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ABSTRACT

Imaging spectroscopy is used in this work as an essential mapping tool to monitor changes in contaminated river sediments. Multidate
hyperspectral image data (HyMap) are utilized to identify spatial mineral patterns, to detect temporal changes in mineralogy and to link these
changes with geochemical processes and short-term climate characteristics.

River sediments contaminated by acid mine drainage are covered by crusts with variably hydrated iron sulphate. The mineralogy of the
crusts and the grain size of the underlying fluvial sediments overlap. The spectra used to build up maps from HyMap data are diagnosed min-
eralogically with archive spectral libraries from pyrite oxidation minerals from well-known sequences of minerals.

The maps compiled from hyperspectral imagery display generalized oxidation shown by the coatings over river sediments following warm and
dry periods with low water level. After the wet periods, the area covered by oxidized mineralogical phases recedes in favour of hydrated sulphate.

The iteration of image processing algorithms and the mineralogical and potential contamination in a geological context are described.
Change detection of the mineral crusts on the river sediments by mapping using hyperspectral remote sensing data may thus enable a quan-
titative and qualitative environmental evaluation by the regulators. Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

The present work focuses on the study of temporal changes
of contaminating substances along a river through their
spectral responses with hyperspectral airborne HyMap data.
The spectral relationships with river micromorphology, river
sediment catches and enhanced contamination spots are the
targets to define aimed at designing a reliable monitoring
system (Coulthard and Macklin, 2003).

Imaging spectroscopy using hyperspectral data with a
large number of channels within the visible and near-
infrared wavelength range has been developed as an
effective tool to study mine waste deposits generating acid
mine drainage (Plumlee, 1999; Swayze et al., 2000).
Spectral libraries are gathered for the purpose (Crowley
et al., 2003), enabling a quick mineral diagnosis of ephem-
eral thin crusts concentrating heavy metals, precipitated
from acid water using high spectral resolution imagery.
Visible—near-infrared spectroscopy has been used to explore
the contamination in river sediments and associated
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vegetation (Kooistra et al., 2001, 2003, 2004). Imaging
spectroscopy is used in this work as an essential mapping
tool that summarizes effectively spectral responses from
highly spatially heterogeneous mineral crusts covering the
river sediments (Riaza et al., 2011b; Buzzi, 2012), as an
expression of complex sedimentary and geochemical
interacting processes controlled by geomorphology on every
scale.

The previously observed mineralogical changes in mine
waste associated with the underlying microgeomorphology
suggest short-term climate variability following seasonal
and annual climate change (Riaza and Muller, 2010; Riaza
et al., 2011a). The mineralogical evolution of the Sotiel—
Almagrera mine site over several stages of its recovery pro-
cess, including dump cleaning and removal of mud tailings,
is mapped with the same method (Buzzi, 2012).

The fluvial sediments of the river Odiel have drawn spe-
cial attention, whilst gathering spills from numerous mine
sites in its drainage basin along most of the flow path (Riaza
and Carrere, 2010; Riaza et al., 2012; Buzzi, 2012). Further
quantitative estimations of spectral features were tested
focusing on absorption depth, full width at half maximum
and asymmetry using spectral derivatives and modified
Gaussian models (Buzzi et al., 2011).
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SITE DESCRIPTION

The river Odiel (Huelva, south-west Spain) runs through the
Iberian Pyrite Belt, a wide geological unit within the Hespe-
rian Massif hosting massive sulphide deposits exploited
over 5000 years (Figure 1). Pyrite is abundant both on mine
waste and rock outcrops, and acid mine drainage is present
in most drainages throughout the region (Sarmiento et al.,
2009). River sediments are used in nearby drainage basins
as contamination indicators (Goncalves et al., 1992; Soares
et al., 1999). Preliminary analysis and mineralogy of precip-
itates and efflorescent sulphate salt from various locations
on the Pyrite Belt have been open to the public (Sanchez
Espafia et al., 2005).

The mine site of Sotiel is located in the middle course of
the river. The mine works are displayed along the river, with
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large dumps, tailings and ponds. The river was used as a
washing system, numerous walls being built along the area
where mine dumps occur. As a consequence, the river flow
is artificially slowed and water is pooled.

Climate is the most important factor influencing the geo-
chemical pattern of the secondary minerals precipitating on
the river flow path. The yearly precipitation regime in Huelva
consists of intense and short rain events in autumn, relatively
dry winters and a dry spring and summer. The river carries
acid waters with products from solutions of iron sulphide
during flash floods. After the annual main flash flood in
October, sediments lose water and oxidize continuously dur-
ing the winter, spring and summer (Sarmiento et al., 2009),
following a well-known mineral sequence (Buurman, 1975).

Over the span of the years 2005-2009 of the available
HyMap flights, the climate has changed remarkably.
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Figure 1. River basin of the river Odiel, with contaminated parts enhanced (in Sarmiento et al., 2009)
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According to the yearly climate estimations, 2005 was a
very warm and very dry year (Weather Agency of Spain,
AEMET, http://www.aemet.es). The year 2008 was a warm
year in temperature and neutral in terms of rain rate, recov-
ering very warm temperatures in 2009 and a neutral rain
rate. In summary, the annual temperature increased from
2008 to 2009, but the rainfall rate was similar.

The amount of river flow is directly related to the rainfall
rate. After the usual yearly flood in October, washing away
all efflorescences and crusts on the river flow path, a slow
process of decreasing water flow begins. Wide areas of river
sediments emerge during the summer depending on temper-
ature and available humidity in the atmosphere (Figure 2).

Most of those minerals are unstable and are dissolved or
transported in intense rain events. If oxidation is intense,
they can be transformed to stable phases as goethite or he-
matite, acting like a permanent cement of fluvial sediments
and sealing the bottom of the river flow path to water
infiltration.

(A)

The spectral behaviour of the sediments on the river
should respond through the mineralogy of crusts and efflo-
rescences formed by precipitation of acid mine waters to
such climate changes. Therefore, major attention has been
focused on the spectral features that reveal the changes in
the oxidation and hydration degree of the coatings over river
sediments. Discovering how this process is experienced on
the river and which parameters are critical in its develop-
ment is the aim of this work.

DATA SET
Imagery

HyMap data were acquired over the Odiel River path on 17
July 2005, 4 August 2008 and 13 August 2009. HyMap is
an airborne hyperspectral sensor with 126 wavebands from
436 to 2485 nm with a spectral resolution of 10-20 nm. Its
spatial resolution is 5m.

Figure 2. (A) Panoramic view of the river Odiel, with well-developed river bars, at low flow stage. Whitish ribbons near the water are crusts of
hydrated iron sulphate, overlaying fine-grained sands. Dominant reddish colours are coatings of iron oxides and hydroxides covering boul-
ders and coarse-grained sands and gravels. Intense orange colours, whether over the water or immersed, are typical pyrite mud. (B) Operator
measuring field spectra with an ASD FieldSpec portable spectrometer over oxidized boulders. (C) Crusts of hydrated iron sulphate covering
the top of a river bar with boulders of heterogeneous sizes. This figure is available in colour online at wileyonlinelibrary.com/journal/rra
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The raw HyMap data are first system corrected by
HyVista (Cocks et al., 1998). The raw digital numbers are
corrected for dark current and converted to physical units
of at-sensor radiance (unit: uW/cm?sr-'tnm"1) using labo-
ratory radiometric calibration and in-flight measurements
of on-board calibration sources.

The imagery was geocoded at the German Space Agency
(DLR) using software on the basis of a parametric approach
determining the viewing geometry for each pixel on the
basis of sensor-specific parameters, flight parameters such
as sensor position and attitude (i.e. roll, pitch and true head-
ing) and additional terrain information from a digital terrain
model (digital elevation model), resulting in a typical accu-
racy of about 2 pixels (Richter and Schlapfer, 2002).

For atmospheric correction, ATCOR4 was used (Richter
and Schlapfer, 2002). This physically based approach, using
the MODTRAN radiative transfer code, corrects for atmo-
spheric effects, as well as adjacency scattering, and BRDF
compensation in order to derive nadir-normalized ground re-
flectance. Furthermore, topographic correction for different
terrain illumination is applied. With ground measurements
for a reference target taken during the overflight, an additional
vicarious calibration is carried out. On the basis of field spec-
troscopic measurements of large and spectrally homogeneous
targets, the image reflectance values are validated against the
field measurements and—if necessary—adjusted.

Field and laboratory spectra

Field measurements were taken with an ASD FieldSpec 3
Spectrometer (ASD Inc., Boulder, CO, USA) during the
2005, 2008 and 2009 campaigns for sensor calibration and
thematic purposes. This device measures ground reflectance
spectra covering the wavelength range from 350 to 2500 nm.

Ground spectral measurements were taken during flights
as reference targets to allow an additional vicarious calibra-
tion. Image reflectance values can be validated comparing
them with field spectroscopic measurements over large and
spectrally homogeneous areas. Around 100 spectral mea-
surements were taken per calibration target, using bare fibre,
which gives a field of view of about 60cm diameter at a
height of 1 m above ground.

Additionally, field spectra were collected for geological
interpretation. Fieldwork was conducted in the summers of
2005, 2006, 2007, 2008, 2009 and 2010. Around 1700 geo-
logically documented spectra were measured both in the
field and in the laboratory from field samples collected be-
tween 2005 and 2010. The imagery along the entire flow
path of the Odiel River was analysed with an ASD
FieldSpec 3 Spectrometer (Figure 2) for thematic purposes
(Riaza and Carrere, 2010; Buzzi et al., 2012).

Details on the procedure to take spectral measurements
both in the field and laboratory are described in previous

Copyright © 2014 John Wiley & Sons, Ltd.

work (Riaza and Mauller, 2010; Riaza et al., 2011a). Eigh-
teen existing spectra from sulphide oxidation products in
public domain spectral libraries (Clark et al., 2007; Crowley
et al., 2003) were used as references with the Spectral Ana-
lyst (RSI, 2000) to obtain a comparative score of similarity
for spectra selected as end members to build maps from
HyMap images. The whole spectral wavelength range is
taken into account for mineralogical diagnosis, rather than
single absorption features. In this way, hyperspectral imag-
ery provides a superior performance in the geological inter-
pretation of spectral features compared with multispectral
image data.

Additional data

The basic relationships between field and imagery spectra
and their mineralogical diagnosis are established in previous
work on mine sites (Riaza et al., 2006; Riaza and Mdiller,
2010). The spectral pattern displayed by river sediments
on HyMap imagery on the river Odiel follows the geomor-
phological trends observed on mine dumps and nearby river
sediments. Selected representative samples were analysed
by X-ray diffraction to confirm the mineralogical spectral
diagnosis. Selected samples of river sediments were also
collected for conventional mineralogical analysis.

IMAGE PROCESSING AS A GEOLOGICAL MAPPING
TOOL

Imaging spectroscopy provides wide possibilities for map-
ping complex surface features over the earth. Hyperspectral
images provide high dimensional data with a good signal-
to-noise ratio and good spatial resolution (Hubbard and
Crowley, 2005). The procedure of feature extraction for the-
matic purposes was performed following an interpreter-
oriented sequential spectral unmixing routine with standard
algorithms. This is a sequence aimed at noise reduction
and reduction of data dimensionality and extraction of geo-
logical information, ending on a geological map of the river
sediments (Figure 3).

The standard sequence of algorithms is minimum noise
fraction transforms (MNFTs), pixel purity index and
n-dimensional analysis to extract significant statistical popu-
lations (RSI, 2000). The reality of a particular land cover is
determined by the spectral response of the regions of interest
that correspond to the resulting populations. A land use map
was computed with Spectral Angle Mapper (Kruse et al.,
1993) using the appropriate end members.

A second MNFT was computed on the geometrically and
atmospherically corrected HyMap image that isolated rela-
tively open land devoid of vegetation. The flow path was
precisely drawn, with some areas strongly disturbed by for-
ests or quarries. For those areas, a mask was built, and the
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Hymap
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Figure 3. Sequence of algorithms used to produce a map from
HyMap data

flow path was manually extracted as a mask to be used dur-
ing further processing (Figure 4B). MNFTs were again com-
puted on the HyMap imagery for the area masked for the
flow path. The resulting pattern displayed the sinuous
shapes typically associated with river geomorphology.

Identification of correct water types is critical to the map-
ping process. The spectral signature of acidic water can be
misidentified as a number of hydrated pyrite weathering
products. Moreover, margins of pebble river bars are often
fine-grained sands covered with wet pyrite mud, narrow
belts of efflorescent salts or drying vegetation, all of which
have significant spectral features that can be misinterpreted
if not carefully evaluated. Some plants, which may root on
the muddy or sandy bottom of a river, are considered typical
of acidic waters (e.g. Klebsormidium sp.) and can influence
the spectral mixture of water, particularly when water levels
are low and transmissivity of the water is high. The muddy
or sandy bottom can also contribute to the spectral response
of shallow acidic water if there is no vegetation.

The seventh MNFT computed from the whole HyMap
image identifies efficiently water; a mask was then built

Copyright © 2014 John Wiley & Sons, Ltd.

from those data (Figure 4C). The flow path mask and the
water mask were combined into a single mask used to map
emerged (uninundated) river sediments (Figure 4F). MNFTs
were again computed under this flow path, excluding water.
After the pixel purity index procedure and n-dimensional
analysis, the populations that are going to be the end mem-
bers for input to the Spectral Angle Mapper were identified,
and the final map of the river flow path was constructed.
Using the same procedure for subscenes within a scene
yields somewhat different results. A general map was built
for the flight line (Figure 4G).

As referred to previously in the text, 18 existing spectra
from sulphide oxidation products in public domain spectral
libraries (Clark et al., 2007; Crowley et al., 2003) were used
as references with the Spectral Analyst (RSI, 2000) to obtain
a comparative score of similarity for spectra selected as end
members to build maps from HyMap images.

Spectral Angle Mapper, Spectral Feature Fitting and bi-
nary encoding were taken into account in equal weighting
in the final similarity score with a maximum of 1. The
Spectral Angle Mapper determines the spectral similarity
between two spectra by calculating the angle between spec-
tra, treating them as vectors in a space with dimensions
equal to the number of bands (Kruse et al., 1993). Spectral
Feature Fitting compares the fit of image spectra with se-
lected reference spectra using a least-squares technique
(Clark et al., 1990). The binary encoding algorithm encodes
the data and end member spectra into zeros and ones, on the
basis of whether a band falls below or above the spectrum
mean (Goetz et al., 1985).

The scores per sample from the Spectral Analyst for the
three algorithms are displayed in a table for each map con-
sidered. The minerals are displayed in the table using a se-
quence of oxidation and dehydration, to ease identification
of trends (Table 1). The three minerals with the best scores
per sample are displayed in the table and labelled in spectral
library graphs. General trends and small changes in mineral-
ogical identification can thereby be traced in detail. The
mineralogical diagnosis extracted from the Spectral Analyst
per geological unit digitally mapped from HyMap images is
shown as a colour coding on the map described by the
legend.

The legend of the maps of coatings over river sediments
precipitated from acid mine drainage includes all minerals
of the reference spectral library on minerals associated with
iron sulphide mine waste products (Crowley et al., 2003).
Colour coding for minerals mapped with the corresponding
chemical formula is arranged in a precipitation and oxida-
tion sequence. Increasing reddish colours suggest intense
oxidation. Bluish and greenish colours concentrate on hy-
drated areas. Only part of the mineralogical sequence shows
up in the map. The colour pattern of the map displays at first
sight the pyrite oxidation intensity on the coatings to the

River Res. Applic. (2014)
DOI: 10.1002/rra



J. BUZZI ET AL.

©)

K__.—-\__ ‘/

/ \u 4
! '} \
mri;er Id:ars
mud and wet

B Hematite Fe,03

M Goethite FeO(OH)

B Ferrihydrite Fe®*,05-0.5(H,0)

Jarosite (SO4).KFe3(OH)s
glunite ggbéso;')_lz(gms
ypsum 4La.2H;

B Fibroferrite Fe*(S0,4)(OH)-5(H,0)
Epsomite MgS0,-7(H,0)

B schwertmannite Fe’*16016(0OH)12(SO04)2
Halotrichite Fez*§|2(304)4-22(H20)

| Rhompoqlase HFe™ (SO4),'4(H,0)
Pickeringite M /+\I2(SO4)4-22(H20)

B Paracoquimbite Fe " 5(S04);3-9(H20)

- Copiapite Fe:FeSJ'%(egO‘;)G(OH)z-20(H20)

= gerncloplzplte Ee SOCGJGG)GH 6(804)6(OH)2-20(H20)
zmolnokite e 4). Ha

B Rozenite Fe£+(SO4)-4(HZO)

B Melanterite Fe?"(S0,)-7(H,0)

Figure 4. Sequential subscenes produced by image processing (from left to right). (A) HyMap channel 28 (0.846 um) showing the flow path

and water. (B) Mask for the flow path. (C) Mask for water. (D) Mask for river bars. (E) Mask for muddy areas. (F) Map of river bars and

muddy areas. (G) Map of crusts of AMD minerals over river sediments (in Buzzi, 2012). Legend including all minerals of the reference spec-

tral library on minerals associated with iron sulphide mine waste products (Crowley et al., 2003) in a progressive sequence. This figure is
available in colour online at wileyonlinelibrary.com/journal/rra

reader. It permits an immediate change detection evaluation
when watching several maps of the same area from different
dates and shows the geochemical evolution to a learned in-
terpreter at first sight.

A geographic information system change detection proce-
dure would enhance changes in resulting maps, if in a contin-
uous monitoring system. However, the available surfaces
mapped are too small to provide publishable evidence.

VALIDATION: CHALLENGES ON THE GEOLOGICAL
INTERPRETATION OF REFLECTANCE IN A
CONTAMINATED RIVER USING HYPERSPECTRAL
AIRBORNE DATA

The resulting map is an image of the variable reflectance of the
scene and was constructed by interpreters who are knowledge-
able of the geological context of the contamination products.
However, designing a legend that accurately describes the
mapped geological units involves complex quantitative evalu-
ation (Riaza et al., 2011a), summarized in the preceding sec-
tion. Conventional geological mapping skills and geological
interpretation of aerial photography are required to validate
maps produced through image processing.

The river carries acid waters with products from solution
of iron sulphide during annual flash floods in October. Crust

Copyright © 2014 John Wiley & Sons, Ltd.

of precipitates cover the river sediments that oxidize contin-
uously during the winter, spring and summer. The coatings
present over sediments during the summer HyMap flight
disappear rapidly and are no longer present when the maps
are compiled.

HyMap imagery does display a progressive evolution of
mineral growth on geomorphologically identifiable surfaces
along the river path. Coatings of precipitate from acid water
over river sediments are subject to grain-size and slope
effects. Goethite coatings cover the coarser pebbles on top
of the river bars. Jarosite tends to develop over the pebbles
and sands of the sides river bars (Figures 4 and 7).
Schwertmannite grows on ribbons along the steeper sides
of the river bars over fine-grained sands close to water.
Melanterite, a highly hydrated iron sulphate, may appear
on isolated pools over silt and mud, preferably on severe
drought times, when flow rate lessens.

Validation by single-point ground truth of single
geological parameters and misclassification estimations
(Carbonneau and Bergeron, 2005; Dugdale et al., 2010) is
impossible in this complex geological context. The evalua-
tion and validation of maps was performed through detailed
and systematic fieldwork gathering geological and spectral
observations on the relationships between the different min-
eral coatings and their location over river sediments, closely
associated with the grain-size pattern of the sediments of the
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Table I. Scores obtained by Spectral Analyst in HyMap spectra

Mineral products of pyrite oxidation

) Z
= =
_ 2 g o R £ g £ 23
® = IS = — X et 5] = > ‘=
£ £ 2 £ § 2 & g § £ &8 £ 2 28 ¢ ¢
& 55 & £ & 5 5 £ E 5 2 2 8¢ ¢ g &
Spectra ID < T L o n - w < L n (§) o T X o o = o
soilveg SAM 0.853 0.870 0.899
SFF 0.560 0.574 0611
BE 0.864 0.904 0.904
Total 2277 2384 2414
sandbarl SAM 0.887 0.906 0.893
SFF 0.436 0.509 0527
BE 0.952 0992 0.944
Total 2275 2407 2363
sandbar2 SAM 0.906 0.902 0.868
SFF 0.669 0.701 0.565
BE 0976 0.944 0.896
Total 2551 2548 2.330
sandbar3 SAM 0.883 0.907 0.861
SFF 0.589 0.639 0.505
BE 0.888 0920 0.872
Total 2.360 2466 2.238
sandbar4 SAM 0.844 0.863 0.892
SFF 0.409 0.443 0.401
BE 0.864 0928 0.848
Total 2117 2234 2140
hydrate crust SAM 0.761 0.688 0.596
SFF 0.183 0.532 0.448
BE 0.800 0.600 0.680
Total 1.743 1.820 1.724
mud SAM 0.746 0.750 0.637
SFF 0.000 0.000 0.000
BE 0.896 0.792 0.856
Total 1.642 1.542 1.493
mud2 SAM 0.727 0.637 0.741
SFF 0.000 0.145 0.234
BE 0.832 0.640 0.664
Total 1559 1.422 1.638

SAM, Spectral Angle Mapper; SFF, Spectral Feature Fitting; BE, binary encoding.
The minerals from the spectral library are displayed in the first line (Crowley et al., 2003). The lines correspond to spectra in the second column.
The scores for SAM, SFF and BE and their totals are displayed in four lines per spectra below the corresponding minerals identified per spectra. The higher
score per spectra is emphasized with bold numbers. The three identified minerals per spectra are labelled on spectral graphs as first, second and third choices
according to the score. Note that the position of the scores in the table indicates the oxidation state of the sample. Scores shifting to the left indicate intense
oxidation, whereas scores shifting to the right indicate a comparatively hydrated state.

river bars. Single-point field spectral measurements with a
portable spectrometer help to understand the spectral re-
sponse of HyMap imagery, mixing mineralogically hetero-
geneous surfaces, which have already disappeared on the
ground when the map is compiled. The maps provided in
this study must be understood as simplified images of min-
eralogical trends in a highly spatially heterogeneous envi-
ronment on all scales, which rapidly changes over time,
not only yearly or seasonally but also weekly.

Copyright © 2014 John Wiley & Sons, Ltd.

The challenges associated with mineralogical interpreta-
tion of such maps using available data and algorithms, and
the difficulty of extracting useful geological information
for temporal contamination monitoring from hyperspectral
data, and field and laboratory spectra, are previously
discussed in depth (Riaza et al., 2011b). Spectral behaviour
trends extracted from the images, and in the laboratory from
geological evaluations, provide reliable indicators for moni-
toring contamination from mine wastes in river sediments.

River Res. Applic. (2014)
DOI: 10.1002/rra



J. BUZZI ET AL.

clean river field spectra

a.
g . ® : g
S 0.3f o~ 1 3
< A <
o Q.24 — - @
Q / L5
g /"I m g
3 F
5 O 5
e [+
Q.04

a.5 1.0 1.5 2.0
Wavelength (zem)

backgraund sail CVE

gciniqminqtcd river field spectrao

o
t

o
o

=]
i

(B)

v

)

22

0.0 "

1.0 1.5 2.0
Wavelength (gemn)

gand and pebbles  jarosite schwertman.goethite

pebbles channal bottom

pebbles medium grained schwertmannite ferrihydrite goethite

sand ¢hannel bottom

pebblas fine grained schwartmannite jarosite ferrihydrite

sand with pebbles terroce
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RESULTS

Spectral behaviour of coatings over river sediments: main
trends

The first map produced from HyMap imagery, regardless of
the widespread cover of contaminated crusts, is a map of
river sediments (Riaza et al., 2012). The HyMap images
have a spectral response directly related to the grain size
of the sediments in the riverbed. The spectra used as end
members to map the river sediments are mineralogically di-
agnosed with the US Geological Survey reference spectral
library for pyrite weathering products (Crowley et al.,
2003; Riaza and Miiller, 2010), and the mineralogical diag-
nosis builds up a new legend.

Most of the river flow path is contaminated by acid mine
drainage precipitates (Figures 1 and 2). The spectral re-
sponse of the detrital materials of clean tributaries and con-
taminated paths is quite diverse (Figure 5). The field spectra
of the soil in the volcano—sedimentary complex, the geolog-
ical unit hosting most ore deposits in the Pyrite Belt
(Figure 5A), shows a straight ascending line in the visible
wavelength range. Pebbles and sand on the bottom of the
channel show smoothed absorption features related to iron
and enhanced narrow absorptions at 2.2um and weak
2.3um typical of muscovite (Riaza and Carrere, 2010).
Comparatively, the spectra on the contaminated river Odiel
show enhanced absorptions typical of iron-bearing oxi-
hydroxides and sulphate and lacking enhanced muscovite
features (Figure 5B). Such enhanced features permit the
spectral isolation of contaminated areas on the flow path,
the elaboration of masks to perform detailed image process-
ing and the availability of suitable subscenes to qualify the
mapping of contamination products.

Copyright © 2014 John Wiley & Sons, Ltd.

The iron-bearing sulphate crusts dominate the coarse-
grained river sediments on top of bars, such as boulders
and sands. The coatings are mineralogically diagnosed as
goethite or jarosite (Figure 6).

The ribbons of coatings closer to the edge of water, cov-
ering fine-grained sands, or mud, are typically diagnosed
as schwertmannite or more hydrated iron sulphate as
copiapite (Figure 6). The most common spectral feature is
the presence of an absorption at 670 nm because of the pres-
ence of weeds and aquatic vegetation (Riaza et al., 2012).
This feature is present with variable overall reflectance in
wet areas and areas close to the edge of water that have been
recently submerged.

The spectral feature of water is diagnosed as hydrated sul-
phate as copiapite, if the areas with a water surface are not

Hymap coatings 2005
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Figure 6. Spectra from HyMap flight of 2005 from the end members
used to build the geological map on Figure 3 with the mineralogical
diagnosis using the pyrite weathering minerals library as reference
(Crowley et al., 2003) for the spectra on the graph. This figure is
available in colour online at wileyonlinelibrary.com/journal/rra
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Figure 7. The mine site works in the middle course. Maps of coatings over river sediments diagnosed with the reference spectral library
(Crowley et al., 2003). (A) Map of coatings over river sediments compiled from HyMap data in 2005. (B) Map of coatings over river sed-
iments compiled from HyMap data in 2008. (C) Map of coatings over river sediments compiled from HyMap data in 2009. (a, b and c) Detail
of meander of maps displayed in (A), (B) and (C). Legend including all minerals of the reference spectral library on minerals associated with
iron sulphide mine waste products (Crowley et al., 2003) in a progressive sequence. Below: temperature and precipitation seasonal summer
maps for the corresponding year of flights above (AEMET, Weather Agency of Spain). Reddish colour for temperature indicates extreme
warm, and orange-yellow indicates moderately warm. Green colour for precipitation indicates very wet, and orange or yellow indicates mod-
erate summer rainfall rate (in Buzzi, 2012). This figure is available in colour online at wileyonlinelibrary.com/journal/rra
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properly masked in the HyMap imagery before the mineral-
ogical diagnosis. Figure 5 shows similar absorption features
between the spectra of water and coatings mineralogically
diagnosed as jarosite, alunite and szmolnokite, with only
higher overall reflectance. Such misdiagnoses are frequent,
and the compilation of the final map requires a careful inter-
pretation (Riaza et al., 2012) in the geological context.

Temporal changes along the river Odiel

The precipitates from acid mine drainage by dissolution of
pyrite weathering products covering the fluvial sediments
along the river Odiel through time change under the influ-
ence of climate and environmental water availability (Buzzi,
2012; Buzzi et al., 2012).

As expected, according to rainfall rates in spring and av-
erage rainfall and temperature in the seasons previous to the
flight, the level of the water in 2005 was lower than in 2008
and 2009 (Figure 7c). In spite of the comparatively heavy
rains in spring 2008, the water was levelled in 2008 and
2009 at this point. The numerous walls crossing the river
slow down water flow and reduce differences caused by cli-
mate changes. Only extremely poor rainfall and high tem-
peratures in 2005 showed an obvious decrease in water
flow in this section.

The main trend in the diagnosed mineralogy is a general-
ized oxidation of the precipitated sulphate after dry and
warm periods with a low water level, as observed in the
summer of 2005. The coarser sediments on top of the river
bars are covered by highly oxidized minerals, such as goe-
thite, whereas finer sediments are mainly covered by less ox-
idized minerals, such as jarosite. More hydrated minerals,
such as schwertmannite, are located next to the water, where
there is a regular supply of humidity.

The most hydrated phases present, such as copiapite, are
developed on wet and muddy surfaces that have been re-
cently flooded. After wet periods, such as winter and spring
2008, with intense rainfalls, the area covered by oxidized
mineralogical phases covering the river sediments recedes
in favour of hydrated sulphate. Thus, in the summer of
2008, there was a lower degree of oxidation in the river sed-
iments, with a wider presence of schwertmannite all along
the river Odiel, whereas goethite and other oxidized min-
erals remained on top of the river bars as smaller surfaces
than in 2005. The summer of 2009 was preceded by a de-
crease in the water level. Many areas previously flooded be-
came emerged and were covered by comparatively more
hydrated sulphate, such as schwertmannite and copiapite.
Alternating ribbons diagnosed with different mineral phases
trace the recent history of flooding in the area.

The neighbourhood of sources of contamination can be
traced locally by the mineralogy of the coatings on the river
sediments. Their mineralogical changes interact with water

Copyright © 2014 John Wiley & Sons, Ltd.

level and climate parameters on differing identifiable paths
of mineralogical changes on coatings over river sediments
shown by HyMap imagery.

DISCUSSION

The mineral diagnosis using reference spectral libraries for
pyrite weathering products produces consistent maps of
mineral crusts over river sediments from HyMap data, on
the basis of sedimentary and geochemical processes con-
trolled by geomorphology, which follow simple relation-
ships previously established in mine waste.

Mapping the contamination over the river with
hyperspectral airborne data is possible using overlapping
flight lines without major disturbance between spectral var-
iations from adjacent flight lines.

There is a clear spectral response distinguishing areas with
contaminated substances from areas free from contamination
carried by run-off, both on HyMap imagery and field spectra.

Progressive subscening isolating masks in areas of potential
mineralogical spectral targets is necessary. Nevertheless, the
size of many of the mapped geological units, consistent with
field observations, is smaller than the spatial resolution of
the imagery. HyMap data are proved to be a formidable map-
ping tool of contaminating substances on river sediments.

The atmospheric correction of the imagery is crucial for
producing representative maps on substances precipitated
from acid mine drainage. Discriminating from more oxi-
dized and intensely hydrated substances is ensured. But mi-
nor distinction between mineralogical phases, which are
closed in the sequence of dehydration on HyMap imagery,
can be jeopardized by the atmospheric correction.

Both grain size on river sediments and precipitated sub-
stances are related to the neighbourhood of water. Both
spectral responses get mixed when mapping mineralogical
phases precipitated from acid mine drainage over river
sediments.

When using spectral libraries as references on a sequence of
mapping algorithms, it is important to rely on the end
members produced from the statistical process previous to
the map resulting from the Spectral Angle Mapper. The spec-
tra from regions of interest representing the geological units in
the final map are smoothed and less representative of the spec-
tral features diagnosing the geological units mapped.

CONCLUSIONS

The mineralogical changes on the precipitates over the sed-
iments of the river Odiel with hyperspectral HyMap imagery
are mapped through three nonconsecutive years. Such
changes respond to climate parameters, water dynamics
and distance to the sources of contamination in a complex
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pattern. Imaging spectroscopy has proved to be an efficient
tool for studying temporal changes in a rapidly changing
geological environment.

Mapping contamination products from sulphide mine
waste on a river flow path involves a previous careful map-
ping of the river sediments and minor topographical features
changing the water dynamics. The minor topography pro-
vides the favourable locations to monitor contaminant min-
eral development.

Changes in the water level of the river under variable
climate, and the pattern of river sediments, explain the geo-
chemical evolution of the precipitates from acid mine drain-
age from dissolved pyrite weathering products.

A sequence of mapping algorithms is established to pro-
duce a final map summarizing the main geological units rel-
evant to the spectral response to contamination on a river
course.

The influence on the spectral response of sedimentologi-
cal parameters on the river sediments, such as grain size,
and climate-dependent water level is discussed on the maps.
Both field spectra and HyMap-derived spectra have contrib-
uted to the interpretation.

The final maps are an accurate geomorphological record
of the river sediments and their overlaying coatings of con-
taminating substances. They tell faithfully the geomorpho-
logical and geochemical history of the river from the
source to the mouth.

The resulting maps and the geomorphological-related and
climate-related relationships drawn are a solid basis for a
routine quantitative and qualitative monitoring of acid mine
drainage contamination on the river Odiel using
hyperspectral HyMap data.
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