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Abstract

The aim of this study was to assess the particulate metal pollution status and the evolution of particulate metal contamina-
tion after the implementation of sewage treatment systems in the Deba River catchment during flood events. Concentrations
of suspended particulate matter (SPM), dissolved (DOC) and particulate (POC) organic carbon and metals (Fe, Mn, Zn,
Ni, Cu, Cr and Pb) were monitored in the urban watershed over four hydrological years. Geoaccumulation index was used
to determine the pollution degree and a number of statistical analyses were performed to elucidate temporal changes. 14
flood events were analyzed from October 2011 to September 2015. The content of metals (Fe, Mn, Zn, Ni, Cr, Cu and Pb)
in suspended solids showed a high degree of temporal variability which depended on number of factors being the hydrody-
namic process the main one controlling the behaviour of particulate metals. Zn, Ni Cr and Cu appear to be mainly related
to anthropogenic sources, whereas Pb appears to be lithogenic in character (like Fe) possibly related to an ageing process.
The decrease of metal pollution degree and the homogenisation of organic and metal sources could be a consequence of the
wastewater treatment, despite it seems likely that this will be a long-term process.

Keywords Urban catchment - Flood events - Particulate metals - Sewage treatment

Introduction

Rivers constitute a very important link between continents
and oceans (Ollivier et al. 2006; Liu et al. 2017). River sedi-
ment play an important role in the transportation of pollut-
ants downriver into seas and oceans (Orkun et al. 2011a),
mainly during flood events (Chen et al. 2014). Pollutants are
adsorbed into and onto particulate matter which can be accu-
mulated at the bottom of the riverbed along the time. There-
fore, sediments act as a pollutant vector and reservoir, and
can be a historical witness of river pollution (Sekabira et al.
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2010). In addition, sediment constitute a paramount impor-
tant source of pollutants as a result of small environmental
changes caused by natural and anthropogenic disturbances.

Many catchments have suffered from the pollution asso-
ciated with industrial and urban development. As a result
of that development, large quantities of different pollutants
have found their way into river systems. Trace metals are
considered priority pollutants due to their toxicity, persis-
tence and bioaccumulative nature (Akin and Kirmizigiil
2017; Sakan et al. 2009). As a result, the intake of metal
fluxes in river basins is now a constant concern (Li et al.
2009).

Trace metals can enter river systems from natural or
anthropogenic sources. In an urban environment, numerous
different anthropogenic sources may exist: industrial and
urban effluents, motor vehicle traffic, runoff from roofs and
drainpipes, dry deposition, etc. (Wong et al. 2006). Many
authors (Chen et al. 2014; Ma et al. 2016; Sakan et al. 2009;
Yang et al. 2014) have reported that in aquatic systems, met-
als are mainly associated with the particulate phase and are
mainly stored in the fine-grained sediment (Martinez-Santos
et al. 2015; Sakan et al. 2009).
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During periods of low flow, rivers accumulate particulate
matter as sediment. These are subsequently resuspended and
transported downstream during flood events (Coynel et al.
2007). Flood events also lead to changes in the physico-
chemical parameters of the water and sediment which could
increase the metal associated toxicity (Orkun et al. 2011b;
Yang et al. 2009). It is, therefore, very important to study
the variability of pollutants transported during flood events
(Chen et al. 2014).

This study was conducted in the Deba River urban catch-
ment (Basque Country, Northern Spain). Its aims were: (i) to
assess the metal pollution status of the suspended particulate

Fig.1 Study area map. Loca-
tion of Altzola gauging station,
urban wastewater plants and
urban areas (modified from
Martinez-Santos et al. 2015)

Mazmela

matter (SPM) and (ii) to study the effect of a wastewater
treatment plant (WWTP) on particulate metal contamination
during flood events.

Study area

The study area is the Deba River Catchment (538 km?),
located in the province of Gipuzkoa, Basque Country (NE
of Spain, Fig. 1). The Deba River, the main channel in the
catchment, runs across the study area from south to north
and into the Cantabrian Sea. It also receives inflows from a
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number of tributaries. The most important, in terms of dis-
charge and pollutant load, are the Ego and Ofati. The study
area covers 424.25 km? from the catchment headwaters to
the Altzola gauging station (Fig. 1), which for the purposes
of this study has been taken as the outlet of the catchment
to avoid the tidal effect in the lower part of the catchment
(Fig. 2).

The maximum elevation in the catchment is 1320 m a.s.1.
(summit of Botreaitz mountain) and there is a maximum
slope of 40% (in the headwaters). The main bedrock in the
southern part of this catchment is an alternation of sandy
limestones and lutites with some anhydrite and gypsum
deposits; in the middle section, marls and basaltic rocks
from the Upper Cretaceous (28%) and in the north, mainly
carbonate rocks (EVE 1989). Soils in the catchment are
predominantly Cambisols (66%) and Acrisols (25%). This
head catchment has been reforested with Pinus spp. (37%)
for industrial purposes. Autochthonous woodland occupies
around 27% of the land area and farmlands and pastures
just 11%.

The Deba River Catchment has suffered industrial devel-
opment since the mid-nineteenth century, resulting in a high
urban and industrial effluent pressure. It is considered to be
one of the most polluted catchments in the Basque Country
(Borja et al. 2006). The main industrial activities (electro-
lytic and chemical surface treatment and iron and steel-
related metallurgy) are especially concentrated in Arrasate
and Bergara, and to a lesser extent in Ofiati (Fig. 1). The
most important urban centres are Fibar, Arrasate and Ermua,
which contain half of the population of the basin (Fig. 1).

During the study period, the Epele (Fig. 2) Waste Water
Treatment Plant (WWTP) began operating (May 2012) and
two water traps (Fig. 1) were built to carry wastewaters from
Oniati to Epele WWTP and from Eibar and Ermua to Apraitz
WWTP (June 2014).

At the Altzola gauging station, hydrological and water
physiochemical data have been measured and recorded every
10 min since October 1985 (http://www4.gipuzkoa.net/oohh/
web/esp/02.asp). Rain is unevenly distributed throughout the
year. The wettest period is from November to March and
the driest and hottest months are usually during summer
(June—September). Mean annual discharge, precipitation

and temperature between 1996 and 2015 were 11.1 m® s/,

1467.02 mm and 13.8 °C, respectively.

Methodology
Field methodology

Discharge (O, m? s_l), precipitation (P, mm), turbidity
(NTU) and Suspended Solid Concentration (SSCg, mg LY,
among others, were continuously monitored at the Altzola
crump-type gauging station (“F” and “L” subscripts were
used after SSC to differentiate between the parameter meas-
ured in the field and in the laboratory). These variables are
electronically logged at 10-min intervals. SSCy was directly
measured in the river course using SOLITAX infrared back-
scattering probes (namely Dr Lange devices). This SSCyg
probe is located next to the Altzola gauging station and it is
connected to the data collecting and transmitting equipment
located inside the station. It is an autonomous probe which
is continuously submerged in the water. It is placed inside a
rigid protective cylinder, which allows the flow of water, to
prevent damages due to blows received by the solid material
transported by the river.

An automatic autosampler (SIGMA SD900) was used
to take samples automatically during flood events. When
the turbidity and SSCy rose to 100 NTU and 100 mg L™,
respectively, the automatic autosampler started pumping 24
water samples of approximately 800 mL into polyethylene
bottles every 2 h, making a 46-h time-lapse during which
each flood event was sampled. Each flood event is differ-
ent and it is difficult to predict how it is going to be and
how much time it is going to take on the rising limb and on
the falling limb. Therefore, the used sampling program was
selected after studying the available information of other
catchments around the study area and its own characteris-
tics (Martinez-Santos et al. 2013; Peraza-Castro et al. 2016;
Zabaleta et al. 2007), with the aim of obtaining samples on
the rising and falling limb of the hydrograph to ensure that
samples were representative of the flood event. Data used
for this study covered 4 hydrological years from 1 October
2011 to 30 September 2015. This period was further divided
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into 3 different subperiods, during which 14 flood events
were analysed (6, 4 and 4, respectively). After eliminating
the samples that were considered non-representative, 88, 77
and 62 samples were analyzed in each sub-period, respec-
tively, distributed among the studied flood events. The three
subperiods (Fig. 3) were distinguished on the basis of the
start-up of the Epele WWTP (May 2012) and construction
of the two water traps (June 2014). The first, second and
third subperiods cover 232 days (from 1 October 2011 to 20
May 2012), 761 days (from 21 May 2012 to 20 June 2014)
and 468 days (from 21 June 2014 to 30 September 2015)
respectively, making a total of 1461 days.

After the end of the sampling programme; samples were
brought immediately to the Chemical and Environmental
Engineering Laboratory (University of the Basque Country)
to determine EC;, pH;, SSC;, particulate organic carbon
(POC), dissolved organic carbon (DOC) and particulate
metal content (Fe, Mn, Zn, Ni, Cu, Cr and Pb). These sam-
ples were treated immediately upon arrival at the laboratory
to avoid potential alterations, as per the protocol set out in
APHA-AWWA-WPCEF (1998).

Laboratory methodology

The pH; and CE; were measured at the laboratory using a
Crison micro pH2000 and a Crison EC-Meter Basic 307,
respectively. The water samples were then filtered through
preweighed and precleaned 0.45 um Millipore nitrocellulose
filters. SSC; was determined using the preweighed filters.
Total organic carbon (TOC) and dissolved organic carbon
(DOC) were analysed using a total organic carbon analyzer
(TOC-L Shimadzu). Particulate organic carbon (POC) was
calculated based on the difference between TOC and DOC.

A microwave digestion system (ETHOS 1, Milestone)
was used to digest the filters with the suspended matter in
Teflon vessels with a mixture of concentrated HNO;:HCIO,
(3:1.5), to determine the pseudo total particulate metal con-
tent. Samples were heated by increasing the temperature to
180 °C for 10 min and kept at that temperature for an addi-
tional 25 min (USEPA 3015A, 2007). After digestion, the
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samples were filtered through precleaned 0.45 um Millipore
nitrocellulose filters and diluted to 50 mL with Mili-Q water.
Additionally, an NBS sediment sample (Buffalo River sedi-
ment, USA) was used to control analytical methods. All met-
als were also measured using this technique, with mean val-
ues close to the certified contents and variation coefficients
of less than 8%, with the exception of Pb (17% with 0.5 g of
sample) (Ruiz et al. 1991). Metals in the pseudo-total diges-
tion (Fe, Mn, Zn, Ni, Cu, Cr and Pb) were determined by
ICP-OES (Perkin Elmer Optima 2000). The detection limits
(recalculated to relate to SPM in solution) for these metals
were: Pb (1 ug g7"), Zn (0.5 ug g71), Fe and Mn (0.4 ug g7 1)
and Cr, Cu and Ni (0.1 pg g™h).

Clean procedures were employed to avoid contamina-
tion. After washing with tap water and phosphate-free soup
and rinsing with distilled water, all material used was acid-
washed (10% HNO; for 24 h) and rinsed with MiliQ water
four times. This procedure was repeated for each sampling
series.

Data analysis

As variables were not normally distributed, non-parametric
statistical analysis have been applied. A Kruskal-Wallis test
was carried out to assess the stationarity of time series, and
then a Mann—Whitney test was used to determine between
which subperiods were the non-stationarity significant.
Thus, the results were considered statistically significant
when p <0.05 and not significant otherwise. Spearman cor-
relation analyses (one for each subperiod) were also per-
formed to establish the existence of relationships between
analysed parameters and to elucidate if such relationships
were temporary stable or not. Finally, three PCA tests (one
for each subperiod) were carried out to elucidate the effect
of the sewage treatment onto particulate metal relations. All
statistical analyses were performed using the IBM SPSS 22
software.

The geoaccumulation index (/,,) was calculated using
Eq. (1) to assess the degree of pollution of each metal.
Iy, has been used by many authors (Islam et al. 2015;
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Fig.3 Hydrograph for the study period (10-min data measured at Altzola gauging station). Dashed lines show the division of the study period

into three subperiods. The Q axis is in logarithmic scale
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Nazeer et al. 2014; Yang et al. 2014; Orkun et al. 2011a)
as a measure of pollution degree in aquatic environments.

Cﬂ
o = 1og2<1'53 ) (1)

where C, is the content of metal n in suspended solids (SS)
and B, is the background value of metal n. Table 1 shows
the pollution categories according to L, (Islam et al. 2015).
The background values used to calculate C,, and I,
were taken from available data of non-polluted areas of the
catchment (Martinez-Santos et al. 2015): 26.4 mg g_1 (Fe),
642.3 ug g=' (Mn), 230.0 pg g=! (Zn), 32.9 pug g~ (Ni),
40.9 pg g=' (Cr), 28.4 ug g=! (Cu) and 50.2 pg g~' (Pb).

Results and discussion

Hydrological and meteorological context
during the study period

Taking the last 20 years into account, the study area shows
an average discharge of 14.5 m® s™!. During that period,
the minimum discharge (0.5 m® s™') was recorded in Sep-
tember 2010 and the maximum (438.2 m® s™!) in Novem-
ber 2011. The average temperature was 13.8 °C and the
mean daily precipitation (m.d.p.) was 4.02 m days~'. The
study period covered four hydrological years and it was

Table 1 Degree of metal pollution according to I, index (Islam

et al. 2015)

0

Iye, value Metal pollution degree

1o <0 Practically uncontaminated

0=<1pe<1 Uncontaminated to moderately contaminated
1<, <2 Moderately contaminated

2<1,,<3 Moderately to heavily contaminated
3<,,<4 Heavily contaminated

4<10<5 Heavily to extremely contaminated

1,..,>5 Extremely contaminated

geo =

Table 2 Hydrometeorology data summarize during the study period

divided into three subperiods on the basis of the introduc-
tion of corrective measures ("Field methodology" section).

The hydrological and meteorological situation during the
study period was also similar to the characteristics recorded
in the last 20 years (Table 2). However, the first and third
subperiods displayed some differences which appear to be
related to the fact that they do not include all the periods in
a hydrological year. The first subperiod had a lower tempera-
ture (11.5 °C) and a higher m.d.p. (4.40 mmdays_l) than the
period 1996-2015. This may be because it does not include
summer. Rainfalls were very intense and occurred mainly
in a short period of time during the first subperiod, which
was preceded by a very long dry period (spring and summer
2011). The confluence of these two factors may, therefore, be
the reason for the low average discharge. In the case of the
third subperiod, it includes the dry seasons for two hydro-
logical years (summer 2014 and summer 2015). This may
be the reason for the lower average discharge (12.6 m* s71)
and m.d.p. (3.54 mmdays~') and the higher average tem-
perature (17.4 °C). The second subperiod, on the other hand,
showed similar values to those for the period from 1996 to
2015 (Table 2). This may be related to the duration of this
subperiod, which included all the different stages of two
hydrological years.

The term “flood event” is used here to refer to a com-
plete hydrological event with rising and falling limb. During
the study period, a total of 14 flood events were analysed
(Fig. 4): Event 1 (November 2011), Event 2 (December
2011), Event 3 (January 2012), Event 4 (February 2012),
Event 5 (April 2012) and Event 6 (May 2012) for the first
subperiod; Event 7 (December 2012), Event 8 (January
2013), Event 9 (March 2013) and Event 10 (May 2014) for
the second subperiod; Event 11 and Event 12 (November
2014), Event 13 (January 2015) and Event 14 (March 2015)
for the third period. 6 out of 14 of these flood events (Events
3,4,8,9, 13 and 14) occurred in winter (from December to
March), 5 out of 14 (1, 2, 7, 11 and 12) in autumn and 3 of
14 (5, 6 and 10) in spring.

A high-intensity flood event occurred from 5 to 9 Novem-
ber 2011 (first subperiod). This flood event (Fig. 4a, number
1) had the maximum discharge (438.2 m> s7!) recorded at
the Altzola gauging station, with a return period of 50 years.

Period Quverage m3s™) Omin m3s™) OmMax m3s™h Total precipi- Time (days) Mean daily precipita- Temperatu-
tation (mm) tion (mm days™!) yerage (°C)

1st subperiod 13.2 0.9 438.2 1055.3 240 4.40 11.5

2nd subperiod 15.0 0.6 3344 3028.6 753 4.02 13.9

3rd subperiod 12.6 0.8 429.1 1657.8 468 3.54 174

Study period 13.9 0.6 438.2 5741.7 1461 3.90 14.6

1996-2015 14.5 0.5 438.2 27894.8 6939 4.02 13.8
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Fig.4 Discharge (m®s™!) and rainfall (mm) measured every 10 min at Altzola gauging station for the first (a), second (b) and third (c) subperi-
ods. Numbers represent the flood events studied. The Q axis is in logarithmic scale

In the third subperiod, from 28 January to 2 February 2015,
another flood event (Fig. 4c, Number 13) attained a simi-
lar maximum discharge (429.1 m? s7!). The maximum dis-
charge during the second subperiod was lower (334.4 m*s™!)
than those during the other subperiods. On the other hand,
a special event was sampled from 1 March to 5 March 2013
(Fig. 4b, number 9), corresponding to the melting of snow
which had fallen previously.

As noted above, at each flood event, 24 samples were
taken with a frequency of 2 h. However, there were two
exceptions: Event number 1 and Event number 9 (Fig. 4).
When the first flood event started, the autosampler was not
well programmed, with the result that the entire event was
not sampled. For Event number 9, the autosampler was pro-
grammed with a frequency of 3 h to sample the entire snow-
melt event.

Q, SSC, CE, pH, Organic matter and particulate metal
during flood events

Table 3 summarizes the Q, pH, EC, SSC, DOC and
POC data measured in the samples from the flood events

@ Springer

studied. Subperiods showed similar discharge ("Hydrologi-
cal and meteorological context during the study period")
and the statistical test showed an absence of significant
differences (p > 0.05), but it was very different for each
flood event. Turning to the figures for instantaneous dis-
charge (Fig. 4), three flood events stand out: Number 1
(Omax=438.2 m* s7"), Number 8 (Qy4x=256.9 m’ s71)
and Number 13 (Qyax=429.1 m® s71), which occurred dur-
ing the first, second and third subperiods, respectively. The
discharge in these three events also showed a high rate of
variability. In Table 3, the first flood discharge magnitude
is shown masked (Fig. 4) because the event was not fully
sampled (as noted above in "Hydrological and meteorologi-
cal context during the study period"). The second and fifth
events also showed high discharge and variability compared
to the other flood events studied (10-100 m> s™!). Flood
Event 10 had the minimum average discharge (9-18 m®s™)
with low variability. However, the minimum spot discharge
(6.4 m® s7") was seen in Flood Event 11, the first flood of
the 2015-2016 hydrologic year. Event number 9 (snow
melt) also showed low discharge values and low variability
(24-35 m? s71). Finally, 6 out of 14 studied events (Events
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Table 3 Q, pH, CE, SSC, DOC

o . Period Qm’s™ pH CE uScm™) SSC(mgL™') DOC@mgL™) POC (mgL™)
and POC statistical summaries
during the flood events studied 1st, N=88
it‘illfn‘;:ie‘ of the Deba Median ~ 41.8 7.8 327.5 175.8 8.6 14.4
Range 8.7-293.6  7.4-8.1 233.5-481.4 15.6-7010.0 2.1-23.1 0.1-733.3
SD 439 0.2 38.6 920.9 44 108.6
2nd, N=77
Median  31.9 7.9 312.6 46.4 39 1.6
Range 8.3-256.9  7.5-8.2 213.5-383.6 9.0-1090.5 0.3-7.7 0.1-36.9
SD 51.9 0.2 34.9 170.1 1.9 54
3rd, N=62
Median  30.2 7.9 298.0 69.7 5.7 22
Range 6.4-428.6 7.6-8.5 207.9-437.5 0.8-631.9 3.1-8.5 0.1-35.2
SD 110.1 0.1 53.5 162.0 1.5 74

N number of samples per subperiod

3,4, 6,7, 12 and 14) showed similar discharge ranges
(20-80 m* s7).

Comparing the three subperiods (Table 3), the pH was
slightly basic (around 7.9), with a slight temporal increase;
however, it varied between flood events. In contrast, the EC
showed a temporal decrease (Table 3) and also seemed to be
very dependent on discharge (dilution effect) and the previ-
ous hydrological status (after a dry period the EC appeared
to be higher due to the dissolved material concentration).
Only the pH and EC changes from the first subperiod to
the second and third subperiods were statistically signifi-
cant (p <0.05), suggesting different physicochemical water
characteristics which may affect metal behaviour (Du Laing
et al. 2009).

SSC and POC showed the same temporal trend (Table 3)
and the same behaviour during floods (Fig. 5). A significant
temporal decrease with a p value of <0.05 was observed in
both: from the first subperiod to the third subperiod, SSC
decreased by a factor of 2.5, whereas POC fell sevenfold,
indicating a decrease in the organic character of particulate
matter. The greatest reduction in SSC and POC was observed
after the first and second flood events. DOC also showed
a statistically significant (p <0.05) temporal decrease but
appeared to be more dependent on hydrology and flood type.
A DOC increase was found in the first floods (Events 11 and
12) of the third subperiod. These flood events (Events 11 and
12) had low discharge (median 13.2 m® s~! and 26.6 m* s,
respectively) and were the first floods after the summer, in
which a concentration of dissolved organic matter may occur
due to the lower discharge of the river. This temporal trend
in SSC, POC and DOC suggests a reduction in inputs of
organic pollution into the Deba river catchment. This may be
related to the introduction of urban and industrial wastewater
treatment systems throughout the catchment.

Table 4 summarizes the particulate metal content
(Fe, Mn, Zn, Ni, Cr, Cu and Pb) data measured in the

flood events. Metal content in SS showed high variabil-
ity between flood events and also during each flood event
(Fig. 5). Several factors may be responsible for this vari-
ability, such as different source of particles; different par-
ticle size; effect of dilution from soil erosion and different
types and locations of active sediment sources (Coynel
et al. 2007; Ollivier et al. 2011; Palleiro et al. 2014). The
order of abundance of particulate metal content was Fe
>Mn >Zn > Cr> Cu> Ni> Pb for the first and third sub-
periods. In the second subperiod, Ni content increased,
changing this order: Fe >Mn > Zn > Cr > Ni > Cu > Pb.
By particulate metal content (Table 4), Fe showed a
statistically significant (p < 0.05) increase between the first
and the second subperiods. In the study area, Fe is strongly
retained in the mineral lattice and is, therefore, considered
to be a lithogenic element (Martinez-Santos et al. 2015).
The first flood event might, therefore, have exhausted the
previously accumulated particulate matter (rich in anthro-
pogenic elements). As a result of that depletion, the next
flood events might then have mobilized particulate mate-
rial from deeper layers with a more lithogenic character.
Like Fe, Mn also showed an increase which was statisti-
cally significant (p < 0.05) between the second and third
subperiods. The highest Mn content occurred during low
discharge floods (Events 9, 10 and 11 events). Both Fe and
Mn are commonly related to a lithogenic source (Bibby
and Webster-Brown 2005; Li et al. 2009; Violintzis et al.
2009) but in the study area Mn might also be anthropo-
genic, given the presence of a battery factory (producing
12,000 tonnes of electrolytic manganese dioxide per year)
and the heavy vehicle traffic in the study area (Li et al.
2009; Sekabira et al. 2010; Wong et al. 2006), despite a
reduction in the permissible concentration of Mn as a gas-
oline additive (Royal Decree 61/2006; 2006). Mn was also
mainly associated with the exchangeable fraction in the
bottom sediments (Martinez-Santos et al. 2015) reflecting
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Fig.5 Boxplot representations of SSC (mg L™!), POC (mg L™!) and
particulate metal content: Fe (mg g‘l), Mn, Zn, Ni, Cu, Cr and Pb
(ug g71) for each flood event. Dashed lines are used to differentiate

Table 4 Particulate metal
content (Fe, Mn. Zn, Ni, Cr, Cu
and Pb) statistical summaries
during the flood events studied
at the outlet of the Deba
catchment (The data for the
first flood event have been
eliminated)
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the 3 subperiods. N=number of samples per flood event: (N,=14,
N,=24, N;=15, Ny=17, Ns=13, Ny=19; N, =18, Ng=15, Ny=22,
N,y=22; N,,=14, N;,=20, N;3=12 and N,,=16)

Period  Fe(mgg™) Mn(ugg™) Zn(ugg™) Ni(ugg™") Cr(ugg™) Cu(ugg™ Pbugg™
1st, N=88

Median 36.7 1066.4 582.7 64.2 127.6 83.3 56.7
Range 24.0-68.0 270.3-2640.3 234.6-2718.7 42.4-269.7 51.7-354.7 37.3-249.5 7.4-236.3
SD 7.5 463.8 531.3 35.5 52.9 37.1 33.8

2nd, N=77

Median 44.7 1127.1 526.6 108.9 151.8 88.3 65.5
Range 31.3-70.5 645.1-2602.5 198.7-1208.1 20.3-405.5 36.8-382.2 33.0-271.1 2.2-255.6
SD 8.9 449.5 200.8 84.1 78.2 40.4 494

3rd, N=62

Median 43.0 1384.5 451.0 76.0 126.1 77.4 58.6
Range 32.2-72.1 583.5-3235.2 271.5-889.5 43.7-174.9 79.9-383.3 38.2-181.1 32.1-148.5
SD 8.8 669.9 151.2 30.7 69.0 35.7 19.0

N number of samples per subperiod
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the possible anthropogenic character of this element in
the study area.

In contrast to Fe and Mn, Zn showed a continuous tem-
poral decrease which was statistically significant (p <0.05)
between the second and the third subperiods. Some authors
have noted that untreated inputs can be a significant source
of metals (Alonso et al. 2006; Carter et al. 2006; Chon et al.
2012; Pereira et al. 2016). Martinez-Santos et al. (2015)
reported a Zn hotspot in the Ego tributary due to the input
of untreated or partially treated wastewaters. Hargreaves
et al. (2017) reported that the particulate Zn concentration
of wastewaters diminished significantly after treatment in
a WWTP; the decrease in Zn content may, therefore, be
related to the treatment of wastewaters from the Ego area.

Ni, Cr and Cu showed a similar pattern: a decrease from
the first flood to the middle part of the second subperiod,
followed by an increase in the last part of the second subpe-
riod and finally, a decrease during the third subperiod. The
changes in Ni and Cr content were statistically significant
(p <0.05) while Cu variations were insignificant. During the
first two floods, the suspended solids showed a high Zn, Ni,
Cr and Cu content (Fig. 5). This was presumably because
of the long dry season after these two flood events in which
the study area had accumulated a large quantity of polluted
particulate matter. The heavy and intense precipitation and
consequent large flow during the first and second flood
events may have led to the exhaustion of particulate matter
from upper layers. The main reasons for the increase in Ni,
Cr and Cu content in Flood Events 9, 10, 11 and 12 could be
the low SSC (for Events 9 and 10) and the accumulation of
polluted material during a period without rainfall (for Events
11 and 12). Several studies have indicated that metals tend to
accumulate within the fine fraction of sediments (Martinez-
Santos et al. 2015; Pereira et al. 2016; Sakan et al. 2009).
In general, metal content tends to decrease if the discharge
increases because of the erosion of less polluted layers, dilu-
tion related to the erosion from other areas of the catch-
ment and a higher percentage of relatively larger material
(Myangan et al. 2017; Ollivier et al. 2011; Radakovitch et al.
2008). Therefore, low discharge implies low flow energy
and consequently smaller grain size of the particulate mat-
ter (Bibby and Webster-Brown 2005; Yang et al. 2014). In
contrast, before Flood Events 11 and 12, a dry period with
no rainfall occurred (summer). During this period, polluted
particulate material would have accumulated throughout the
study area. The first rainfalls after summer would then have
mobilized this metal-rich particulate matter, as in the first
and the second flood events but to a lesser extent.

Finally, no clear temporal trend was observed for Pb,
with no significant changes between subperiods. It may be
related to a permanent and stable source. A main road with
heavy vehicle traffic runs through the catchment, parallel
to the mainstream. There is also a factory next to the Ofiati

stream, which in the past produced lead batteries. Despite
the prohibition on using Pb as a gasoline additive (in 2001)
and the termination of production of lead batteries at the fac-
tory, most of the lead deposited in the last century might be
still stored in the deep particulate matter (Radakovitch et al.
2008; Sekabira et al. 2010) and constitute a source when
particles are detached and transported.

Comparing the metal content with other catchments
around the world (Table 5), Zn and Ni content in the Deba
river catchment was higher, whereas Fe, Mn, Cr, Cu and Pb
were in the same range. However, it is difficult to compare
metal content during flood events because each study area
has its own characteristics, and each flood event is different.

Influence of Q, SSC, EC, pH and organic matter
in metals and their temporal evolution

A Spearman correlation analysis was performed (Table 6)
to elucidate the relationships between particulate metals
and assess how the parameters measured (Q, SSC, EC, pH,
DOC and POC) affect particulate metal content. The test was
carried out three times (one for each subperiod) to deter-
mine whether the relationships varied from one subperiod
to another. Due to the special characteristics of Flood Event
1, it was eliminated from the statistical test to avoid possible
discrepancies. However, it is useful in providing a view of
the situation of the study area before the study started.

During the three subperiods, discharge was positively
correlated with SSC (r=0.58, 0.50 and 0.44, respectively;
p value of Spearman correlation test <0.01) indicating
that flood events export high quantities of particulate mat-
ter, reflecting the substantial role of flood events on sedi-
ment transport, as it has been previously pointed by other
researchers (Nicolau et al. 2012; Oursel et al. 2014; Zabaleta
et al. 2016). This might also be an important factor affecting
particulate metal behaviour during flood events (Chen et al.
2014; Coynel et al. 2007; Yang et al. 2014).

The relationship between Q and SSC was weaker than
in other catchments (Martinez-Santos et al. 2013; Peraza-
Castro et al. 2016; Roussiez et al. 2013) and became weaker
as the study period progressed. This may be related to high
0 and SSC variability and to the fact that for the same dis-
charge value, SSC varied at any given time (hysteresis). This
behaviour was also reported by Zabaleta et al. (2016) for
the Deba river catchment and for other nearby catchments,
which could be related to variations in sediment availability
and changes in sediment sources during flood events and
during the study period. Precipitation intensity and quantity,
previous conditions, event length and sediment availability,
among others, are aspects which could affect the quantity of
suspended solid an event is able to transport (Nicolau et al.
2012; Ollivier et al. 2011; Zabaleta et al. 2016).
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Table 5 Particulate metal content data from different study areas around the world

River Fe (mg g™") Mn (g g™") Zn(pgg™") Ni (ugg™) Crugg™) Cu(ugg™ Pb (ug g™
Huanghe? 38.8 17.8 34.5
Changjiang® 208 88 187
Amurg* 97 23 23

Oka® 19.8-123 490-1357 14.9-1468 13.5-158 65.8-375 15.7-215 7-566
Rhone® 20.8-69.8 408-3527 107-336 35.7-90.5 63.2-151 26.2-142 22.4-109
Montoussé? 7-127 492-5203 47-476 9.7-186 15-298 6.4-105 4.1-66
Lot® 523-1460 42.1-67.7 75.1-118 79.2-183
Pa.kuralngar 44.3-75.3 400-2700 1050-2030 86.4-108 107-296
Puhinui’ 29.1-41.9 400-1100 495-1010 24.5-149 52.3-310
East Tamaki' 38.9-63.3 700-1500 2120-7030 47-155 70.2-146
Changjiang® 67.9-775.6 17.4-106.3 45.0-548.5 22.1-292.5 25.7-1307.0

*Wang et al. (2016)
bPeraza-Castro et al. (2016)
“Ollivier et al. (2011)

dRoussiez et al. (2013)

¢Coynel et al. (2007)

fBibby and Webster-Brown (2005)
£Yang et al. (2014)

A positive correlation between SSC and POC became
stronger over time (r=0.79, 0.81 and 0.88; p value of
Spearman correlation test <0.01 for the first, second and
third subperiods, respectively) suggesting similar behav-
iour during flood events. Whereas SSC and POC were not
correlated with DOC during the first subperiod, they were
positive correlated during the second subperiod (r=0.62
and 0.45; p value of Spearman correlation test <(0.01). This
degree of correlation also increased during the third sub-
period (r=0.79 and 0.85; p value of Spearman correlation
test<0.01). The lack of correlation between POC and DOC
suggested different source of them. On the other hand, the
positive correlation suggests the presence of a common
source. In addition, the positive correlation between POC,
DOC and SSC suggests the partial dissolution of POC as a
DOC source (Nicolau et al. 2012) during the second and the
third subperiods. The sources of organic matter, therefore,
appear to have changed during the study period suggesting
homogenization. This change may be related to the removal
of organic matter from the wastewaters.

As noted above ("Q, SSC, CE, pH, Organic matter and
particulate metal during flood events"), only changes in
pH and EC from the first subperiod to the second and third
subperiods were statistically significant (p value of Mann
Whitney test < 0.05), suggesting different physicochemical
water characteristics from the first subperiod to the second
and third subperiods.

According to several authors (Du Laing et al. 2009;
Myangan et al. 2017; Orkun et al. 2011b; Palleiro et al.
2014; Yang et al. 2014), a drop in pH increases metal
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mobility; whereas a pH increase could result in metal
transfer from dissolved to particulate phase. However,
in this study pH and particulate metal content were not
always positively correlated; indeed, in some cases the
correlation was negative (Table 6). These correlations
changed over time (Table 6), and it, therefore, appears
that in this study the pH variation range (7.4-8.5) was too
narrow to demonstrate such relationships between pH and
particulate metal (Mellor 2001), and/or that the effect of
other parameters (Q, SSC, organic matter, etc.) on par-
ticulate metal behaviour masked the pH effect due to their
wider variability (Table 3).

On the other hand, EC and some metals showed a positive
correlation (Table 6). For the first subperiod, EC was posi-
tively correlated with Fe, Cr, Cu and Pb (0.28 <r<0.36; p
value of Spearman correlation test <0.01), while EC showed
a positive relationship with Mn, Ni, Cr and Cu for the sec-
ond subperiod (0.44 <r<0.54; p<0.01), which improved
for the third subperiod (0.69 <r<0.80; p value of Spearman
correlation test <0.01). This contrasts with the observations
of other researchers who reported a negative correlation
between particulate metal and salinity due to the fact that
major cations (Ca*t, Mg?*, Na*, K*) compete with heavy
metals for SPM binding-sites and because of the formation
of metal soluble complexes (Dojlido and Best 1993; Our-
sel et al. 2014; Wang et al. 2016). However, these studies
were performed under steady flow conditions. It, therefore,
appears that the hydrology, and its consequent dilution
effect, was a more important factor in the control of par-
ticulate metal than EC in the study area during flood events.
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Table 6 Spearman’s correlation coefficients (r); (a) first subperiod (N=288); (b) second subperiod (N="77) and (c) third subperiod (N=62)

0 pH EC SSC DOC POC Fe Mn Zn Ni Cr Cu Pb

(a) (N=88)

0 1.00

pH —-0.16 1.00

EC —0.52 0.47 1.00

SSC 058 —-026 —0.46 1.00

DOC 0.43 0.21 0.18 0.22 1.00

POC 024 -025 -024 0.79 0.05 1.00

Fe —-0.03 0.45 028 —0.36 0.18 —-025 1.00

Mn -057 -0.34 016 -056 -022 —-0.29 -021 1.00

Zn -056 —0.13 011 -0.11 -0.34 031 -0.03 0.46 1.00

Ni -047 -021 022 -042 -0.16 -0.16 0.01 0.59 0.53 1.00

Cr -0.51 -0.10 035 -027 -0.02 002 -0.05 0.47 0.60 0.81 1.00

Cu -0.66 —0.17 030 -045 -032 -0.15 -0.04 0.64 0.67 0.81 0.75 1.00

Pb -023 -0.16 036 -0.35 0.16 —0.24 0.03 0.44 0.03 0.46 0.55 042 1.00
() (N=TT7)

0 1.00

pH —-0.56 1.00

EC —-0.84 0.55 1.00

Ssc 050 -0.69 -045 1.00

DOC -0.08 -033 -0.05 0.62 1.00

POC 048 —-0.56 —0.46 0.81 0.45 1.00

Fe 0.09 028 -002 -031 -001 -0.18 1.00

Mn -0.72 0.39 051 —0.46 0.18 —-0.27 0.14 1.00

Zn -0.13 0.06 017 -042 -0.19 -0.38 0.45 0.25 1.00

Ni —-0.49 0.73 044 —-042 -005 -0.38 0.34 0.47 0.03 1.00

Cr —-0.63 0.47 046 —0.26 0.11 -028 -0.01 071 —-0.04 0.68 1.00

Cu —-0.61 0.53 054 —0.48 0.02 -0.34 0.26 0.73 0.36 0.73 0.58 1.00

Pb 017 -0.56 -0.26 0.31 0.08 020 —-046 —0.06 005 -051 -0.14 -0.18 1.00
(c) (N=62)

0 1.00

pH -0.15 1.00

EC -0.74 0.06 1.000

N 044 —-045 0.05 1.000

DOC 0.10 -027 0.38 0.79 1.00

POC 0.13 —-042 0.32 0.88 0.85 1.00

Fe —-0.42 0.29 002 -073 -056 -0.72 1.00

Mn —-0.55 0.12 0.72 0.06 0.46 036 -0.15 1.00

Zn -0.44 0.46 002 -087 -0.64 —0.65 0.53 0.07 1.00

Ni -0.59 0.23 0.69 -0.23 0.13 0.08 0.12 0.68 0.27 1.00

Cr —-0.63 0.10 080 —0.06 0.23 025 -0.01 0.70 0.15 0.88 1.00

Cu -0.50 -0.03 0.79 0.12 0.44 042 -0.19 0.80 —0.01 0.85 0.90 1.00

Pb -045 0.11 023 -053 -029 -030 0.40 0.26 0.53 0.42 0.45 036 1.00

Correlation is significant (p) at 0.01 level for bold numbers

In most cases, particulate metals were negatively corre-
lated with Q (—0.72<r<—-0.42; p value of Spearman cor-
relation test <0.01) during the entire study period (except
Fe and Pb in the first subperiod, and Fe, Zn and Pb in the
second subperiod). The decrease in particulate metal content

during flood events could be related to a dilution effect by
metal-poor soil-borne particles (Nicolau et al. 2012) which
could be due to different particle sources and/or changes in
particle size (Coynel et al. 2007; Peraza-Castro et al. 2016;
Wang et al. 2016). That would, therefore, be related to SSC
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because as noted in this section, higher SSC means larger
particle size. In addition, Martinez-Santos et al. (2015)
reported that in the Deba River catchment the fine fraction
of sediment showed higher metal content than coarser par-
ticles, as in other areas (Owens and Xu 2011; Sakan et al.
2009; Yang et al. 2014). Thus, SSC and particulate met-
als were negatively correlated (-0.31 <r <-0.56; p value of
Spearman correlation test < 0.01) during the first and second
subperiods (except Zn and Cr for the first subperiod, and Cr
and Pb for the second subperiod). However, during the third
subperiod only Fe, Zn and Pb were negatively correlated
to SSC (—0.53<r<-0.87; p value of Spearman correla-
tion test <0.01). The changes in correlations may indicate
a change in the type and/or source of the particulate matter.
Moreover, the loss of correlation between SSC and metals
(Mn, Ni, Cr and Cu) during the third subperiod suggests that
metal content in SPM was more closely related to land use
than to the hydrologic regime (Bibby and Webster-Brown
2005).

Despite the widely studied and reported relationship
between organic matter and metals (Banas et al. 2010; Chen
et al. 2014; Du Laing et al. 2009), in this study organic mat-
ter (DOC and POC) and metals showed little (r <0.38; p
value of Spearman correlation test <(0.01) or no correlation
(Table 6) for the first and second subperiods, suggesting dif-
ferent sources or different behaviour during flood events.
However, it seems difficult to draw any firm conclusions
in this regard; it may perhaps be a result of the hydrology
effect as a principal factor in controlling the behaviour of
the metals under the conditions in which this study was car-
ried out, as noted above ("Q, SSC, CE, pH, Organic matter
and particulate metal during flood events"). On the other
hand, DOC and POC were positively correlated to Mn
and Cu (0.36 <r<0.46; p value of Spearman correlation
test <0.01) and negatively to Fe and Zn (—0.72<r —0.56;
p value of Spearman correlation test < 0.01) during the third
subperiod (Table 6). Such clearer correlations could evince
a pollution homogenization that may be related to the chan-
nelling and treatment of the wastewater. Martinez-Santos
et al. (2015) reported a high affinity of Cu for organic matter
in the Deba river catchment, as various researchers did for
other study areas (Banas et al. 2010; Chen et al. 2014; Li
et al. 2009). The negative correlation between organic mat-
ter and Fe could be due to their different origin—anthropo-
genic for organic matter (urban and industrial wastewaters)
and lithogenic for Fe. Zn has high affinity for organic mat-
ter (Chen et al. 2014; Dojlido and Best 1993; Radakovitch
et al. 2008), but in this case it was negatively correlated
with organic matter, which could be related to different ori-
gins. A large quantity of Zn was previously accumulated
in the bottom sediments (Martinez-Santos et al. 2015), and
although initially it was predominantly anthropogenic, Zn
could be suffering an ageing process, increasing the degree
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of mineralisation (Alloway 2013; Kumar 2016). Another
reason could be their different sources, as the Ego tributary
is the main Zn hotspot in the area (Martinez-Santos et al.
2015). The absence of any correlation between organic mat-
ter and Ni, Cr and Pb could be due to their different sources
and/or behaviour during flood events.

In the first subperiod, all metals (except Fe) were posi-
tively correlated (Table 6), which could indicate that they
had the same behaviour and/or origin (Cheng et al. 2017,
Liu et al. 2017; Wen et al. 2013). However, it seems unlikely
that all of them (Mn, Zn, Ni, Cr, Cu and Pb) to have shared
the same origin in light of all the different sources of metal
pollution throughout the catchment, especially given that
samples were taken under flood event conditions at the out-
let of the catchment and were thus affected by all the inputs
throughout the study area. Not all metals were correlated
to the same degree. Ni, Cr and Cu were highly correlated
(r>0.75, p value of Spearman correlation test <0.01) sug-
gesting a common source (Oursel et al. 2014), whereas cor-
relations with other metals were weaker (Table 6). It may,
therefore, be more plausible that Mn, Zn, Ni, Cr, Cu and Pb
showed similar behaviour, possibly due to the existence of a
common source of particulate metal. The large quantity of
highly polluted particulate matter previously accumulated
in the catchment (Martinez-Santos et al. 2015) may have
been the principal source of particulate metal before it was
exhausted.

After the first subperiod, correlations between certain
metals changed (Table 6), suggesting changes in their main
source and/or different behaviours. As the study period
progressed, a positive correlation of Zn and Pb with Fe
appeared (r=0.53 and 0.40, respectively; p value of Spear-
man correlation test <0.01), whereas the positive correlation
with the other metals disappeared or became weaker. These
might suggest that the Zn and Pb were initially anthropo-
genic in character and then changed into a more lithogenic
behaviour. Several authors (Bibby and Webster-Brown 2006;
Eggleton and Thomas 2004; Hu et al. 2017) have reported
that Fe-oxy-hydroxides are important scavengers for some
metals, including Zn and Pb, while others have pointed to
the mainly lithogenic character of Fe (Ma et al. 2016; Myan-
gan et al. 2017; Sekabira et al. 2010), also in the study area
(Martinez-Santos et al. 2015). This could be because Zn
and Pb had their origin in old particulate matter. Although
initially such material was predominantly anthropogenic, it
would have suffered an ageing process, increasing the degree
of mineralisation (Alloway 2013; Kumar 2016). That old
material, coming from deeper layers, might behave like Fe-
rich material with a higher lithogenic character, despite the
original Zn and Pb anthropogenic source.

Ni, Cr and Cu showed a positive correlation (r>0.58; p
value of Spearman correlation test <0.01) during the whole
study period. Moreover, they were positively correlated with
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Mn (r>0.47; p value of Spearman correlation test <0.01),
suggesting a tendency to be adsorbed into Mn-oxy-hydrox-
ides. Several authors have reported that manganese oxy-
hydroxides are important ligands to metals (Chon et al.
2012; Sekabira et al. 2010). Despite the fact that Ni, Cr
and Cu showed a positive correlation throughout the study,
the relationships grew stronger during the third subperiod
(r>0.85, p value of Spearman correlation test <0.01), sug-
gesting the same source and behaviour, which could be
related to source homogenization.

Effect of sewage treatment plant on particulate
metal pollution

Three PCA tests (one for each subperiod) were carried out
to elucidate temporal changes in particulate metal relations
(Fig. 6). Due to the special characteristics of Flood Event 1,
it was eliminated from the statistical test to avoid possible
discrepancies.

For the first subperiod, the PCA analysis showed four
factors: Factor 1 (29.5% of the variance) related to metal
pollution (Mn, Zn, Cr, Cu and Pb to a lesser extent); Fac-
tor II (24.3% of the variance), positively characterised by
hydrodynamic effect (Q, SSC and POC) and negatively by
pH and EC; Factor III (13.2% of the variance) defined by
Fe and Ni; and Factor IV (10.6% of the variance) charac-
terised by DOC and Pb. The factorial planes I-III (Fig. 6a)
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Fig.6 PCA correlation between variables for each subperiod. a Fac-
torial panes I-III for the first subperiod; b factorial planes I-II for the
third subperiod

thus differentiated the metals in two main groups, the first
composed of Mn, Zn, Cr, Cu and Pb (Factor I) and the sec-
ond composed of Fe and Ni (Factor III), although Ni shows
some trend towards the group of other metals (Factor I).
This could, therefore, evince two metal behaviours and/or
sources: one anthropogenic (Mn, Zn, Cr, Cu and Pb) and
another lithogenic (Fe). In the study area Ni was defined as
an anthropogenic metal (Martinez-Santos et al. 2015), and
therefore, the appearance of Ni in Factor III might be related
to its affinity to precipitate onto Fe oxy-hydroxides (Sakan
et al. 2009; Gonelli and Renella 2013).

In the second subperiod, the PCA analysis showed four
factors: Factor I (29.5 of the variance) characterised by
hydrodynamic effect; positively defined by Q, SSC and
POC and negatively by EC; Factor II (21.1% of the variance)
positively characterised by pH, Ni and Cu and negatively by
Pb; Factor III (16.5% of the variance) defined by DOC, Mn
and Cr; and Factor IV (13.4% of the variance) characterised
by Fe, Zn and Cu. In this second subperiod, differentiation
of metals by PCA was not clear. This could be related to
the absence of a principal common source and/or different
behaviours.

For the last subperiod, the PCA analysis showed three
factors: Factor I (33.8% of the variance) positively defined
by EC, Mn, Ni, Cr and Cu; Factor II (32.0% of the vari-
ance) positively characterised by SSC, DOC and POC, and
negatively by Fe, Zn and Pb; and Factor III (10.8% of the
variance) defined by Q and pH. Thus, as in the first subpe-
riod, the factorial planes I-II (Fig. 6b) differentiated two
groups of metals: the first composed of Mn, Ni, Cr and Cu
positively related to EC and negatively to Q, highlighting
the importance of hydrology on these metals; and the second
formed by Fe, Zn and Pb, negatively related to SSC, POC
and DOC, suggesting that these metals and organic matter
had different sources and/or behaviour during the last subpe-
riod, and highlighting the effect of particle size (as explained
in "Influence of Q, SSC, EC, pH and organic matter in met-
als and their temporal evolution").

Based on the results of the PCA results and their devel-
opment over time, there appear to have initially been one
principal common anthropogenic source for the particulate
metal (except Fe). This common source of particulate mate-
rial would have suffered an exhaustion process due to suc-
cessive rain and drag events (Coynel et al. 2007; Zabaleta
et al. 2016), until it was finally depleted in the second sub-
period, showing the existence of different sources of metal.
Finally, in the third subperiod, two groups of metals can be
distinguished, a lithogenic one formed by Fe, Zn and Pb,
and an anthropogenic one formed by Mn, Ni, Cr and Cu.
There, therefore, seems to have been a homogenisation of
anthropogenic metal sources, which could be related to the
introduction of corrective measures. Although Zn and Pb
are mainly reported as anthropogenic elements (Barac et al.
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2016; Coates-Marnane et al. 2016; Li et al. 2009), in this
study they appear to be more lithogenic in character during
the third subperiod. That could be due to past storage of
these metals in the bottom sediments, and the subsequent
ageing process (Alloway 2013; Kumar 2016).

Iy, Was calculated to determine the effect of corrective
measures on metal pollution (Fig. 7). Fe and Mn showed
Iy, values of below 1, indicating that particulate matter was
moderately contaminated or uncontaminated. Except for the
first flood event, the /., value for Fe was constant, which
could be explained by its lithogenic character (Martinez-
Santos et al. 2015). In the case of Mn, the behaviour was
somewhat erratic during flood events. Zn I, values (Fig. 7)
showed a temporal decrease from heavily contaminated to
uncontaminated/moderately contaminated. This change
was statistically significant (p value of Mann Whitney
test <0.05) in the third subperiod. Martinez-Santos et al.
(2015) reported the Ego tributary as a Zn hotspot. It, there-
fore, appears that the construction of the sewage collector
may have been influential in this reduction.

The I, values for Ni, Cr and Cu displayed the same
trend. They show a temporal decrease but with /.., peaks
at Flood Events 9, 10 and 11 (for Ni, Cr and Cu, respec-
tively). The unclear evolution of Ni, Cr and Cu [, values
could be due to the fact that they had no main source or
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hotspot (unlike Zn) and had multiple and different sources
throughout the catchment. Cu /,, changes were not statisti-
cally significant, whereas in the case of Cr and Ni, they were
(p value of Mann Whitney test < 0.05). Nonetheless, in the
last part of the study period, they all showed a decrease in
I, until reaching uncontaminated/moderately contaminated
status. This may be related to the introduction of pollution
correction measures in the catchment.

I o, indicated that particulate matter was uncontaminated
by Pb, suggesting a lithogenic character. This may be due
to the fact that the available particulate Pb had its origin in
previous industrial activities in the area. Over time, Pb expe-
rienced an ageing process which changed its chemical asso-
ciation with particulate matter, becoming more associated
to less labile forms (Alloway 2013) and therefore, showing
a behaviour similar to a lithogenic element.

Conclusions

The content of metals (Fe, Mn, Zn, Ni, Cr, Cu and Pb) in
suspended solids showed a high degree of temporal variabil-
ity and depended on the water discharge, the SSC and the
source, and also on the previous situation and on the char-
acteristics of each flood event. The hydrodynamic process
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Fig. 7 Igeo representation of Fe, Mn, Zn, Ni, Cu, Cr and Pb for each contaminated; O>Igeo > 1, between yellow and green lines, uncon-

flood event. Horizontal coloured dashed lines indicate the degree of
metal pollution (4>IgeD > 3, above red line, heavily contaminated;
3> Iy, > 2, between red and orange lines, moderately to heavily con-
taminated; 1>1,,,>2, between orange and yellow lines, moderately
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taminated to moderately contaminated; /., <0, below green line,
practically uncontaminated). Vertical dashed lines are used to differ-
entiate the 3 subperiods
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appears to be the main factor controlling the behaviour of
particulate metals. This complicated the study of the way in
which other variables affected particulate metal pollution.
Hydrology, therefore, appears to be the main factor control-
ling the particulate metal content in suspended solids.

Despite the fact that the study area suffered Pb pollution
pressure in the past, Pb appears to be lithogenic in character,
possibly related to an ageing process. This reflects the ability
of the sediments to act as a witness of historical pollution.
On the other hand, Zn, Ni Cr and Cu appear to be mainly
related to anthropogenic sources.

The supposed homogenisation of organic and metal
sources could be a consequence of the construction of sew-
age traps and the introduction of a WWTP. In addition, the
collection and subsequent treatment of urban and industrial
wastewaters in the WWTP appears to have decreased metal
pollution in suspended solids during flood events. Nonethe-
less, it seems likely that this will be a long-term process,
particularly as the area suffered a large degree of industrial
and urban pressure in the past.
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