YY) Jie dilal) Goladl) Giansy Sl
(K¥Y c_\.\uzad_p;.l;\_u\s‘ UAL@B“):\I_AJJJI_AM J}MUA(?M&U.LJM\ ‘e):\ld\)_” ceﬁdjgal\
it sha el GOl ) siia (B bl (e (5 smn 4pd as (S gealiall el AN
Gl Jlall Ganad G o3 Coli g Gane (5S8R gl Leatly il BLad S e A ISl
Iy ol 35 pal pan (Cufleall) (5 L Gl () 5 LS Al b agaall 2l ) oS5 1 el

utanl) Jads Adls <l ol

70





