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Environmental monitoring of magnetic iron phases of urban
water reservoir lake sediments (Taiacupeba Lake, metropolitan
region of Sao Paulo, Brazil) by using Mossbauer spectroscopy
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Abstract In the present work, we investigate the
iron oxides and oxyhydroxides behavior and evolu-
tion, related to the geochemical behavior of some
metals, which could be retained as solid phases in the
sediments from an urban water reservoir lake, placed
in Taiagupeba, Great Sdo Paulo, Brazil. These tasks
were performed by the establishment of a procedur-
ing setting for environmental monitoring analysis
through Mossbauer spectroscopy measurements asso-
ciated to hysteresis loops measurements and chemical
analysis [X-ray fluorescence (XRF)]. We inferred the
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possibility of goethite occurrence in broad particle
size distribution (5-50 nm), and related to ferrihy-
drite, and small grain-size hematite (about 8 nm). The
magnetometry results pointed to the paramagnetic/
superparamagnetic behavior of the magnetic phases
present in the samples and also suggested the occur-
rence of small grain-size magnetite. We also verified
the presence of clay minerals related to Fe, as well as
the occurrence of Fe** and/or Fe** in short-range
structural order. Through a straight correlation among
Mossbauer spectra data gained at 7 =77 K and Al-
metal, metal-Fe molar ratios, provided through XRF
data, we found remarkable indications of interference
on meta-stable phases evolution to its final products.
Such results can be pointing for evidences about the
possible isomorphic replacing and/or adsorption of Al
and other metals in goethite and hematite.

Keywords Sediments - Water pollution - Iron-bearing
phases characterization - Mossbauer spectroscopy -
Metropolitan region of Sdo Paulo

Introduction

The problems concerning pollution in hydromorphic
systems are related to the character of dynamic in
ecosystems. Heavy metals are toxic to animals, hu-
mans, and aquatic life and their toxicity, even in trace
quantities have the tendency to be bioaccumulated in
the food chain. In human beings when ingested and
inhaled in excessive amounts, heavy metals can affect
the liver, brain, and lungs, although each metal causes
its own characteristic symptoms. For instance, a large
range is often observed in concentrations of heavy (or
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trace) metals in water column, which shows biotic and/
or abiotic dependence. Human contribution is the main
abiotic factor for heavy metals and pollutants disper-
sion in water systems, as the case of Pb availability,
which is 17 times greater than by natural events (Pet-
rovsky and Ellwood 1999). In contrast, the recom-
mendation for drinking water published by World
Health organization (WHO) present the maximum
acceptable concentration of 0.01 mg/L for lead.

Trace metals are often related to the lower ion
fraction, which is dissolved in water column and rapidly
adsorbed by sediments. As reported by Forstner et al.
(1990), sediments of hydromorphic systems—seas,
rivers, urban water reservoir lakes, and others—are
integrator sites. Sediments can store metals and or-
ganic substances, delivering these materials to the
aquatic biota or the water column, consequently play-
ing an important role on the fate and transport of
metals in such environments (Davis and Upadhyaya
1996; Dong et al. 2001). Therefore, it provides infor-
mation about pollution related to these materials
(Dauvalter and Rognerud 2001). Although some
studies (e.g., Borgmann et al. 2001) indicate that heavy
metals concentrations cannot be evaluated because of
the large variations in trace metal availability in sedi-
ments, other authors (e.g., Trivedi et al. 2001) suggest
that sediments could provide indications, at least of
qualitative nature, concerning the re-availability po-
tential and mobility of these elements. Such indications
could be found, indirectly by different characterization
techniques, through alterations in specified physical-
chemical properties of some compounds, due to the
possibility of interactions related to heavy metals
concentration in soils and sediments.

Hydromorphic systems present hydrogeochemical
conditions for chemical and microbial reactions, which
could be understood through observation of iron-
bearing phase precipitation. Iron compounds have
been extensively studied since such precipitates can
modify the hydraulic integrity in hydromorphic sys-
tems, affecting trends in pH, alkalinity, mineral pre-
cipitation, and microbial activity (Liang et al. 2000).
Several studies have been performed in an attempt to
understand such mechanisms, as well to identify
chemical aspects in such conditions (Blowes et al. 2000;
Liang et al. 2000).

Furthermore, geochemical stability of the heavy
metals, which are detected in the sediments, could be
related to the iron-bearing phases replacing and evo-
lution. Some authors (Oliveira et al. 1996; Imbernon
et al. 1999) reported that metals incorporated to Fe-
phases structure (e.g., Cu, Ni, Co, Zn, and Pb) could
generate distortions in unit cells of these materials.
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There are also indications that occurrence of phos-
phate in sediments decreases ferrihydrite transforma-
tion rates in other crystalline iron oxides, and affects
the physical-chemical characteristics of oxides, which
are made up in these processes (Galvez et al. 1999b).
Ford et al. (1999) also reported that some metals,
which are incorporated or co-precipitated with fer-
rihydrite, could prevent the transformation in its final
crystalline products, as goethite and hematite.

These factors suggest that identification and evalu-
ation of iron-bearing phases in sediments can be
employed as an important application of environmen-
tal geochemistry studies and environmental monitor-
ing. In sediments, iron oxides and oxyhydroxides occur
among the main compounds of the superficial layers of
sediments, and it has been related to the control of
metal availability in aquatic systems (Drodt et al. 1997,
Ford et al. 1999; Van der Zee et al. 2005). Neverthe-
less, some characteristics related to these phases (e.g.,
large range of grain sizes, low crystallinity and high
degree of isomorphic replacement of iron by other
cations, as Al and Ni), generate several problems in
characterization by traditional techniques (e.g., X-ray
diffraction). Such features reveal that development
of characterization studies for the identification of
the iron-bearing phases in sediments has been a chal-
lenge and a request for detailed geochemical investi-
gations. This is important in understanding the
sedimentological settings and, nowadays, there is an
increasing request for employment of combined
characterization techniques, in order to investigate
variations in levels of pollution and the time-depen-
dence of the contamination processes in water urban
supply systems.

In this work, we will present and discuss Mdssbauer
spectroscopy (MS) results, and complementary data
provided by X-ray fluorescence (XRF) and hysteresis
loops related to ground water sediments samples from
an urban water reservoir lake, placed in Taiagupeba,
Metropolitan Region of Sdo Paulo, Brazil (MRSP).
Such reservoir contributes to the Alto Tieté System,
and its watershed is being under intense pressure due
to urban expansion (Braga et al. 2006). The aim of this
study is to investigate the iron oxides and oxyhydrox-
ides behavior and evolution, related to the geochemical
behavior of trace metals, which are present in the
sediments.

Sampling location—Taiacupeba urban supply lake

Taiagcupeba urban water reservoir lake (Fig. 1), with
19.36 km*> and volume of 88 x 10°m? is placed
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Fig. 1 Taiagupeba urban water reservoir lake, showing sampling locations and tributary rivers disposition

between Suzano and Mogi das Cruzes cities, in the
state of Sdo Paulo, southeastern Brazil. As briefly
discussed above, such reservoir is one of constituent of
Alto Tieté System, which supplies 10 m%*s to the
MRSP, and can support further expansion up to 15 m*/s
(Braga et al. 2006). It contributes to the drinking water
supply for about 2 million of inhabitants from eastern
MRSP.

The use and employment of the surrounded area
present a diversity of activities, which could generate
environmental impacts on this aquatic system. Inten-
sive agricultural activity areas surround the Ilake,
especially between Taiagupeba Mirim and Balainho
tributary rivers. Such regions present a high-polluting
potential (Franco 2002), due to an extensive use of
organic/inorganic fertilizers. Some populational
groupings belonging to Suzano and Mogi das Cruzes,
and manufacturing activities (e.g., chemical, metal-
lurgic, and paper industries) are mainly distributed
close to Taiagupeba Mirim River.

For the sampling, seven points were chosen obeying
these location characteristics and water dynamics re-
lated to the tributary rivers of the lake. Point 1 (P1)
and point 2 (P2) were sampled, respectively, at down-
stream and upstream of a water treatment station, for
observing possible influences on water caption loca-
tion. Point 3 (P3) had been chosen close to an agri-
cultural activity area and populational grouping, for
investigating possible influences of human activities on
water quality. For the point 4 (P4), point 5 (P5), and
point 6 (P6) the sampling were collected respectively
close to the entrance of the Taiagupeba-Mirim, Bala-
inho and Taiacupeba-Ag¢u Rivers in the lake, for
observing the contribution of carried materials by
these rivers, which constitute Taiacupeba lake. Point 7
(P7) had been chosen near to the center of the lake,
due to the dynamics of deposition/formation of sedi-
ments.

During this study a very low-Fe content for sample
P5 was verified. Such feature prevents a high-quality
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iron phases characterization and correlation between
XRF and Mossbauer data. Under such point of
view, we will not discuss or present information of
sample P5.

Experimental procedure

The seven sampling points in the lake were delimited
with an employment of a GPS device (GPS data are
exposed in Fig. 1). For a better homogenization, sam-
ples were collected with water (80 and 20%, respec-
tively, related to the solid and liquid phase) from the
water lake bottom (depth between 2 and 8 m), through
the use of a depth sampler. Such samples were dried in
air at constant temperature during 4-6 days, before
melting and drizzling (bolter of 200 Mach) processes.
Mossbauer spectroscopy has been increasingly em-
ployed as an important tool in studies related to soils
and sediments. MS could provide some information
related to iron-bearing phases, such as particle size and
grain-size distribution, oxidation degree, and distor-
tions in the unit cells by iso/heteromorphic iron
replacement, and the structural order of such phases,
even if it occurs in low concentrations (Murad and
Schwertmann 1980; Cornell and Schwertmann 1996).
Furthermore, this spectroscopic technique, when
combined to other traditional characterization tech-
niques, can provide reliable qualitative results con-
cerning the identification of the iron-bearing
mineralogy. In recent studies, Bishop et al. (2001) and
Guodong et al. (2001) have successfully used MS to
characterize magnetic phases from lake sediments of
Antarctica and southwestern China, respectively.
Mossbauer spectroscopy measurements were con-
ducted with a Wissel equipment operating at constant
acceleration, and used in transmission geometry with
>’Co/Rh source (initial intensity of 50 mCi). Moss-
bauer spectra (M-spectra) are presented at room
temperature (RT), T = 77 and T = 4.2 K. Isomer shifts
were calibrated relating to the velocity scale, using o-
iron at RT. Fittings of M-spectra were performed fol-
lowing two distinct routines. The first one allowed fit-
tings by Lorentzian lines in according to a
crystallographic sites modeling, and corresponding to
initial studies for testing the necessity of hyperfine
fields and/or quadrupolar splitting fittings. We consid-
ered the importance of hyperfine field and/or quadru-
polar splitting distributions (QSDs) as through the
broadening lines subspectra analysis, as by the com-
patibility between two or more subspectra related to
different iron-bearing phases, which show the same
valence state and magnetic behavior at a given
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temperature. In these cases, the modeling of histogra-
mical hyperfine field and QSDs were provided by the
pair of least squares fitting software proposed by Brand
(1987), and it has followed the preliminary results
gained by the Lorentzian lines fitting. For the sub-
spectra related to the same iron-bearing phases valence
state, which shown narrowed line widths and mainly
low contribution to the spectral relative areas at the
three established temperatures, Lorentzians doublets
and/or sextets were considered as pattern for con-
cerning fittings.

For XRF analysis, samples were prepared as pressed
pellets (40 mm diameter) by mixing 9.0 g sample and
1.5 g of wax powder (Hoechst, Frankfurt, Germany)
during 5 min in a mixer (Spex, Metuchen, NJ, USA),
and pressing at 119 MPa (60 s) with a semi-automatic
press (HTP40, Herzog, Munic, Germany). A sequen-
tial XRF spectrometer PW 2404 was used (Philips,
Eindhoven, The Netherlands), equipped with a 4 kW
Rh tube and SuperQ 3.0 software. Matrix effects were
corrected with UniQuant 5.0 (ODS, Beekbergen, The
Netherlands) software, according to the method de-
scribed by Enzweiler and Vendemiatto (2004).

Hysteresis loops measurements were performed to
provide additional information about the iron-bearing
phases, through the magnetic behavior interpretation
at RT. It had been carried out using a supercon-
ducting quantum interference device (SQUID) mag-
netometer (Quantum Design, MPMS-XL, San Diego,
CA, USA).

Table 1 Chemical analysis by X-fluorescence

Element (wt.%) P1 P2 P3 P4 P6 P7

Si 11.0 186 19.1 16.2 180 202
Ti 0.68 058 0.3 0.38 0.50  0.60
Al 9.0 129 136 122 10.5 12.5
Fe 262 89 55 33 7.7 8.4
Mn 037 015 0.07 0.08 010  0.12
Ca 028 028 010 026 034 029
K 031 067 092 0.66 0.60  0.61
P 0.16 0.14 0.13 0.14 0.13 0.15
S 029 061 1.10 1.61 030 047
Zn 029 118 272 432 0.28 0.61
mg/kg

Ba 171 227 302 180 255 240
Cr 69 81 73 64 75 86
Cu 105 400 1,420 1,810 76 137
Ni 74 60 102 101 22 41
Pb 31 65 99 128 41 52
v 159 162 146 99 134 165
Zr 153 215 200 79 138 223
TOC 9.81 924 648 15.10 10.63 10.32

TOC total organic carbon
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Table 2 Al/(Al + Fe) and Zn/(Zn + Fe) molar ratios derived

from chemical analysis

Sampling point

Al/(Al + Fe)

Zn/(Zn + Fe)

(mol/mol) (mol/mol)

P1 0.416 0.009
P2 0.750 0.102
P3 0.837 0.297
P4 0.884 0.528
P6 0.738 0.030
P7 0.755 0.058
Results

Geochemical and mineralogical inferences through
X-ray fluorescence data

Based on XRF results (Table 1) and correlations be-
tween each group of elements, it was possible to infer
some aspects concerning the mineralogy, which occurs
in the sediments. From Table 1 it can be verified that
P1 is related to the main Fe content, which cannot be
justified only as natural origin because of the verified
high-level content. It could be explained due to a major
mud contribution, related to the water treatment sta-
tion, whereas iron sulfate is employed as flotation
agent. Iron content showed an almost linear decreasing
from P2 until P4 and then a trend of increase for the
samples P6 and P7. This was observed for Al, Si, and K
contribution—which could be related to iron oxides
and/or oxyhydroxides as well silicate and aluminosili-
cate minerals, as reported above—a similar trend along
the sampling. The presence of the metals Zn, Cu, Cr,
Ni, V, and Pb was determined in all samples with the
highest concentrations in the sampling points P2, P3,
and P4. A positive correlation between S and Ba was
found and it could indicate barite occurrence in the
sampling points. Similar pattern is also verified for P
and Ca, which is reasonable due to the agricultural
activities surrounding the lake.

Furthermore, we calculated Al-Fe and Zn-Fe molar
rates (Table 2), for checking a possible isomorphic
replacing effects on iron oxides and/or oxyhydroxides
in the related samples, as will be discussed later. It
could be noted that the ratios Al-Fe and Zn-Fe had
higher values on points P4 and P3, respectively. Its
lower values were found on point P1, probably due to
the higher Fe concentration on that sampling point.

Hysteresis loops
Hysteresis loops at RT were taken for all samples.

The representative behavior found for samples P1, P4,
and P7, are presented at Fig. 2. It is possible to notice

that such hysteresis loops represent the overlap of at
least three components corresponding to ferrimag-
netic, paramagnetic and superparamagnetic phases.
Such behavior can be also suggested by Mdossbauer
study (see below). In the case of sample P1, the major
saturation magnetization value can be observed, per-
haps because of a presumable high-ferrimagnetic
phases concentration, as well higher iron content, as
verified through XRF measurement of this sampling
point. On the other hand, sample P4 has the lower
saturation magnetization value, due to its higher
presence of paramagnetic phases and lower iron
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Fig. 2 Hysteresis loops (samples P1, P4, and P7) taken at RT
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Fig. 3 Mossbauer spectra (sample P1) taken at RT, T = 77 and
T = 42 K (left column). Open circles experimental points, lines
the best fitting. Center column and right column are, respectively,

content. Remanent magnetization and coercive force
values for all hysteresis loops of these samples are
close to zero and in agreement with the main para-
magnetic contribution (due to iron silicates) and with
superparamagnetic iron phases (e.g., ferrihydrite)
above blocking temperature. The sigmoidal behavior
of these hysteresis loops is evident and also could be
associated with high-coercivity iron phases, like
hematite and goethite.

Mossbauer spectroscopy

Maossbauer spectra are showed in Figs. 3, 4, 5 and its
hyperfine parameters in Tables 3, 4, 5. The evolution of
M-spectra with temperature showed a clear evidence of
iron oxides/oxyhydroxides presence going through
magnetic ordering temperature. This is an effect related
to particle size of the iron magnetic phases found in
these sediments and/or association of iron replacing
effects. Another important observation is that Fe?*-
doublet was present in all measurements for the studied
samples. As will be presented below, based on M-fitting
details, we can propose some correlations between
components at different temperatures.

The Fe®* QSD at RT is represented by one peak
with a number of shoulders. Although a straight
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magnetic hyperfine field distribution (Bys) and quadrupolar
distribution (A)

correspondence of QSD fitted and the iron oxides
content is not possible, the occurrence of goethite in a
large grain-size distribution, and presumably associ-
ated to iron replacement can be associated with such
QSD parameters (Cornell and Schwertmann 1996).
By RT measurements we can also suggest the occur-
rence of hematite, since in a smaller grain size
(diameter smaller than 8 nm), through a doublet with
quadrupolar splitting in the range 0.50-1.10 mm/s
(Vandenberghe et al. 1990). Ferrihydrite through the
RT (and T = 77 K) measurements is the other candi-
date. In general, ferrihydrite shows a high degree of
structural disorder and a well-known stoichiometrical
variability (Childs and Baker-Sherman 1984) with
quadrupolar splitting values of 0.70-0.90 mm/s, and
isomer shift values concerning Fe®" in octahedral
coordination of oxygen atoms (Bowen et al. 1993).
Nevertheless, this behavior is compatible to the other
iron-bearing phases in low-crystallinity state, produc-
ing broaden doublets and similar quadrupolar splitting
to goethite and ferrihydrite (Murad 1998), which pre-
vents unequivocal characterization of these phases.
Furthermore, ferrihydrite is often related to its final
products—as goethite—in soils and sediments. This
association occurs in situ, where Fe®" ions are rapidly
oxidized in the presence of crystallization inhibitors,
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Fig. 4 Mossbauer spectra (sample P4) taken at RT, 7 = 77 and
T = 4.2 K (left column). Open circles experimental points, lines
the best fitting. Center column and right column are, respectively,

which promote ferrihydrite to goethite as precipitated
primary phase (Cornell and Schwertmann 1996; Gélvez
et al. 1999a).

The observed relative area decreasing of QSD at
T =77 K (in comparison with the corresponding sub-
spectra at RT), and the presence of a sextet showing
proportional magnetic ordering area is observed
through the fitted hyperfine field distribution (HFD).
The HFD, in general, also presented shoulders. For
sample P7, the presence of a well-fitted peak (without
shoulders) was noticed. The hyperfine parameters fit-
ted support goethite contribution. Iron replacement by
Al is quite probable, where the hyperfine field
decreasing effects are often reported in literature
(Cornell and Schwertmann 1996). Therefore, condi-
tions about grain-size range and replacing effects re-
lated to this HFD would explain the observed
superparamagnetism effects in a large grain-size range
at RT measurements.

Through hyperfine parameters fitted for 7 =77 K
spectra, the inferred goethite-ferrihydrite association
and nanometric grain-size hematite had found impor-
tant evidences. Vandenberghe et al. (1990) reported
that below 80 K doublets, which could be concerning
low-crystallinity and/or high-replacing goethite could

42 44 46 48 50 52 54 56

By (T)

magnetic hyperfine field distribution (Byg) and quadrupolar
distribution (A)

be pointing to ferrihydrite as well. Parameters fitted at
this temperature had shown possible isomorphic
replacement by Al for hematite. Such iron phase can
retain more than 30 wt.% of Al, and this diamagnetic
replacing produces reduction on Néel and Morin
temperatures and hyperfine field (De Grave et al.
1988).

At T =42 K measurements, iron-bearing phases,
as well its associations, we found further evidences.
At very low temperatures, hyperfine fields of goe-
thite and ferrihydrite are similar—for ferrihydrite, it
can be found values between 46 and 50 T, with small
quadrupolar shift (between -0.02 and -0.1 mm/s),
whereas goethite often shows saturation fields about
50.7 T, with narrowing resonance lines (Vandenber-
ghe et al. 1990). Moreover, at T = 4.2 K, higher HFD
average values are related to hematite but has been
reported at this temperature hyperfine fields values
around 50.4 T for synthetic nanoparticles of hematite
(Murad and Johnston 1987; Cornell and Schwert-
mann 1996).

Clay minerals and/or phyllossilicates or else Fe*" in
a short-range structural arrangement are present
through the parameters settings fitted at RT and
T =42 K, respectively. Clay minerals usually show
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Fig. 5 Mossbauer spectra (sample P7) taken at RT, 7' = 77 and
T = 4.2 K (left column). Open circles experimental points, lines
the best fitting. Center column and right column are, respectively,

divalent and trivalent iron, which could occur in tet-
rahedral and/or octahedral sites and incorporated into
hydroxide layers or else between layers as permutable
cations. Nevertheless, such compounds often exhibit
iron-poorly and rarely monophasic characteristics.
Therefore, Fe**-QSD and Fe**-doublets at 4.2 K
reinforce the presence of such materials, whereas iron-
bearing phases reach full magnetic ordering at very low
temperatures, without contributions for relative areas
of such kind of subspectra. Kaolin extraction activities
can be verified close to the water body, and the
occurrence of kaolinite and illite in such sediments is
expected. An additional contribution for non-ordering
Fe**-subspectra is based on the effects of short-range
structural ordering for different iron oxides occur-
rence. This occurs due to strong particle size decrease,
which results in the individual characteristics disap-
pearance (Mitra 1992), and consequently avoiding its
magnetic ordering.

Finally, Fe**-doublets fitted for all measurements
also could point to the presence of ‘‘green-rusts,”
which are intermediary piroaurite-isostructural com-
pounds among ferrous hydroxides and ferric oxyhy-
droxides (Benali et al. 2001). At 7T =77 K, fitted
quadrupolar doublet could point to these materials,
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magnetic hyperfine field distribution (By¢) and quadrupolar
distribution (A)

probably related to piroaurite-compounds, which are
often related to the presence of iron oxides and/or
oxyhydroxides, as hematite and goethite (Mitra 1992).

QSD and HFD relative areas at T = 77 K versus
Al-Zn and Zn-Fe molar ratios: an indicator for
environmental monitoring on evolution

of iron-bearing phases in sediments?

At T =77 K M-measurements, ferrihydrite could be
inferred by the QSD, because this phase does not show
magnetic ordering, and goethite and/or hematite con-
tribute for the magnetic ordering subspectra at the
same temperature.

Prevention of ferrihydrite transformation in goe-
thite/hematite can occur due to some metals, as Al and
Zn, which could avoid a relative area increasing related
to magnetic-ordered subspectra (sextets and/or HFD)
rather than non-ordered subspectra (Fe**-doublets
and/or QSD) at T = 77 K. It is important to note that
Fe* and/or Fe®-bearing silicates can also present
some levels of isomorphic replacing by metals (Dunn
1987; Blot and Imbernon 2000). However, these phases
never have contributed to the magnetic-ordered sub-
spectra.
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Table 3 Mossbauer parameters taken from fittings of sampling points P1 and P2
Sample Temperature Byt (T) A (mm/s) 0 (mm/s) I' (mm/s) RA (%) Description
P1 RT - 0.55 (5) 0.391 (4) - 64 (a)
- 0.95 (5) 0.391 (4) - 26 (b)
- 1.45 (5) 0.391 (4) - 8 (c)
- 2.68 (3) 1.04 (2) - 2 (d) (e) (f) (k)
77 K 42.5 (5) -0.29 (1) 0.478 (4) - 7 ()
48.0 (5) -0.29 (1) 0.478 (4) - 45 (h) (¢)
- 0.60 (5) 0.462 (4) - 35 (1)
- 1.05 (5) 0.462 (4) - 10 (b)
- 2.52 (9) 1.18 (5) 0.4 (F) 3 (d) (e) () (k)
42K 412 (1) 0.12 (3) 0.41 (1) 0.48 (F) 6 (b)
49.0 (5) -0.167 (3) 0.467 (3) - 81 (a) (c)
52.0 (5) -0.07 (2) 0.502 (3) - 7 G)
- 0.38 (2) 0.53 (1) 0.34 (F) 2 (k) @)
- 225 (2) 0.96 (1) 0.44 (F) 4 (d) (e) () (k)
P2 RT - 0.50 (5) 0.318 (3) - 73 (a)
- 0.90 (5) 0.318 (3) - 23 (b)
- 1.38 (5) 0.318 (3) - 4 (c)
77 K 42.5 (5) -0.317 (4) 0.485 (4) - 10 ()
48.0 (5) -0.317 (4) 0.485 (4) - 41 (h) (c)
- 0.71 (2) 0.435 (4) - 49 (i) (b) (m)
42K 433 (2) -0.08 (5) 0.51 (3) 0.60 (F) 13 b)
49.0 (5) 0.21 (1) 0.466 (3) - 67 (c)
54.5 (5) -0.21 (1) 0.466 (3) - 3 )]
- 0.30 (4) 0.37 (2) 0.36 (F) 7 (m)
- 0.75 (8) 0.436 (3) - 7 (k)
- 1.39 (8) 0.436 (3) - 3 Q)

By,s hyperfine field, A quadrupolar splitting, ¢ isomer shift, I" line width, RA relative area of the subspectra. Errors are quoted within
parentheses

Description: (a) Goethite (15-20 nm) with presumable associated replacing effect, (b) association goethite-ferrihydrite, (¢) Nanometric
and/or replaced hematite (about 8 nm), (d) iron sulphates, (e) “green rusts,” (f) Fe*" sites related to clay minerals, (g) small grain-size
goethite, with presumable higher replacing level, (h) higher grain-size and low-crystallized goethite, in a low-crystallization degree
(intermediary grain-size goethite), (i) very small grain-size goethite (about 5-10 nm), (j) Relaxation effects due to Fe nanometric
phases, presumably adsorbed by interlayed minerals, (k) Fe* sites related to clay minerals, (1) Fe** in short range structural ordering,
(m) clay minerals showing presumable absence of Fe®" octahedral coordination sites, (n) continuum of Fe®" octahedral sites pre-

sumably related to nanometric gothite and/or hematite, showing high-replacing levels, (F) fixed parameter

Following these hypotheses, M-data provided to
QSD relative area could provide information about
ferrihydrite concentration, and samples in which QSD
and HFD relative areas are respectively higher and
smaller, could be related to higher Al and Zn rates.
Therefore, we established a straight correlation among
M-spectra data gained at 7' =77 K (QSD and HFD
relative areas) and Al-Zn, Zn-Fe molar ratios, pro-
vided through XRF data. This set of procedures aimed
to investigate the possible influence of some cations on
evolution of iron-bearing phases to its final products, as
goethite and hematite, through the sampling points of
the water reservoir lake.

Figure 6 shows an important decreasing in HFD
relative area related to an increase in QSD relative
area, from sampling point P1 to P4, related to an in-
crease in Al-Fe and Zn-Fe molar ratios. This observed
behavior is compatible to the evidence discussed above,

whereas an increase in Al-Fe and Zn-Fe could point to
higher rates of ferrihydrite conversion in goethite/
hematite, which could be observed through the increase
in relative area of magnetic-ordering subspectra at
T="77K.

Conclusions

One of the major challenges faced for water systems
managements in the large metropolitan regions around
the world is the well-known high-growth rates, which
generate several problems for a sustainable and effi-
cient water supply. As discussed above, the Alto Tieté
System (MRSP, Brazil) presents a watershed in an
intensive pressure because of the human activities
increasing, especially related to the urban and agri-
cultural use of land. The degradation of the water
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Table 4 Mossbauer parameters taken from fittings of sampling points P3 and P4

Sample Temperature Byt (T) A (mm/s) J (mm/s) I' (mm/s) RA (%) Description
P3 RT - 0.55 (5) 0.318 (3) - 81 (b)
- 1.10 (5) 0.318 (3) - 15 ()
- 2.26 (11) 1.11 (7) 0.53 (F) 4 (d) (e) (f) (k)
77 K 43.4 (8) -0.20 (6) 0.491 (4) - 7 ()
49.0 (8) -0.20 (6) 0.491 (4) - 33 (c) (h)
- 0.77 (7) 0.442 (4) - 58 (®) (4)
- 2.68 (24) 1.22 (11) 0.25 (F) 2 (d) (e) () (k)
42K 43.0 (2) 0.04 (5) 0.39 (3) 0.61 (F) 15 (b)
46.0 (5) -0.20 (1) 0.454 (3) - 4 (b)
49.0 (5) -0.20 (1) 0.454 (3) - 49 (c)
53.0 (5) -0.20 (1) 0.454 (3) - 4 G
- 0.20 (5) 0.413 (3) - 12 (k) (1)
- 1.95 (6) 1.12 (2) 0.36 (F) 6 (d) (e) (f) (k)
P4 RT - 0.55 (5) 0.298 (3) - 83 (b)
- 1.10 (5) 0.298 (3) - 15 (c)
- 2.31 (18) 1.14 (9) 0.45 (F) 2 (d) (e) (f) (k)
77 K 432 (9) -0.12 (F) 0.55 (2) 0.8 (F) 33 (n) (c) (h)
- 0.7 (1) 0.477 (2) - 61 (®) ) (k) (e)
- 2.38 (10) 1.39 (6) 0.38 (F) 6 (d) (e) (f) (k)
42K 40.9 (5) 0.04 (7) 0.48 (4) 0.62 (F) 10 )
49.0 (5) -0.15 (2) 0.467 (3) - 56 (b)
- 0.56 (1) 0.40 (1) 0.53 (F) 30 (e) (k) (1)
- 2.40 (5) 1.01 (3) 0.31 (F) 4 (d) (e) (k) (f)

By magnetic hyperfine field, A quadrupolar splitting, J isomer shift, I" line width, RA relative area of the subspectra. Errors are quoted
within parentheses

Description: (a) Goethite (15-20 nm) with presumable associated replacing effect, (b) association goethite-ferrihydrite, (c) Nanometric
and/or replaced hematite (about 8 nm), (d) iron sulphates, (e) “green rusts,” (f) Fe*" sites related to clay minerals, (g) small grain-size
goethite, with presumable higher replacing level, (h) higher grain-size and low-crystallized goethite, in a low-crystallization degree
(intermediary grain-size goethite), (i) very small grain-size goethite (about 5-10 nm), (j) Relaxation effects due to Fe nanometric
phases, presumably adsorbed by interlayed minerals, (k) Fe* sites related to clay minerals, (1) Fe®" in short range structural ordering,
(m) clay minerals showing presumable absence of Fe** octahedral coordination sites, (n) continuum of Fe** octahedral sites pre-

sumably related to nanometric gothite and/or hematite, showing high-replacing levels, (o) iron sulphides, (F) fixed parameter

quality may be monitored in order to identify the
processes of contamination, which could meaningfully
alter this system in a near future, preventing extensive
damages for surrounding ecosystems and public health
hazards.

The MS data associated to the hysteresis loops of the
sediment samples indicate a magnetic behavior of the
iron-bearing phases. M-spectra taken at three different
temperatures provide a good description of magnetic
behavior dependent on temperature, typical of iron
oxides and/or oxyhydroxides.

The T = 77 K M-spectra data fits data associated to
XREF analysis also indicate an influence of the presence
of some metals on the iron-bearing phases. For in-
stance, the transformation of metastable phases (e.g.,
ferrihydrite) to goethite/hematite can be hindered by
presence of Al, Zn or Cu. For sample PS5, it was not
possible a good characterization of the iron phases, as
well a reliable correlation between XRF and M-data,

@ Springer

because of the low-Fe content which was verified for
this sampling point.

Nevertheless, it is also important to consider that the
data collected on such sediments, which were verified
by this study, shall not fully correspond to the geo-
chemical behavior of metals for this urban reservoir
lake. Therefore, we strongly suggest for future works
the sampling and analysis of water surface and
groundwater at the same sampling points. Such kind of
study could provide a better understanding on metal
bioavailability and/or incorporation by solid phases, as
iron oxyhydroxides present in the sediments for this
water system.

This work, based on M-measurements associated to
XRF and hysteresis loops data, had successfully iden-
tified iron-bearing phases probably associated with
other metals present in sediments of a water reservoir
and showed the potential of such tools in environmental
geochemistry studies and environmental monitoring.
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Table 5 Mossbauer parameters taken from fittings of sampling points P6 and P7

Sample Temperature Byt (T) A (mm/s) 0 (mm/s) I' (mm/s) RA (%) Description
P6 RT - 0.50 (5) 0.345 (4) - 5 (b)
- 1.05 (5) 0.345 (4) - 13 c
- 2.40 (16) 1.12 (10) 0.67 (F) 2 (d) (e) (f) (k)
77 K 39.7 (3) -0.26 (5) 0.455 (2) - 7 (2)
43.0 (3) -0.26 (5) 0.455 (2) - 32 (h)
- 0.66 (7) 0.440 (2) - 58 (b) (k) (e)
- 2.68 (6) 1.09 (6) 0.4 (F) 3 (d) (e) (f) (k)
42K 44.0 (5) -0.20 (2) 0.485 (3) - 12 G G
49.0 (5) -0.20 (2) 0.485 (3) - 59 (b) (¢)
46.3 (2) 0.30 (7) 0.29 (3) 0.40 (F) 9 ®) ()
- 0.50 (3) 0.38 (2) 0.52 (F) 18 (k) (e)
- 2.40 (5) 1.21 (3) 0.32 (F) 2 (d) (e) (f) (k)
P7 RT - 0.52 (5) 0.317 (3) - 79 (b)
- 0.97 (5) 0.317 (3) - 19 (c)
- 2.34 (5) 1.15 (4) 0.38 (F) 2 (d) (e) (f) (k)
77 K 47.6 (8) -0.25 (5) 0.520 (2) - 42 (h) (¢)
- 0.77 (3) 0.494 (2) - 53 (b) (k) (e)
- 2.53 (7) 1.55 (4) 0.4 (F) 5 (d) (e) (f) (k)
42K 39.0 (4) -0.41 (10) 0.29 (6) 0.47 (F) 6 )]
45.0 (5) -0.22 (1) 0.463 (3) - 13 )
49.0 (5) -0.22 (1) 0.463 (3) - 54 (b)
54.5 (5) -0.22 (1) 0.463 (3) - 5 c
- 0.56 (2) 0.37 (1) 0.46 (F) 18 (n) (k) (e)
- 2.49 (5) 1.58 (2) 0.33 (F) 4 (d) (e) (f) (k)

Bys magnetic hyperfine field, A quadrupolar splitting, ¢ isomer shift, I" line width, RA relative area of the subspectra. Errors are quoted
within parentheses

Description: (a) Goethite (15-20 nm) with presumable associated replacing effect, (b) association goethite-ferrihydrite, (c) Nanometric
and/or replaced hematite (about 8 nm), (d) iron sulphates, () “green rusts,” (f) Fe*" site related to clay minerals, (g) small grain-size
goethite, with presumable higher replacing level, (h) higher grain-size and low-crystallized goethite, in a low-crystallization degree
(intermediary grain-size goethite), (i) very small grain-size goethite (about 5-10 nm), (j) Relaxation effects due to Fe nanometric
phases, presumably adsorbed by interlayed minerals, (k) Fe* sites related to clay minerals, (1) Fe** in short range structural ordering,
(m) clay minerals showing presumable absence of Fe?* octahedral coordination sites, (n) continuum of Fe** octahedral sites pre-
sumably related to nanometric gothite and/or hematite, showing high-replacing levels, (F) fixed parameter

Fig. 6 Correlation between . —h MFD andlor sextet —=— Al/(Al+Fe)
relative spectral areas of Fe

hyperfine field and ¥— RAqsp andior doublet —*— Znl/(Zn+Fe)
quadrupolar distributions, 0.9-
and Al/(Al + Fe) and Zn/ ]
(Zn + Fe) molar ratios 0.8
(respectively, related to

T = 77 K Maossbauer fittings o 0_7_- 470 §
and XRF measurements), for -g 1 1 ]
all sampling points 0.6+ 160 @
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