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The Koprubasi uranium deposit is the largest known uranium deposits in Turkey. Uraniummineralization
is hosted in Neogene fluvial sediments that consist of predominantly sandstone and conglomerate inter-
layered with siltstone, claystone and mudstone. Sediments were primarily derived from metamorphic
rocks adjacent to the basins of deposition, with some volcanic contribution in the form of tuffs. The sand-
stones and conglomerates are the most widespread sediments within the study area and host the major-
ity of the U ore.
X-ray diffraction (XRD) and scanning electron microscopy (SEM) with energy-dispersive X-ray spec-

troscopy (EDX) analysis were used to identify the ore and associated minerals. The uranium ore minerals
of the host sedimentary rocks are torbernite, meta-torbernite and meta-autunite. These coexist with jar-
osite, various clays (chlorite/kaolinite, illite, and smectite), and Fe- and Mn-(hydr) oxides with minor tita-
nium oxide. Additionally, quartz, feldspars and a minor amount of mica (muscovite and biotite) are the
main primary minerals in the sedimentary rocks.
The uranyl phosphates coat the surfaces of pebbles and somemineral grains, fill cracks, and are dissem-

inated within the pores of the host sedimentary rocks. Uranyl phosphates are commonly associated with
Fe-(hydr) oxides and clays, although some were observed in millimeter- or centimeter wide gaps within
Koprubasi sediments. Oxides of manganese are also locally abundant and associated with uranyl phos-
phates.
The uranyl phosphates in the sediments of the Koprubasi area most likely formed when oxidizing

groundwater moved through the host rock. The common association of uranyl phosphates with Fe-
(hydr) oxides and clays suggests that the precipitation of uranyl phosphate minerals is mainly due to
adsorption of the uranyl and phosphate to the surface of Fe-(hydr) oxides and clays.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Koprubasi is located 120 km northeast of Manisa in western
Turkey (Fig. 1). It has a typical Mediterranean climate with hot
and dry summers, and mild and rainy winters. Uranium explo-
ration in the Koprubasi area commenced in 1957 under the Gen-
eral Directorate of Mineral Research and Exploration of Turkey
(MTA), which led to discovery of the Koprubasi uranium deposit
in 1961 (Manisa) as a result of aerial and ground surveys.

Since the discovery of the Koprubasi uranium deposit, limited
studies have been conducted to evaluate the geology, mineralogy,
origin, and reserves of uranium (Maden Tetkik Arama, 1976;
Yılmaz, 1982). Although the presence of some uranyl minerals is
suggested by Maden Tetkik Arama (1976), there has been no char-
acterization of the uranium and associated minerals and their rela-
tionships. Also, the coexistence of uranium minerals with Fe-and
Mn-(hydr) oxides, clays and titanium oxides has not been previ-
ously recognized in the Koprubasi uranium deposit.

The aim of our study is to characterize the mineralogy of the
Koprubasi (Manisa) uranium deposit and to examine the effect of
Fe-(hydr) oxides and clays on the precipitation of uranyl phos-
phates. To our knowledge, this study is the first investigation
reporting uranium phosphate minerals associated with Fe-(hydr)
oxides (like goethite) and clays in this deposit.
2. Geological setting

Koprubasi is a district within the Manisa Province in the Aegean
region of Turkey. The lithological units exposed at Koprubasi
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Fig. 1. Location map of the study area.
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(Manisa) and nearby consist of metamorphic and sedimentary
rocks. The basement metamorphic rocks are mainly banded and
biotite gneisses belonging to Menderes Massif. The banded gneiss
contains pegmatite dykes and quartz veins. The metamorphic
rocks are overlain unconformably by Neogene sedimentary rocks
consisting of, from bottom to top, fluvial and lacustrine sedimen-
tary rocks. Neogene fluvial sedimentary rocks consist predomi-
nantly of sandstone and conglomerate interlayered with
siltstone, claystone and mudstone. They are also interbedded with
acidic tuffs and silicified stratum in some areas. Neogene fluvial
sedimentary rocks are overlain by lacustrine sedimentary rocks
that cover a small portion of the southern part of the study area
that is well exposed at Tulluce. These combine mudstone, marl,
siltstone and limestones, and the contact between lacustrine and
fluvial sedimentary rocks is gradational (Maden Tetkik Arama,
1976; Yılmaz, 1982).

3. Samples and analytical techniques

Uranium mineralization occurs in various localities around the
Koprubasi area (Maden Tetkik Arama, 1976). Therefore, radiomet-
ric measurements with a geiger counter was done while travelling
by foot, principally around the Koprubasi area. The strongest
radioactivities were detected at the Kasar, Ecinlitas, Topalli, Cet-
inbas, Ugurlu and Kayran areas. Hence, this study is focused on
these areas (Fig. 2).
All samples were collected from outcrops. A portion of each
sample was crushed and pulverized for subsequent chemical anal-
yses, and a piece of each sample was retained for detailed miner-
alogical and petrologic studies. The textures of some sediment
samples were examined in polished thin sections and in polished
epoxy mounts. The mineralogy of sediment samples was deter-
mined by powder X-ray diffraction (XRD) using a Rigaku D/Max-
2200 Ultima+/PC diffractometer (at the Turkish Petroleum Corpora-
tion in Turkey) and a Bruker Davinci diffractometer (at the Univer-
sity of Notre Dame in the USA). Diffraction data were collected
from randomly oriented powders. The powder specimen was
packed into the cavity of the glass sample holder and then its sur-
face was smoothed with another glass slide. The scans were con-
ducted from 2 to 70� at 0.02�2h step size and 1 s per step data
collection time using Cu Ka X-radiation. Additionally, where weak
reflections were observed using the previously stated scan rate,
additional scans were collected at 10 s per step to increase the sig-
nal to noise ratio.

A JEOL-JSM 6060 (at Dokuz Eylul University in Turkey) and EVO
50 LEO SEM and FEI-MAGELLAN 400 FESEM (at University of Notre
Dame in the USA) scanning electron microscope (SEM) equipped
with an energy-dispersive X-ray spectrometer (EDX) were used
to characterize uranium and associated mineral morphologies.
Samples for SEM-EDX analysis were prepared by adhering sedi-
ment samples with freshly broken surfaces onto an aluminum stub
with double-sided carbon tape, with each sample also coated with



Fig. 2. Geological map of the study area (modified from Maden Tetkik Arama, 1976 and Yılmaz, 1982) showing uranium mineralization.
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Au. Backscattered-electron imaging (BSE) and elemental mapping
using the SEM were also applied to the samples.
4. Host rock

The uranium deposits occur in Neogene fluvial sedimentary
rocks that unconformably overlie basement metamorphic rocks.
The primary source of these sediments is banded and biotite
gneisses. Gneiss composed mostly of mica (biotite and muscovite),
feldspar, quartz, chlorite/kaolinite and illite with a lesser amount
of jarosite. Apatite, zircon, ilmenite, pyrite, titanite and rutile are
also present as accessory minerals. Apatite is a common accessory
mineral and is generally associated with and surrounded by biotite.

The sandstones and conglomerates are the most widespread
sedimentary rocks within the study area and host the majority of
the U ore minerals. The colors of sandstone and conglomerate
are quite variable. They are generally yellowish brown, reddish
brown or greenish grey with lesser brown-black colors. The green-
ish grey sandstones contain higher amounts of mica and clay.
However, pale yellow areas occur in some greenish grey sandstone
that are the product of Fe2+-bearing sulfide oxidation.

The chief mineralogical constituents of the sandstone and con-
glomerate are quartz, feldspar, micas (biotite and muscovite),
clays, Fe-(hydr) oxides and metamorphic rock fragments. The rock
fragments consist mainly of gneiss with lesser tuff. They are
cemented by iron oxides and silica or clays. Quartz is the most
abundant detrital mineral in the sandstone and conglomerate.
Fig. 3. A representative XRD pat
The detrital grains are angular to subangular in shape. Size sorting
of the detrital grain is generally poor, indicating rapid deposition.
Most of the muscovite grains are fresh, only rarely altered to illite.
Biotite is partly or completely altered to chlorite. Feldspar is partly
altered to illite, kaolinite and smectite. The ferric sulfate mineral
jarosite (KFe3(SO4)2(OH)6) occurs in pale yellow patches in some
sandstone.

The XRD studies show that the most abundant minerals in the
uranium-hosted sandstone and conglomerate are quartz, feldspar,
chlorite/kaolinite, jarosite, mica (muscovite/biotite/illite) and
smectite (Fig. 3). On the other hand, no significant differences were
found between the sandstone and conglomerate mineralogy.
5. Results and discussion

5.1. Uranyl phosphates

The majority of the U-mineralization in the Koprubasi sedi-
ments occurs within the sandstones and conglomerates interlay-
ered with mudstone, claystone, and siltstone. Macroscopic
uranium minerals can be easily located as they are faint green
and greenish-yellow grains within the conglomerate and sand-
stone. In these, the U minerals generally coat the surfaces of indi-
vidual silicate grains, filling cracks and voids. In addition,
microscopic U ore minerals can be identified by using ultraviolet
light, and are disseminated in the pores of the conglomerate and
sandstone. Torbernite, meta-torbernite and meta-autunite are the
tern of sandstone host-rock.



106 H. Kacmaz, P.C. Burns /Ore Geology Reviews 84 (2017) 102–115
only uranyl phosphates identified by XRD in sediments of the
Koprubasi area (Fig. 4). The occurrence of autunite and torbernite
is the second reported in a Koprubasi uranium deposit. In contrast
to the previous brief descriptions of these minerals by Maden
Tetkik Arama (1976), the identification of these minerals in the
present work is based on analytical evidence including XRD and
SEM-EDS.
5.1.1. Meta-autunite (calcium uranyl phosphate)
Meta-autunite, Ca[(UO2)(PO4)]2�2-6H2O, is the most abundant

uranyl mineral in the Koprubasi area. Identification of meta-
autunite in Koprubasi sediments is based on XRD data and is sup-
ported by SEM/EDX spectra. It also shows brilliant greenish-yellow
color under ultraviolet light. Meta-autunite occurs as damaged
tabular square crystals and also in micaceous and foliated mor-
phologies as shown in Fig. 5a. SEM and EDX spectra (marked with
circle 1) showing the major elements of meta-autunite (Ca, U, P, O)
with additional K (Fig. 5b). Quartz (marked with circle 2) was also
observed as a dark grey phase surrounding meta-autunite.
5.1.2. Torbernite/meta-torbernite (copper uranyl phosphate)
The chemical formula Cu[(UO2)(PO4)]2�8-12H2O of torbernite/

meta-torbernite is similar to that of autunite, but Cu2+ replaces
Ca2+ (Locock and Burns, 2003). Identification of torbernite/meta-
torbernite (lighter areas in Fig. 6a) in the Koprubasi sediments is
based on XRD analysis and is supported by SEM examination. Tor-
bernite grains can be seen in the center of Fig. 6a and are flat and
Fig. 4. Powder XRD pattern of sediments represent
square crystals (Fig. 6b). The EDX analysis (marked with circle 1)
in Fig. 6b reveals primarily Cu, U, P and O with minor Mg (Fig. 6c).
Meta-torbernite is a dehydration product of torbernite. Therefore,
based on the SEM image in Fig. 6a (see arrows), we suggest that
some torbernite decomposition to meta-torbernite has occurred.
5.2. Associated minerals

Uranyl phosphates coexist with jarosite, Fe and Mn-(hydr) oxi-
des, clays and titanium oxides, but their coexistence with jarosite,
Fe-(hydr) oxides and clays constitutes the most common associa-
tions in the Koprubasi sediments.
5.2.1. Jarosite
Jarosite is a secondary sulfate mineral. It forms under acidic,

oxidizing conditions and is commonly associated with the weath-
ering of sulfide minerals (Stoffregen et al., 2000).

Jarosite was identified in most of sediment samples of Kopru-
basi. Identification of jarosite is based on XRD and SEM studies
(white arrows in Fig. 7a) and is substantiated by the cubic mor-
phology (Fig. 7b) and EDX spectrum of circle 1 (in Fig. 7b) contain-
ing the major elements of jarosite (K, Fe, S and O with additional
minor amounts of Si, Al and Mg). The presence of jarosite is an indi-
cator of acidic, oxidizing environment and sulfide-bearing minerals
in Koprubasi area. Jarosite has also been found in the some of
outcropping gneiss by XRD analysis, was also reported by
Kacmaz (2007).
ing uranium mineralization for Koprubasi area.



Fig. 5. (a) Backscattered electron image (BSE) of meta-autunite (white region), (b) EDX spectrum of the area marked with circle 1.
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5.2.2. Fe-(hydr) oxides
In natural environments, the iron oxides exhibit different min-

eral phases, ranging from poorly crystalline nanophases such as 2-
line ferrihydrite to coarsely crystalline phases such as goethite and
hematite (Cornell and Schwertmann, 2003).

Fe-(hydr) oxides are the most common authigenic minerals in
the Koprubasi sediments. The yellowish brown, reddish brown or
brown-black colour of some sediment in the Koprubasi area points
to the presence of iron (hydr) oxides. This suggestion is consistent
with the high iron content of these sediments reported by Kacmaz
(2007), some of which contain up to 18 wt.% total iron expressed as
Fe2O3. However, the individual iron (hydr) oxide minerals were
rarely identified by XRD in Koprubasi sediments due to the mixture
of other mineral species.

SEM examinations showed that meta-autunite is commonly
associated with Fe-(hydr) oxides in the Koprubasi sediments (black
arrows in Fig. 8). These Fe-(hydr) oxides were identified by means
of their reniform morphology (white arrows) and EDX analysis
showing Fe and O as dominant elements. The prominent Si,
together with minor Al, K and Ca in the EDX spectrum, may arise
from the iron (hydr) oxide absorbing these elements on its surface.
Although its morphology and EDX spectrum suggest that this min-
eral is a Fe-(hydr) oxide (probably goethite), no diagnostic XRD
peaks for this mineral were observed for this sample.

However, goethite was observed with meta-autunite in the
Ecinlitas area. Goethite is the only iron oxide mineral detected by
XRD from Koprubasi. It was also identified by ore microscopy (G
in Fig. 9a). According to Mohapatra et al. (2008), goethite having
a reniform morphology represents the first-formed goethite pre-
cipitated from iron-enriched fluid at low temperature. It also con-
tains silica and alumina. Therefore, it likely formed by the
oxidation of dissolved ferrous iron in groundwater as it moved
through the host rock. On the other hand, goethite, which was
observed by XRD and ore microscopy in the Ecinlitas area, was
not identified by SEM examination. Colloform goethite is inter-
sected by Mn-(hydr) oxide (Fig. 9b). This indicates that goethite



Fig. 6. (a) Backscattered electron (BSE) images of torbernite/meta-torbernite, (b) A close up view of the Fig. 6a center, (c) EDX spectrum of circle 1 in Fig. 6b.

Fig. 7. (a) K-jarosite crystals (arrows) together with meta-autunite (lighter parts), (b) magnified view of dashed circle in Fig. 7a (c) EDX spectrum of the cubic crystal marked
with circle 1.
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formed before Mn-(hydr) oxide. Hence, the lack of goethite under
SEM observation can be explained by Mn-(hydr) oxide coating
the goethite substrate.

Additional data for goethite a surface coating of under man-
ganese (hydr) oxide was obtained from elemental distribution
maps of this sample (Fig. 10) which showed that iron (red) and
manganese (orange) are enriched in same surface areas.
Fig. 8. (a) Backscattered electron (BSE) images showing the reniform iron oxyhy-
droxide (white arrows) associated with meta-autunite (black arrows), (b) close-up
view of the iron (hydr) oxide morphology.

Fig. 9. (a) Goethite (G) in colloform texture, (b) Mn-(hydr) oxides (Mn) wit
The presence of Fe and Mn-(hydro) oxides imply that an oxidiz-
ing environment prevailed at the time of formation of the sedimen-
tary deposit. Dissolved forms of iron (II) and manganese (II) are
generally present in high concentrations in sediments and unoxic
waters. But under oxic conditions, Fe2+ is quite rapidly oxidized.
By contrast, the oxidation of Mn2+ is relatively slower than Fe2+

(Giblin, 2009). This probably allows for precipitation of manganese
oxide on goethite surfaces as stated above.
5.2.3. Mn-(hydr) oxide
Mn-(hydr) oxide, which was not been detected by XRD, was

observed to coexist with meta-autunite (white regions) in the Ecin-
litas area of Koprubasi (Fig. 11a). Close inspection at higher magni-
fications (dashed square) confirms a botryoidal morphology on the
surface (Fig. 11b). This crystalline habit and the EDX analysis
(white circle) yielding manganese and oxygen suggest that this
mineral is Mn-(hydr) oxide (maybe pyrolusite). In addition to the
dominant Mn and O peaks in the EDX spectrum, the existence of
minor amounts of Co, Ni, Cu, Ba, Ca, K, U, S, P, Si, and Al (Fig. 11c)
is probably due to high sorption capacity of Mn oxide for these ele-
ments (Kabata Pendias, 2011; Miller et al., 2012).

The lack of diagnostic peaks of Mn-(hydr) oxides in the XRD
patterns indicates that Mn-(hydr) oxides, if present, are not abun-
dant, or are perhaps amorphous. Likewise, the manganese content
of the sedimentary rocks, stated by Kacmaz (2007), is generally low
to medium grade (0.01–0.1 MnO wt.%). Nevertheless, samples from
the Ecinlitas area have higher MnO values up to 0.76 wt.%. More-
over, a sample from the highest Mn-containing sediment sample
that also contains high iron has elevated uranium content (approx-
imately 1 wt.%).
5.2.4. Clays
Uranium associated with clay minerals has been described in

various geologic environments. For example, Beaufort et al.
(2005) reported a close association between chloritization and ura-
nium in the unconformity-type uranium deposit in the East Alliga-
tor rivers uranium field. Similarly, Wilson and Kyser (1987) noted
uranium mineralization is associated with chlorite and illite and
kaolinite in the Key Lake Uranium Deposit, Canada.

Examination of some samples under ultraviolet light revealed
disseminated uranium minerals in pore spaces of the sandstones.
XRD data confirm that this fluorescent mineral is meta-autunite
and that it is commonly disseminated throughout a sandstone
matrix containing mostly feldspar, quartz, mica, jarosite and clay
minerals. XRD patterns of these sandstones usually show reflection
at ca. 10 and 7.2 Å, corresponding to muscovite/illite/biotite and
chlorite/kaolinite, respectively. Some samples from the mudstone
h early-formed colloform goethite (reflected light of polished section).



Fig. 10. X-ray elemental map of the selected sample shows the elemental distribution of Ca, U, P, K, Mn, and Fe in selected BSE image. Fig. 10 also confirms goethite with
manganese (hydr) oxide in this sample.
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and conglomerate display a broad diffraction peak in the vicinity of
15 Å due to either smectite or chlorite.

SEM observations of sandstone reveal that meta-autunite is dis-
seminated at the micron scale (bright areas in Fig. 12a), occurring
parallel to the cleavage planes of partially degraded biotite as
shown in Fig. 12b. Identification of biotite (probably chloritized
biotite) is based on its morphology and EDX spectrum containing
the major elements of biotite (Si, Al, Mg, K and Fe). Likewise, the
conversion of biotite to chlorite observed here is also clearly seen
by polarizing microscopy in investigated samples (Kacmaz,
2007). Similar uranium enrichment in the partially weathered bio-
tite was reported by Ryan and O’ Beirne-Ryan (2006) in arkosic
sandstone of the Horton Group near Windsor, Nova Scotia, Canada.

Microcrystalline meta-autunite was observed within the clay-
rich sandstone matrix (brightest grain about 10 lm width in
Fig. 13a). EDX spectra corresponding to the white circles in Fig. 13a
show that the matrix where Si, Al, Fe, K andMg exist (Fig. 13b) con-
tains a high percentage of iron oxide. Therefore, based on the EDX
data, we can suggest that these minerals are iron-rich clays (possi-
bly chlorite). The white arrows in Fig. 13a indicate pseudo-cubic
crystals of jarosite.

Moreover, illite flakes were observed as a grey phase surround-
ing meta-autunite (white region in Fig. 14a) within mudstone.
Identification of illite is based on its morphology (Fig. 14b) and
the EDX spectrum (Fig. 14c) showing the major elements of illite
(Si, Al and K with a minor amount of Fe). Semi-quantitative spectra
obtained from white crystals (in Fig. 14a) clearly indicate Ca, U and
P (meta-autunite) with trace amount of Al and Si.

Kaolinite was also observed to coexist with meta-autunite
(white region in Fig. 15a) in the same sample. Identification of
the kaolinite is based on its morphology (Fig. 15b) and EDX analy-
sis (Fig. 15c) which shows the major elements of kaolinite (Si, Al, Fe
and organic C with minor amounts of K, Ca and Na). Its high iron
content could be explained by some of the Al cations substituted
by Fe ions as stated by Bauluz et al. (2008) for kaolinite from Alba-
nian sedimentary deposit of the Southern Iberian Range (Spain).
Minor amounts of K, Ca, and Na, perhaps due to interference by
illite or smectite, were seen in this sample.

Kaolinite and illite in the matrix of the mudstone are probably
due to weathering of either micas (biotite, muscovite) or K-
feldspar in the Koprubasi area.
5.2.5. Titanium oxides
Titanium oxides present another association with uranium in

the Koprubasi sediments. Their coexistence with uranyl phos-



Fig. 11. (a) Backscattered electron (BSE) images showing meta-autunite (light areas) with Mn-(hydr) oxides (dark areas), (b) Magnified view of dashed square showing
characteristic botryoidal morphology, (c) EDX spectrum showing the composition of the bubble (white circle).
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phates was observed in mudstones comprised of a clay-rich matrix
(kaolinite and illite).

SEM examination of samples shows that small titanium oxide
grains are concentrated on and around meta-autunite crystals
(white region in Fig. 16a) in the clay rich matrix. The grains have
diameters less than 1 lm, making it difficult to isolate them using
EDX analysis. However, the EDX spectrum of multiple grains
(dashed circle in Fig. 16b) reveals Ti as the major element with
trace amounts of Fe, Ca, Si, Al and K (Fig. 16c) that are probably sig-
nals from underlying minerals. The surface of the meta-autunite is
coated with titanium oxide grains (all small grains in Fig. 16b). The
appearance of titanium oxides on meta-autunite indicates that
titanium oxides formed later than meta-autunite. Here, titanium
oxide grains (uncertain composition) probably occurred due to
intense weathering of titanium-containing minerals (either of
rutile, ilmenite or micas) in the host rock. Jarosite peaks were
not detected by XRD for this sample, although its crystalline habit
and the EDX spectrum suggest that cubic minerals are jarosite
(white arrows in Fig. 16a).
5.3. Effect of Fe-(hydr) oxides and clays on the precipitation of uranyl
phosphates

Uranium is present in oxidizing groundwater as the uranyl spe-
cies (UO2

2+), which tends to be an uncomplexed form at low pH val-
ues (Vandenhove et al., 2010). At higher pH, the U(VI) ion forms
very stable complexes with some of the major constituents dis-
solved in natural water such as carbonate, sulfate and phosphate.
If the activity of the dissolved complex is high, uranyl minerals
can directly precipitate from groundwater (Finch and Murakami,
1999).

The uranyl ion can be adsorbed from solution by iron hydrox-
ides and clays (Kovačević et al., 2009; Haglund, 1972; Ames
et al., 1982; Duff et al., 2002) and this is an important mechanism
for precipitation of uranium in natural environment. The two most
important factors influencing the adsorption of U(VI) are pH and
dissolved carbonate concentration (Muto et al., 1965; USEPA,
1999). According to Dall’aglio et al. (1974) the reaching of high U
(VI) activity in circulating water due to low concentration of the



Fig. 12. (a) Disseminated meta-autunite microcrystals (bright areas) in sandstone,
(b) Enlarged view of one of bright areas in Fig. 12a indicating that disseminated
meta-autunite occurs in partially degraded biotite boundary.

Fig. 13. (a) Backscattered electron image of meta-autunite (brightest grain)
associated with jarosite (pseudo-cubic crystals) within iron-rich clays, (b) EDX
pattern of the area marked with circle 1.
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carbonate ion which is an effective uranyl complexing ligand.
Because, carbonate ions form highly stable solution complexes
with the uranyl ion and this causes a lowering of the activity of
uranyl ion (Yeh and Tripathi, 1991; Duff and Amrhein, 1996).
Therefore, uranium sorption to iron oxides and clays is extensive
in the absence of dissolved carbonate, as demonstrated experimen-
tally by Ames et al. (1982). In addition, U(VI) adsorption to iron
oxides typically increases from low to near neutral pH conditions
(Langmuir, 1997).

On the other hand, dissolved phosphate is a common con-
stituent of many groundwaters (Finch and Murakami, 1999) and
it is also an important ligand that affects U(VI) adsorption. Exper-
imental studies by Cheng et al. (2004) and Bachmaf et al. (2008)
indicate that phosphates can enhance U(VI) adsorption onto clays
and Fe (III) oxides (like goethite) by the formation of ternary sur-
face complexes. The work of Munasinghe et al. (2009) showed that
the precipitation of autunite-group minerals occurs rapidly in the
presence of goethite and mica. Murakami et al. (1997) showed
the formation of saléeite (magnesium uranyl phosphate) micro-
crystals on the surface of goethite as a result of local saturation
although bulk groundwater was undersaturated with respect to
this mineral. Recent work by Schindler and Ilton (2013) suggests
that interaction of U-bearing solutions with Fe-hydroxides con-
taining adsorbed phosphate in aquifer can result in the precipita-
tion of autunite group minerals.
Chemical evaluation of present-day groundwater samples from
the oxidizing host rock aquifer of Koprubasi area (Kacmaz and
Nakoman, 2009) revealed that these groundwater are undersatu-
rated with respect to torbernite, autunite and calcite while they
are saturated or supersaturated with respect to hematite, goethite,
muscovite, illite, kaolinite and quartz. In addition, these oxic
groundwaters have low carbonate alkalinity.

Kacmaz and Nakoman (2009) also showed that dissolved Fe
concentration in these groundwater are positively correlated with
both dissolved U(VI) and phosphate concentrations (Fe:U = 0.94
and Fe:PO4

3� = 0.94 respectively).
A minor amount of macroscopic uranyl phosphates was seen

with the naked eye within small gaps of some sediments. In addi-
tion, the widespread appearance of macroscopic and microscopic
uranyl phosphates with Fe-(hydr)oxides (like goethite) and within
clay rich matrices indicate their surface precipitation with both Fe-
(hydr)oxides and clays. Similar mechanisms for uranium phos-
phate formation have been described by Schindler and Ilton
(2013), Schindler et al. (2015), Singh et al. (2010), Singh (2010),
Sato et al. (1997) and Jerden and Sinha (2006).

From the observed data, we suggest that the dominant mecha-
nism for formation of uranyl phosphate minerals in Koprubasi
sediments is adsorption of uranyl and phosphate onto Fe (hydr)
oxides and clays, followed by recrystallization. Hence, the precip-
itation of uranyl phosphates, torbernite, meta-torbernite and
meta-autunite, has mostly occurred along with iron (hydr) oxides



Fig. 14. (a) Backscattered electron image of meta-autunite (white region) and the area around it, (b) Close-up view of dashed rectangle in Fig. 14a, (c) EDX spectrum of area
marked with black circle in Fig. 14b.

Fig. 15. (a) BSE image of meta-autunite (white region) in a clay-rich mudstone matrix, (b) An enlarged view of the dashed rectangular area in Fig. 15a (c) EDX spectrum of the
area marked black circle in Fig. 15b.
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Fig. 16. (a) BSE image of titanium oxide grains on and around meta-autunite in the clay rich matrix of mudstone, (b) An enlarged SEM view of Fig. 16a center, (c) The EDX
spectrum of dashed circle in Fig. 16b.
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and clays. It is also possible that low carbonate alkalinity of
groundwater in the oxidizing host rock aquifer facilitated the
adsorption of U(VI) to the Fe-(hydr) oxides and clays. Significant
positive correlation of dissolved Fe with U and phosphate might
be an indicator of Fe-(hydr) oxides influencing adsorption of U
and P from groundwater.
6. Conclusion

We characterized uranyl phosphates and associated minerals,
and evaluated their paragenetic relationships. The minerals identi-
fied by XRD in sediments are primarily meta-autunite, torbernite,
meta-torbernite, quartz, feldspars, mica (muscovite/biotite), jaro-
site and clays (illite, chlorite/kaolinite, smectite), with a lesser
amount of goethite. Mn-(hydr) oxides and titanium oxides were
not detected by XRD, but were observed either by optical or SEM.

The uraniummineralization is mainly associated with Fe-(hydr)
oxides and clays, although minor Mn-(hydr) oxides also occur with
uranyl phosphates.

The uranyl phosphates were likely formed due to movement of
uranium-bearing oxidizing groundwater into the host sedimentary
rock. Fe-(hydr) oxides and clays are the most important minerals
affecting the precipitation of uranyl phosphates in Koprubasi area.
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