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Abstract

The Bormida river basin is a strongly polluted rural area in North West Italy. The
contamination has been caused by a chemical plant operating locally from 1892
to 1997 with ensuing heavy consequences on agriculture, animal life and human
health. In the last few years, there has been an attempt to remove hazardous
waste and improve the conditions of the site.

We have employed a method based on high-resolution visible and infrared
satellite images, which is able to assess the environmental impact of water
contamination, with the aim of monitoring river banks. This method quantifies
the Normalised Difference Vegetation Index (NDVI) on crops located close to
the river using remote-sensed data. In this way it is possible to assess the spatial
and temporal progression of land contamination and thus to be able to have an
understanding of how much the interventions aimed at improving the situation
were effective.

The results obtained show that it is possible to assess the influence of water
pollution along the entire valley: consequences are clearly visible up to 60 km
downstream because of the great amounts of pollutants having been discharged.

This method has been tested using Quickbird imagery (spatial resolution ~ 2.4
m/pixel) and has been validated comparing the results with chemical
measurements.
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1 Introduction

Throughout the nineteenth century, growing industrialisation led European
nations to improved economic wealth. It also caused new, widespread concerns:
environmental issues became increasingly important. Words such as “ecology”
and “ecosystem” were coined [1].
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Factories began to use rivers as an inexpensive way to discharge waste. Local
authorities issued laws to regulate various kinds of pollution in an attempt to
protect the environment. In many instances, toxic substances were nevertheless
released for many years, leading to strong contamination. Cases of strong
contamination are usually caused by waste being spilled in small bourns.
Because of the scarcity of water, concentrations can become high very quickly.
When a flood takes place, pollutants move on to a wide area and cause soil
contamination on the river banks. This happens also when river water is used for
irrigation.

In this paper we present the case of ACNA, a chemical factory operating for
more than a century in a mountain area located in North West Italy. Waste has
been discharged in a small river, leading to severe pollution of waters and also
soils.

For many years, this situation has been considered as a test site for various
scientific studies aimed at improving the assessment methods and the
remediation techniques. Different approaches to this problem can be found in
literature.

Chemical analyses of water samples are used to assess the levels of pollution
using various methodologies, such as High Performance Liquid Chromatography
or Tandem Mass Spectrometry [2].

Similar analyses have been performed on soils, applying standard procedures
defined by the Law or by laboratory practice. Procedures such as Inductively
Coupled Plasma-Mass Spectrometry or X-ray diffractometry are useful; however
they often require a specific sample preparation [3].

In last few years biomonitoring techniques have been applied, clearly
showing the unhealthy status of both plant [4] and animal life [5] directly related
to strong contamination.

Our approach uses remote-sensing techniques to monitor vegetation in the
proximity of river banks. From the Normalised Difference Vegetation Index
(NDVI), computed from visible and near-infra-red satellite images, it is possible
to assess the conditions of vegetation along the water course; an unhealthy status
can be related to biological stress caused by pollution.

Chemical measurements have been used for validation purposes. A “chemical
index” has been defined, based on concentration of various toxic substances
sampled in different places, and compared with NDVI assessed on same areas.

2 Study area

The Bormida watershed covers about 2,600 square km including the watershed
of the Bormida di Millesimo, the Bormida di Spigno and the main stretch of the
Bormida, from its source at ~1400 m as far as its convergence with the Tanaro
River after a 110 km course. It flows through 69 municipalities in 2 regions (51
in Piedmont, 18 in Liguria) with a total resident population of about 210,000. All
branches of Bormida River are characterised by a very irregular flow, which is
even close to zero during the summer.
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In 1892, agriculture was the main activity of the locals. It was then that a
dynamite factory was founded in Cengio (on the Millesimo branch), on the
border between the Piedmont and Liguria regions. After a few years, about 5000
workers were employed and the first environmental concerns began to appear.

In 1919, the factory was converted to produce colouring agents for a wide
variety of industries. Agriculture was then abandoned locally because of the high
levels of water pollution (not only in the river but even in wells). Vegetables and
grapes, irrigated with water from the Bormida water, were reported to “smell of
phenol”. Epidemiological studies showed a high percentage of deaths caused by
bladder cancer. Popular concern and unrest grew over the decades.

The entire area has been declared a “high risk area” in 1987 by the Italian
Ministry of Environment. In 1998, the factory was closed after an accident had
occurred. Great amounts of carcinogenic substances, such as phenol and dioxin,
were found in the soil underneath the plant. Reclamation was soon started and is
in progress.

Many studies on this problem have been carried out in the past. Indeed, many
are still in progress, in order to explore hydrological and environmental features
of Bormida River. National and local institutions conduct a systematic water
quality monitoring programme to measure the extent of the damage to water
resources caused by chemical and industrial plants [6,7].

3 Survey methodologies

Among the existing methods for surveying the territory crossed by the Bormida
River, remote-sensing offers new possibilities for investigating and monitoring
soil pollution. Compared with data obtained with traditional methods, satellite
images supply an exhaustive view of vast areas at a low cost. The data stored in
these images (both at visible and non-visible wavelengths) provide accurate
information on ground conditions, especially when investigating vegetation
stress. The spectral signature of vegetation depends on the physiological and
biophysical status of the plants. Environmental stressors, such as heavy metals,
produce alterations in plant biochemistry and cellular composition (and hence in
the reflectance). These characteristics can be detected using remote sensors
[8-13].

Vegetation indices are usually a combination between red (R) and near-
infrared (NIR) channels, because these channels often contain more than 90% of
the information relating to vegetation. These are quantitative measurements that
have a better sensitivity in assessing the vigour of vegetation than individual
spectral bands. NDVI is defined as:

NDVI =

NIR-R (1)
R—NIR
where NIR and R are wavelengths in the reflective infrared (~0.65-0.90 um) and
red (~0.60-0.65 um) bandwidths, respectively.

NDVI is a ratio that varies between -1 and 1, with only active growing
vegetation having positive values [20].
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NDVI is the best descriptor of vegetation variations because the
normalization minimizes both the atmospheric effects and the radiometric
degradation in the red and infrared bands [14]. Several studies have pointed out
that NDVI values are representative of plants’ photosynthetic efficiency (along
with biomass concentration) [15, 16].

In the last few years, several studies have documented the usefulness of
NDVI for assessing environmental pollution [17-19].

4 Satellite data

The remote-sensing data source analysed consisted of a high spatial resolution
multi-spectral image, taken on November 17th 2003 by DigitalGlobe Quickbird
satellite. The technical characteristics of Quickbird satellite are summarized in
the table 1.

Table 1: Characteristics of QuickBird satellite.
Launch Date October 18, 2001
Orbit Altitude 450 km
Orbit Inclination 97.2 degree, sun-synchronous
Equator Crossing Time 10:30 a. m. (descending node)
Digitization 11 bits
Resolution Pan: 61 cm
MS:2,4m

Pan: 450-900 nm
Blue: 450-520 nm
Image Bands Green: 520-600 nm
Red: 630-690 nm
Near IR: 760-900 nm

Figure 1 is a true colour composite image created by combining the
QuickBird visible red (band 3), green (band 2), and blue (band 1) channels. It has
a width of about 3.5 km and portrays a stretch of the Bormida River of about 20
km from Millesimo up to Monesiglio. The green areas represent the sampled
fields analyzed in the next section.

Image analysis was carried out using the ENVI 4.2 image processing system
(the Environment for Visualizing Images), a software package distributed by ITT
Visual Information Solutions.

5 Data analysis

In order to assess heavy metal pollution effects on vegetation, the first task has
been locating and masking the vegetated areas in the whole image. This task was
performed using the Decision Tree classification method. This classifier carries
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Figure 1: QuickBird image of the Bormida Valley (© 2003, DigitalGlobe).
The green areas highlight the sampled fields.
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out a multi-stage classification using a series of binary decisions to place pixels
into different classes [21]. Four expressions, one for each band, were used as
input of the classifier; these expressions quantify the reflectance ranges of a
vegetated area. The reflectance values of a known vegetated area were used as a
training dataset suitable for generating the classification.

After the classification, NDVI was used to transform multispectral data into a
single image band picturing distribution of vegetation.

On the NDVI map, 29 fields were selected along the banks of the Bormida
River (both upstream and downstream of the ACNA plant) and the NDVI mean
value was computed for each sample.

The NDVI mean values trend (along the river versus distance from the
ACNA plant) is represented with a red line in figure 2. The abscissa origin
represents the ACNA factory position. The upstream and downstream distance
from the factory is measured along the course of the river. NDVI values close to
ACNA factory rapidly decrease until the 4th km upstream of the plant revealing
an area with high levels of pollution. From the 4th km (a part from strong
fluctuations), they tend to slowly increase.

In order to compare the NDVI mean values trend with chemical
measurements, a chemical (CI) index was defined

_%i—%oi

cr=TJe ™ @)

X >X0i

where x; are actual measured values of different metal ions obtained analysing
soil samples on the river banks by Marengo ef al. [3] and x,; are the thresholds
summarized in table 2. Where thresholds are indicated as an interval, we have
chosen the maximum values.

Only pollutants with concentration greater than threshold are considered in

eqn (2).

Table 2: Toxic concentrations of metals in soil [22—-24].
Metal Chromium | Nickel |Copper| Zinc | Arsenic |Cadmium |Mercury| Lead
(Cr) (Ni) | (Cu) | (Zn) | (As) (Cd) (Hg) | (Pb)
Toxic threshold | 75 150 | 100 | 100 | 300 | 20-50 5 03-5 |100-400
(mg Kg™)

CI, which can assume values between 0 and 1, summarizes the toxic effects
of the whole metal ions: chromium (Cr), nickel (Ni), copper (Cu), zinc (Zn),
arsenic (As), cadmium (Cd), mercury (Hg) and lead (Pb). The chemical index is
plotted with a blue line in the figure 2. Higher CI values correspond to lower
levels of pollution. The graph shows a coherent pattern between the NDVI data
and the CI mean values: high vegetation index values match the high chemical
index values.

WIT Transactions on Ecology and the Environment, Vol 104, © 2007 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



River Basin Management IV 453

-+ NDVI  — Chemical Index

N7
0,7

" L

-15 -10 -5 0 5 10 15 20

km

Figure 2: NDVI and CI versus distance from the ACNA plant.

6 Conclusions

Water pollution was assessed by evaluating NDVI on vegetated areas along the
Bormida River and was found to affect a long section of Bormida valley. The
rapid decrease of the index clearly shows that the ACNA chemical plant was
responsible of pouring great amounts of pollutants.

NDVI values are in agreement with the chemical index defined by formula
(2), which assesses the cumulative effect of eight toxic substances (chromium,
nickel, copper, zinc, arsenic, cadmium, mercury and lead) in soil samples
collected along the river banks.

All measurements point to the presence of strong contamination downstream
the plant, even as far as several tens kilometres.

These results suggest that NDVI values obtained from satellite images can be
used as an indicator of pollution caused by river waters, and they are therefore
suitable as a survey tool for fluvial environment studies.
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