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Abstract. This paper examines sediment and metal (Al, Fe,bution in particle size, among other factors (Horowitz et al.,
Mn, Cu, and Zn) exportation at different timescales (annual,1990; Park et al., 2007; Pokrovsky et al., 2010). Across the
seasonal and event) during a 3-year period (2005-2008) igatchment, sediment and metal delivery can also change due
the Mero River headwater, a rural catchment under humido several factors such as the localization or its connectivity
temperate climate. Interannual differences were found bottwith the river (Rodriguez-Blanco et al., 2010a).

in annual loads and their distributions throughout the year. Contamination from non-point sources is difficult to quan-
At annual scale, sediment and particulate metal loads foltify because it is caused by a variety of natural and anthro-
lowed the same trend as streamflow, while dissolved metalpogenic sources. In particular, possible sources of metal pol-
showed different patterns. Runoff events contributed to 63 %dution to rural catchments are domestic wastewaters, atmo-
of the total sediment load, whereas particulate and dissolvedpheric deposition, soil erosion, and agricultural and live-
loads in events accounted for between 38—-61 and 27-49 %stock activities. Runoff from agricultural soils could be a
respectively. Runoff events were characterized by high vari+elevant factor in metal transfer to watercourses when fertil-
ability in sediment and metal loads, a few events representinggzation and slurry application is relatively frequent because
a high percentage of the metal exported. Sediment loads wemmetals are commonly present in such fertilizers (L'Herroux
related to maximum and initial discharge. Particulate metalet al., 1997; Xue et al., 2000; Taboada-Castro et al., 2012).
loads were highly correlated with sediment loads, runoff be-Erosion processes within a catchment are responsible for
ing the hydrological variable that best explains the load ofsediment transfers to water courses. In turn, metal transport
these metals. Dissolved metal loads displayed different patmay be dominated by sediments, since metals are mostly ad-
terns. Dissolved Al, showed a great correlation with runoff, sorbed on sediment particles, as reported in several studies
while dissolved Mn with maximum discharge. (Horowitz et al., 1990; Miller et al., 2003).

Rainfall-runoff events have often been the main culprit
causing changes in sediment and metal transport (Xue et
al., 2000; Miller et al., 2003; Rodriguez-Blanco et al., 2009,
1 Introduction 2010b). So, temporal data of sediments and metals obtained

with an adequate sampling frequency during rainfall-runoff
The understanding of the processes controlling sediment angvents are essential for reliable annual element transport es-
metal export is critical to assessing and anticipating impactsimates and model development. These data are also im-
on the water courses. Landscape characteristics of the catclyortant for understanding the mechanisms controlling sedi-
ment such as geology, slope, drainage and land use are ininent and metal concentrations in rivers and for the design
portant factors controlling the forms and quantities of sedi-of research and monitoring programs. Factors affecting sed-
ments and metals that are transported to rivers (Miller et al.iment transport are now better known, however, processes

2003; Kang et al., 2009). The transport mechanisms vary fogoverning metal concentrations in rivers and streams remain
each metal, depending on its abundance, solubility or distri-
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relatively poorly understood, despite the importance of met-are relatively deep, and characterized by acidic pH (mean:
als for aquatic ecosystems. Rainfall-runoff events were mon5.6; range: 4.7-6.3), loam, silt-loam or clay-loam textures
itored in metallogenic (Canovas et al., 2008), urban (McPherwith high content of organic matter (mean 9.0 %; range 2.8—
son et al., 2005) and agricultural areas (Xue et al., 2000), a49.3 %). The order of abundance of the five metals studied in
well as in forest landscapes with serious problems of soilthe weathered bedrock is as follows: Al>Fe>Mn>Zn>Cu
acidification (Borg and Johansson, 1989). However, rural(Guitian et al., 1992). The catchment land cover is repre-
catchment studies focusing on factors affecting metal loadsentative of a rural area and consists of a mixture of forest
during rainfall-runoff events are limited and most studies (53 %), agricultural fields (42 %) and some impervious areas
have not taken into account both hydrological and meteoro{5 %), all of them equally distributed across the catchment.
logical parameters, even though these are important for metahgricultural areas are dominated by pastures (38 % of total
exportation. For instance, Miller et al. (2003) associated higharea), the remaining agricultural area (4 %) is dedicated to
metal loads with high discharge in two agricultural catch- maize and winter cereals.

ments, while Kang et al. (2009) associated said loads with The area’s climate is humid temperate. Mean-annual tem-
an increase in both rainfall during the events and antecedergerature is 18C, with the mean minimum and maximum
rainfall in the inlet and the outlet of an urban catchment. temperatures occurring in January @ and August (19C),

In humid areas of Spain, studies on metal loads at catchrespectively. Mean-annual rainfall is 17100 mm (1983-2008)
ment scale are scarce and most focus on metal transfeand it is usually concentrated in autumn and winter (66 %).
ence to estuarine systems, such as that by Alvarez-lglesiaSonsequently, most events occurred in autumn (26) and win-
et al. (2006). However, metal transport to the fluvial systemter (17) followed by spring (4) and summer (3). The mean
during runoff events in rural environments has only been ad-event rainfall was 39.9 mm, ranging from 12.4 to 101.5 mm.
dressed considering few events (Taboada-Castro et al., 200Peak discharge ranged from 0.4 to 21329m!; the maxi-
Rodriguez-Blanco et al., 2009; Palleiro et al., 2012), makingmum increase of discharge (peak discharge/ discharge at the
it difficult to perceive any existing metal patterns. beginning of the runoff event) being 6.3. The mean discharge

The objective of this study is to understand hydroclimatic of the 50 events was 1.738~1. A detailed study of the hy-
factors affecting the transport of sediments and metals (disdrological behavior of this catchment can be found in Palleiro
solved and particulate) from an agroforestry catchment toet al. (2014).

a river. An analysis of temporal variability in sediment and

metal transport at different timescales (annual, seasonal and _

event) was carried out. Five metals (Al, Fe, Mn, Cu, Zn) and> Material and methods

sediments were monitored at the Mero River headwater (NW, .

. S . . ~_ 3.1 Data collection
Spain), the main river supplying water to the city of A Corufia
because sediment and metals Mroduced into the rver cag e U212 were obtained from three recording tiping
: ; X ucket rainfall gauges (precision of 0.2 mm) at 10 min inter-

also accumulate on the riverbed and in sediment layers of 515 Mean rainfall was determined using the reciprocal dis-

reservoir located downstream of the Mero River, becoming,nce squared method. Stream level was monitored continu-

a potential source of metal pollution. This research prowdesous|y (logged at 10 min intervals) using a differential pres-

a data set of great importance to develop empirical modelsg ¢ transducer sensor (ISCO 720) connected to an autosam-

Such models could be used to predict suspended sedimenfq, (ISCO 6712-FS) at the catchment outlet (Fig. 1), where

and metal export of the catchment from routine programs ofyater samples were collected from October 2005 to Septem-

water-quality monitoring. ber 2008. The sampling site was located at the midpoint of
the channel cross section. The inlet of the automatic sam-
pler tube remained at about 1 m from the riverbed. A total

2 Study area of 753 water samples was collected during the study period.

, Water samples were taken manually during baseflow condi-
The study was conducted in the Mero headwater, a catchgong on 4 biweekly basis and using the automatic sampler

ment of 65 ki, located upstream from the city of A Corufia g ying runoff events. The sampler was programmed to begin
in the northwest part of the Iberian Peninsula (Fig 1, UTM g5 mpjing with increases of 2-3 cm above the water level at
coordinates 4784758\, 561919 W, European 1950 datum e beginning of each rainfall event. Sampling frequency was
zone 29 N). The Mero headwater is a fourth-order catch- 454 programmed to take samples during short time intervals
ment with an altitude ranging from 60 to 490 ma.s.l. with (2—8h) providing samples during rising and recession limbs

a mean slope of 15%. The stream length is 27km and theyt the hydrograph to give representative values of sediment
mean stream slope gradient is 1%. The geology is uniform, 4 metal transport during the studied events.
across the site, comprised by basic metamorphic schists of

the Ordenes Complex formation. The main soil types are
classified as Umbrisols and Cambisols (FAO, 2006). They
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Figure 1. Site location, land use and drainage network of the Mero catchment.

To avoid contamination all polyethylene sampling bottles 3.3 Characteristics of rainfall-runoff events
were carefully sunk in a 10 % solution of HNGor at least

24 h, then rinsed four times with Milli-Q water. Not all events were analyzed in this paper, just the ones show-
ing a discharge increase exceeding 1.5 times the discharge
3.2 Chemical analysis at the start of the event. This criterion allowed us to identify

50 rainfall-runoff events during the entire monitoring period.

Sediment concentrations were determined gravimetrically bmydrographs of runoff events were Separated into two com-
passing the water samples through filters (0.45 pm) using @onents (direct or quick runoff and baseflow) using a digital
vacuum-operated-filtration system and the residue was overfilter (Arnold et al., 1995). Sediment and metal loads were
dried at 105C for 24 h. The weight of each dried residue and determined by summing up the products of mean concentra-
the sample volume provided the sediment concentration.  tions of two consecutive samples and the total discharge vol-

Five metal species (Al, Fe, Mn, Cu, and Zn) were ana-umes between the times of sampling. Direct runoff load was
lyzed. Total and dissolved metals were measured with a thercalculated by subtracting the event-baseflow load from the
moelectron high-resolution magnetic sector field ICP-MS El- total load (direct runoff baseflow). Missing data were min-
ement XR. Total concentrations were determined after di-imal (only two rainfall-runoff events during the study period)
gesting 50mL of subsamples acidified with ultra-high pu- and because of that the data were representative to estimate
rity acids, 1mL of HN@Q and 3mL of HCI, in a block of  the catchment exportation.
graphite. The dissolved contents were determined after pass- The rainfall-runoff events were characterized by four
ing samples through 0.45 pm filters which were acidified to agroups of variables: antecedent conditions to the event, rain-
pH lower than 2. Particulate concentrations were calculatedall causing the event, discharge during the event, and sed-
from the difference between total and dissolved concentraiment and metal loads during the event. Antecedent condi-
tions. Particulate and dissolved concentrations were repretions are described by accumulated rainfall 1, 3, 5, 7, 15 and
sented with a suffixg” or “p”, respectively, after each metal. 21 days before the event (AP1d, AP3d, AP5d, AP7d, AP15d
The external reproducibility of chemical preparation and ICPand AP21d, respectively, mm) and baseflogp( m3s—1),
measurements were performed on three replicate samples rgsich is the discharge before the event. Rainfall that caused
sulting in standard deviations lower than 3 % for total metalthe event is characterized by rainfalt (mm), mean rain-
and less than 4 % for dissolved metals except for Zn whosga|| intensity (/mean mmHh 1) and maximum rainfall inten-
standard deviation was below 8 %. The accuracy and analytisity (7,ax, mm h™1). The discharge variables included: runoff
cal precision have been checked by the analysis of a multiele¢g, mm), the mean and maximum dischar@&ean m3s1
mental standard solution from Sigma—AIdrich (Fluka num- andeaX’ m3 S_l, respective|y) and the re|ationship between
ber 51844) and duplicate samples in each analytical set; rethis maximum discharge and baseflo@{ax/ Ob). The last
covery percentages were above 80 % for all analyzed metalgroup of variables includes sediment and metal loads during

the events.
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Before calculating sediment and metal loads at annual andable 1. Values of annual rainfall, streamflow, sediment and metal

seasonal scales, data sets were generated at monthly stepsexportation for 3 hydrological years. Sediment export is in mega-
grams per square kilometer (Mg Kkrf) and metal exports are in

3.4 Statistical analysis kilograms per square kilometer (kg Kif).

The normality of data was analyzed using a Shapiro—Wilk 2005/06 2006/07 2007/08 CV (%)
test. Data without a normal distribution were log transformed
in order to apply parametric statistics. At annual scale, sed-

Rainfall (mm) 1222 1840 1131 26

. . . Streamflow (mm) 423 629 264 42
iment and metal exportation of the Mero River was com-  goqiment 11.4 14.9 53 6
pared with that of other catchments using a teAt seasonal Alp 376 422 160 44
scale, variances were compared using an ANOVA (analysis Al 55 7.9 5.1 24
of variance) test to investigate whether there are significant Fep 414 477 193 41
differences in the sediment and metal loads among seasonsFep 10.9 10.6 15.9 24
Then, in order to know between which seasons there were Mnp 17.3 19.9 9.1 37
significant differences, a Tukey test was applied. In addition, Mnp 03 03 0.7 58
at seasonal and event scales, the Pearson product-momerfgU 0.4 0.4 0.2 38
Cup 0.2 0.2 0.1 58

correlation was applied to assess the magnitude of the rela-
tionship between meteorological and hydrological variables gnp
with sediment and metal loads. At event scale, a stepwise "
multiple-regressions technique was used to improve the varinote:p: particulate formp: dissolved form; CV: coefficient of variation.
ance of metal and sediment loads explained by meteorolog-

ical and hydrological variables. All statistical analyses were

performed using the R program. late element exportation associated with the amount and dis-
tribution of rainfall-runoff events, while Rodriguez-Blanco
et al. (2010a, b) and Taboada-Castro et al. (2010), in an agro-
forestry catchment next to the Mero River, related sediment
4.1 Annual sediment and metal export exportation variability to rainfall distribution, streamflow and
vegetation cover extent, as well as with the level of connec-
Table 1 shows values of rainfall, streamflow, sediment andtivity between agricultural land (main source of sediments)
metal exportation during the study period. All metals ex- and stream.
ist predominantly in particulate form, representing 98, 97, Dissolved metal exportation showed a less pronounced in-
97, 70 and 83 % for Al, Fe, Mn, Cu and Zn, respectively. terannual variability than particulate metals and did not show
This suggests that the transport of these metals is linked clear relation with streamflow exceptgAlwhich increased
to particle transport, as found by Miller et al. (2003) in with streamflow as its particulate form. This could be at-
two agricultural catchments. Particulate metals were ex-ributed to an increase of a microparticulate component dur-
ported during all hydrological years in the following order: ing the years of higher streamflow. By contrast, the Bad
Fe>Al>Mn>Zn>Cu. This order of exportation is similar Mnp load was higher in 2007/08, which was the driest year
to that of weathered bedrock, except in the cases of Fe andnd with lesser streamflow but higher baseflow (Palleiro et
Al, whose orders of abundance in water were reversed. Thisl., 2014). Since the catchment lacks significant sources of
is justified by the low Al solubility in the weathering pro- pollution, it is likely that these dissolved metals are present
cesses in spite of its abundance in soils and rocks (Exleyin groundwater, with longer residence time in rocks and soils
2003). In general, dissolved metals were exported in the samthan the surface water, and thus, with a higher power of
order as in particulate form. weathering (Nagano et al., 2003; Navratil et al., 2007).

The catchment showed interannual variability in sediment The mean-annual sediment and metal exportation to the
and metal exportation during the study period, exportationMero River were compared with those of other catchments
during the hydrological year 2006/07 being almost three-with agroforestry land uses, in which the same method of
fold higher for sediments and twofold higher for particulate load calculation as in this work was used (Table 2). Sediment
metals than in 2007/08. Both maximum sediment and parexport is similar to that of the Corbeira catchment in NW
ticulate metal exports occurred when rainfall and streamflowSpain (Rodriguez-Blanco et al., 2010a) and it is higher than
were maximum (Table 1) and minimum exportation occurredthat obtained by Bull (1997) for a forest catchment in the UK
when rainfall and streamflow were low, although the increase(p <0.05), but it is lower than that reported by Walling et
in streamflow did not show the same increase in sedimenal. (1997) in the Dart catchmenp € 0.05) where sediments
and metal exportation. This reflects that other factors are afeome from surface erosion of the steep slopes of both pasture
fecting sediment and particulate metal exportation. Thus, Ol-areas and cultivated areas by the exposure of bare soils. The
livier etal. (2011) reported interannual differences in particu-low surface runoff (Palleiro et al., 2014) together with the

14 2.4 1.0 45
0.4 0.3 0.3 19

4 Results and discussion
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Table 2. Mean-annual sediment (SS; Mg ki) and metal (kg kri2) exportation for the Mero River and other catchments.

SS Ap Feo Mnp Cup Znp Alp Fep Mnp Cup Znp
Mero River 10.5 319 361 154 0.3 16 6.2 125 04 0.1 0.3
Bull (1997) 0.7-0.8
Walling et al. (1997) 58
Rodriguez-Blanco et al. (2010a) 8.3
Soto-Varela et al. (2014a) 205 260 8.3 03 16 50 142 03 0.1 0.4
Note: p: particulate formp: dissolved form.
scarce proportion of agricultural areas well-connected to the [ =mBascfiow  Ebvens _ —Sueamfiow ]
river (Rodriguez-Blanco et al., 2013) probably limited the _ 8% .4
sediment exportation in the Mero catchment in relation to £ 25
the Dart catchment. B N
The mean-annual metal export is similar to that reported 3 o - = OEL;’
by Soto-Varela et al. (2014a) in the Corbeira catchment A Particulate baseliow Y Fv—
(p<0.05), an agroforestry catchment (16®nadjacent to ‘ ODissolved baseflow ODissolved events
the study site, also located in the area of schists of the Or-A40000 SR H o= =7 —7°
denes Complex. gfggggg ] I iggg
< 10000 _IJ _ I_. B r 6002
4.2 Seasonal sediment and metal loads 40002 ] - - T ioo
g | : SO Hme
Figure 2 shows seasonal streamflow, sediment and meta s, | = I L 600 &
loads for the study period. Sediment presented different 0 - - H 800
seasonal patterns during these 3 years. Thus, 2005/06 an_ o0 [0 & = — B = = 0 [] [ O N
2006/07 showed the highest sediment transport in autumn, 4(%‘2 600 20 %
and 67 %, respectively, while during 2007/08 the maximum 3 303 IJ _J ig 5
occurred in spring (76 %). The high rainfall amount recorded 3 =

) . . ) = [ == g =70
in the first two autumns (536, 936 mm) in relation to the = 24 = H = 42
third autumn (123 mm) as well as the high amount of rain- # 12 I ?2 g
fall registered in spring 2007/08 (381 mm) vs. spring 2005/06 0 - 16

160

(93mm) and 2006/07 (213 mm) could explain these differ- |/

ences. Visual observations performed in the study catchmen'@ so 16 9
showed that high sediment transport occurs when rainfall & 4(0] gg g

amount is high and vegetation cover scarce, which is fre-
quent in autumn and spring, coinciding with maize harvest-
ing and preparation for sowing, respectively. This was also
reported by Rodriguez-Blanco et al. (2010b, c) for an area
near the Mero River, where they found that high sedimentFigure 2. Seasonal streamflow (mean), sediment and metal loads.
loads were transported in autumn after the development of
rills and ephemeral gullies in some agricultural fields that
were well-connected with the drainage system after maizdor Mnp; p <0.01) and streamflow (ranged from 0.80 for
harvesting. Cup to 0.94 for Zp; p<0.01). The Tukey test also demon-
The ANOVA revealed significant differences in sediment strated that all particulate metals presented higher exporta-
loads among seasons and the Tukey test indicated that setlons in autumn and winter than in summer<0.05).
iment loads in autumn and winter were significantly higher In dissolved form, A and Cy loads followed a similar
than in summer g <0.05), similarly to what happened with pattern to that of their particulate form and were higher in au-
rainfall and streamflow. In fact, sediment transport was sig-tumn than in summeny(< 0.05). Both metals were positively
nificantly related to rainfall{= 0.78; p <0.01) and stream- and significantly associated with rainfal £ 0.81 for Alp;
flow (» =0.85; p<0.01). r =0.76 for Cw; p<0.01) and streamflowr (= 0.83 for
Particulate metal loads showed the same seasonal trend @dp; r = 0.89 for Cwp; p <0.01). The fact that AJ and Cw
sediment (Fig. 2) and were also positively and significantly follow the same distribution as that of their particulate form
correlated with rainfall { ranged from 0.66 for Zznto 0.79  can reflect the presence of these metals in colloidal forms,

Autumn
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such as it was observed by Sigg et al. (2000), since in this

study 0.45 um filters were used.d;éVinp and Zrp loads did 100%
not show seasonal patterns. Differences in seasonal exporte
tion of dissolved metals were also obtained by Pokrovsky
et al. (2010), who related these to the different sources and % 1
characteristics of each metal. 40%

80% A

4.3 Contribution of runoff events to total sediment and 20% 1

metal loads 0% -

SS Al, Fe, Mn, Cup Zn, Al, Fey, Mn, Cuy Zng,

Contribu_tions of rainfall—rupoff_events to sediment apd metal Figure 3. Fractions of sediment (SS), particulate and dissolved met-
exportation are presented in Fig. 3. Most of the sediment angys transported during runoff events and baseflow conditions during
metal loads was exported in a short period of time, becausene study periodp: particulate formp: dissolved form.

all events happened in only 100 days, i.e., less than one-

tenth of the study period. Events contributed to 63 % of the

total sediment load. For the particulate metals the contribu 4 Sediment, particulate and dissolved metal loads in
tion of events was 38—-61 %, in this order:ZaMnp < Cup runoff events

<Fep<Alp. Only the Zp load was higher in baseflow than

during events. The major contribution of events 1@ Ahd  gediment and total metal loads between runoff events were
Fep exportations seemed logical since these elements are efjgny variable. Sediment load ranged between less than 0.1
pecially abundant in the soils of the catchment (Guitianetal.,; 4 718 Mg, with a mean of 20 Mg, although only three
1992) and, therefore, very susceptible to erosion and transgents transported more than 60 Mg. In the case of metals,
port: ) both maximum particulate and dissolved metal loads were 2
Dlssoolved loads ~ during _events  accounted  for o gers of magnitude higher than minimum loads (Table 3).
27-49% of the load, following this sequence: pqinstance, A and Fe loads ranged between less than 1
Fep <Cup <Mnp <Alp <Znp. This indicates that dis- 5,4 4500 kg. Mean values were both near 600 kg, but only
solved metal transport is mainly associated with baseflowy, ¢ events transported loads surpassing 2000 kg. The above
while the transport of most of the particulate metal IS ogits indicate that there are a few events with very high
mainly related to runoff events. The order of contribution of loads, so, only a few events are responsible for the high

dissolved metal in relation to particulate metal is reversedpercentage of sediment and metal exportation during events
because several factors are affecting metal solubility and th?Fig. 4). In fact, more than 80 % of the sediment load and
effect of these factors may be different for each metal. Fory,ore than 75 9 of the metals are transported in less than half
instance, some metals have more affinity to form complexesy he guration of all the events. For all particulate metals,
with organic matter, while others can be adsorbed ontoy,, 15 of the 50 events analyzed transported about 82 % of
oxides of Fe and Mn or to colloid forms which pass through ¢’ 15a4. Dissolved metal loads presented more differences
the filter (Forstner and Wittmann, 1981). The strong trend Ofamong them than particulate. Thus, 15 events exported 74,
Cup and Fe transported during baseflow could be related 66, 85, 74 and 87 % of A, Fep, Mnp, Cup and Zp, re-
to their affinity to form complexes with organic matter gnectively. Several authors reported similar behavior for sed-
(Forstner and Wittmann, 1981; Xue et al., 2000; Park et al.jment and metal exportations during events (Xue et al., 2000;
2007), which facilitates their transpo_rt in dissolved phase asRodriguez-BIanco et al., 2010b). In the catchment studied,
found ,by Soto-Varela et al. (2014b), in t.he. confluence O_f t,hethere were several examples of events with high contribution
Corbeira catchment (catchment with similar characteristicS the annual load. The most extreme case was fos NIme
to the studied catchment) with the Mero River. The major o ant occurring on 2—3 November 2005 exported 5.2 kg of
contribution of events to Zx exportation vs. A, Fe and Mnp, representing 0.1kg kn? and 27 % of M exported
Mnp could be due to the higher solubility of Zn. On the g ring that hydrological year. This event was generated with
other hand, Zn is more abundant in soils, but it is more 5 rainfa|l of 52.8 mm after two consecutive events. As a con-
retained than Cu (Adriano, 2001), hence, the transport okgqyence of previous rainfall, this event showed a runoff
Znp is favored when runoff processes are active. The Zn | 51ie of 2.2 mm (slightly higher than the mean of 2.0 mm)
is delivered to the river probably by subsurface flow, which ;4 4 notable increase in dischar@ax/ Op = 5.5). This
is the dominant runoff process in this catchment (Palleiro ety ant a1s0 corresponded with the highest loads ef Atp,
al., 2014). Mnp and Fe), representing 19, 16, 14 and 4 % of the an-
nual exportation, respectively. The exportation of the men-
tioned particulate metals was linked with sediment exporta-
tion, although this event did not show the highest sediment
load. Sometimes this is attributed to particle size. It is well

Hydrol. Earth Syst. Sci., 18, 36633673 2014 www.hydrol-earth-syst-sci.net/18/3663/2014/



L. Palleiro et al.: Hydroclimatic control of sediment and metal export 3669

Table 3. Values for discharge, runoff, sediment (Mg) and metal 100 oI TES
loads (kg) during the 50 rainfall-runoff events analyzed. g %0 =TT
N e
Mean Minimum Maximum CV ?ZE * '
2w 40 4 /
Omean(m3s™l) 17 03 110 117 EEE N
R (mm) 2.0 0.1 246 202 L L s
Sediment 20 <0.1 118.4 139 °% M o P " o
Alp 594.6 0.3 4671.2 151 Events (%)
Fep 654.7 0.7 4356.1 144 e ——— e ;
Mnp 234 <0.1 158.0 136 :%,\; %0 4 =
Cup 0.5 <0.1 34 148 Er o
Znp 15 <0.1 9.2 143 23 90 - = Runofr
Alp 7.2 <0.1 36.9 117 2% 0 -
Fep 7.5 0.1 27.7 93 v & M
Mnp 0.2 <0.1 52 329 e L C
Cup 0.1 <0.1 0.8 134 e
Znp 0.5 <0.1 44 178 100

=
S

Note: p: particulate formp: dissolved form; CV: coefficient of variation.

0
S

Rainfall
=+ = Runoff

o
S

recognized that small particles or coarse particles with coat-
ings of oxides or organic matter usually contain high con-
centrations of metals as reported Devesa-Rey et al. (2011
when they analyzed bed sediments in a rural catchment of ~ . . ‘ ‘
NW Spain, or by Horowitz et al. (1990) when they ana- 0 20 égems(%) 60 80 100
lyzed metal concentrations in suspended sediments of six
rivers in the USA. However, it does not seem to be thefigure 4. Cumulative rainfall, runoff, SS and metal loads during
cause of the high Al Fep, and Mrp exportation because this events. Events were ranked according to decreasing sediment and
event yielded a high sediment concentration. Visual surveysnetal loadsp: particulate formp: dissolved form.
showed a strong laminar erosion as well as the formation of
rills and ephemeral gullies in some agricultural fields of the
Corbeira catchment (Rodriguez-Blanco et al., 2010c), adja- Metal characteristics are also involved in the distribution
cent to the Mero catchment. Itis prObable that this could alS(between particu|ate and dissolved fractions. Thus, Al, Fe
happen in the Mero catchment because both basins have sirand Mn are abundant in earth’s crust and relatively insolu-
ilar characteristics. ble under oxidizing conditions in surface water (Forstner and
The event of 7-10 December 2006 was produced by ayjittmann, 1981). Because of this, they are strongly domi-
high rainfall amount (101.5mm) under wetness conditionspated by the particulate phase while Cu and Zn are less abun-
(AP15d=290.4mm), which generated the highest runoff dantin natural environments and have high affinity for chela-
volume (24.9mm) observed in the catchment (Palleiro etton to organic ligands, which favors their presence in the dis-

al., 2014). This event showed the highespbAdnd Cw  solved phase (Xue et al., 2000; Aldrich et al., 2002; Miller et
loads (about 6.5% of annual loads). €exportation was  a|., 2003).

0.1kg knT2, a value similar to that of Guload transported

during all events of 2007/08. o _ 4.5 Factors affecting sediment and metal loads during
The above examples illustrate significant differences in rainfall—=runoff events

metal loads among events, as frequently demonstrated in ru-

ral areas (Kang et al., 2009; Rodriguez-Blanco et al., 2009).To analyze factors that control sediment and metal loads dur-
The percentage of dissolved and particulate metals als¢hg rainfall-runoff events, a Pearson correlation matrix was
varied from one event to another./\Fe> and Mrp reached  gone including several meteorological and hydrological vari-
mean values of about 95%. Cu and Zn were also domi-zples with sediment, particulate and dissolved metal loads
nated by the particulate phase (about 68 %). The predomitTaple 4). Sediment load was well correlated with all ana-
nance of the particulate fraction during events agrees withyzed variables except mean rainfall intensity, which is not a
that observed by Nagano et al. (2003) in a rural catchment iglevant variable for the hydrological response in the region
Japan and by Xue et al. (2000) in an agricultural catchmen{rodriguez-Blanco et al., 2012; Palleiro et al., 2014). The
in Switzerland. best relationship was observed with runoff and maximum
discharge, since these variables are linked with sediment

kS

[ )
S

dissolved metal loads (%)

Cumulative rainfall,runoff and

=3
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Table 4.Pearson correlation matrix between SS, particulate and dissolved loads with hydrometeorological varialBi@sduring events.
Correlation is significant at the 0.01 level for bold numbers and 0.05 for italics.

P Imax Imean AP1d AP3d AP5d AP7d AP15d AP21d R Qmax Qb Qmean Qmax/ Qb SS
SS 0.77 029 008 038 044 058 057 057 0.53 0.88 0.88 0.74 0.82 076 1

Alp 0.75 026 0.12 043 0.45 0.57 0.56 0.55 0.52 0.85 0.85 0.72 0.80 0.72 0.98
Fep 0.75 0.27 0.12 043 0.45 0.57 0.55 0.55 0.51 0.85 0.85 0.72 0.80 0.71 0.98
Mnp 079 0.24 0.18 0.40 0.42 0.52 0.51 0.53 0.49 0.85 0.82 0.68 0.77 0.73 0.97
Cup 071 027 0.16 041 0.39 0.52 0.52 0.53 0.48 0.79 0.78 0.65 0.73 0.68 0.95
Znp 0.73 023 0.17 032 045 0.57 0.57 0.58 0.54 0.87 0.86 0.76 0.83 0.67 0.93
Alp 083 027 015 031 0.38 0.55 0.55 0.65 0.62 091 0.86 0.73 0.81 0.73 0.91
Fep 075 015 030 0.24 0.25 0.34 0.33 0.48 0.47 0.76 0.65 0.52 0.61 0.62 0.78
Mnp 054 0.09 0.17 0.12 0.05 0.17 0.19 0.29 0.26 0.59 0.52 0.43 0.50 0.46 0.59
Cup 080 024 019 030 0.37 0.50 0.50 0.63 0.26 092 0.84 0.73 0.80 0.68 0.86
Znp 058 0.08 0.18 0.23 0.19 0.20 0.17 0.21 0.12 051 044 0.25 0.37 0.60 0.69

Note: p: particulate formp: dissolved form.

120 - 120 T sediment load during events through its effect on runoff and
maximum discharge, since the antecedent conditions are the
. main factor that explains the hydrological response of the
0ie o ° Mero catchment at event scale (Palleiro et al., 2014). The
. importance of antecedent conditions in runoff generation has
. been frequently reported in humid temperate environments
0 laddse | 0 ‘ —_— with forest land use (Jordan, 1994; Rodriguez-Blanco et al.,
’ Raintall oy O ot 2% 2012). Seeger et al. (2004) related the river sedimentary re-
5000 5000 =2 sponse to the combination of both antecedent rainfall and
4000 4000 amount of rainfall.
1o Particulate metal loads were related to the same variables
o0 | . o0 | ® as §ediment load fo_r all the studied metals,_ as well as to
o sediment load. In this catchment, the organic carbon con-
tent of the suspended matter is low because the organic car-
bon is mainly exported as dissolved organic carbon (data not

90 90 -

60 -

Sediment (Mg)
Sediment (Mg)

[
30 3% o

3000 4 °

Alp (kg)

1000 °®

P ¥ S B |

0 50 100 150 0 5 10 15 20 25 30

Rainfall (mm) Runoff (mm) shown), suggesting that particulate transport of metals oc-

30 o S curs as part of the mineral fraction. The relationships with

25 1 ., Ble the hydrological variables were stronger than with rainfall,

= 2 ** 5 0. . reflecting that the transport of particulate metals is associ-
e X F Pt ated with the discharge characteristics of the events, which
T eeler T e e determines particle transport capacity, and that the physical
’ ’)..0 ¢ ’ processes involved in runoff generation are determining the
° 50 100 150 ®c 5 10 15 20 2 particulate load. Good correlations between metal loads and
Rainfall (mm) Runoff (mm) rainfall were also observed by Kurtenbach and Krein (2007)
when metal sources were hydraulically connected to the main

Figure 5. Relationships of rainfall and runoff with sediment,pAl

tributary.
and Fe) loads at event scalp: particulate formp: dissolved form. Y

Dissolved metal loads showed positive correlations with
all hydrological variables, rainfall amount and sediment load.

Alp, Fep and Cy, were also correlated with antecedent rain-

transport cap_acny and consequently to sediment load. Th?all. The relationships between dissolved metals and dis-
good correlation between sediment load and runoff reflects

. L . charge variables can be related to the washing/percolating of
the proportion of surface runoff which is responsible for . : .
i . dissolved metals through soil and/or to the presence of mi-
erosion from the catchment surface. Rainfall also showed a ) :
. L . ; .~ croparticulate material.
close relationship with sediment load, suggesting that high ; : .
. ; . . Despite the large number of correlations between sedi-
amounts of rainfall generate high sediment amounts, as it oc- L .
ment and metal loads and hydroclimatic parameters, it was

curs in an agroforestry catchment close to that study catch- ; ; o
ment (Rodriguez-Blanco et al., 2010b). Antecedent rainfallobserved that there was considerable dispersion in the data.

1, 3, 5 7, 15 and 21 days before the event also affectec'i:'gure 5 shows an example of the regression between rainfall
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Table 5. Derived equations for SS, particulate and dissolved metal loads applying the stepwise multiple regression technique.

Dependent Equation Adjusted Independent g values
variable r2 variables
Ss SS=-61x10%+140Qmax 0.82 Omax 8.4
—0.540y Op -33
Alp Alp=-31x1034+079R  0.77 R 10.9
+0.23AP1d AP1d 3.2
Fep Fep=-11x10%+079R  0.77 R 11.0
+0.23AP1d AP1d 3.2
Mnp Mnp =2.8x 1076+ 0.8R 0.76 R 16.9
0.195AP1d AP1d 2.7
Cup Cup=-11x10%+073R  0.66 R 8.3
+0.23AP1d AP1d 2.6
Znp Znp=7.0x10"2+40.670max 0.78 Omax 7.2
+0.28P P 3.0
Alp Alp =52x1064+0.77R 0.84 R 9.8
+0.200max/ Ob Omax/ Op 2.5
Mnp Mnp=2x10%+110max  0.31 Omax 3.4
—-0.620y Op -2.0

Note: p: particulate formp: dissolved form.

and runoff with sediment and metal loads. It can be seen thatlemonstrated by Kurtenbach and Krein (2007) when analyz-
rainfall of about 53 mm may be related to loads ranging froming natural and artificial events.

2 to 109 Mg of SS (sediment), from 47 to 4671 kg opAind
from 2 to 28kg of Fg. For runoff of 2.2 mm SS, Al and
Fep loads were reported oscillating between 60 and 109 Mg,
between 1610 and 4671 kg and between 12 and 28kg,
spectively.

In order to know the combined effect of several hydro-
climatic factors on the variability of the sediment and metal
load, a stepwise multiple regression was carried out (Table 5
considering the set of hydroclimatic factors that showed sig-
nificant correlations with the load (Table 4). It was found that
the combined effect 0O max and Qy, slightly improved the
variability explained for sediment load. All particulate metal
loads, except Zs were governed by runoff and AP1d. The
Znp load can be explained by bothmax and rainfall. With
regard to dissolved metal loads, theyAbad was influenced
by runoff andQmax/ Op. The My load can be explained by

5 Conclusions

interannual variability in sediment, particulate and dissolved
metal loads was observed in the study catchment. Sedi-
ment and particulate metal loads followed the same trend
s streamflow, while dissolved metals showed different pat-
erns. Only the Ab load increased with streamflow, indicat-
ing runoff is a pathway of A} while Fe and My loads
were higher in the driest year, probably due to their presence
in groundwater.

Different seasonal patterns of sediment and particulate
metal loads were also observed during these 3 hydrological
years according to different rainfall and streamflow distribu-
tion; in spite of that, summer months always showed the low-
est sediments and particulate metal export. In dissolved form,

Omaxand Oy Finally, with regard to Fs, Clo a.n.d b, the only Alp and Cy behaved as their particulate forms, while
use of complex models does not provide additional informa- .
Fep, Mnp and Zny did not show any seasonal patterns or

tion to the simple-regression technique; thereby, rejecting the . L2 :
. . O ome relationship with rainfall and streamflow.
use of multiple regressions to detect the possible influence o - .
The contribution from events to total exportation was

hydroclimatic variables on these e_lement_s. . higher than from the baseflow for all particulate metals, ex-
The fact that hydrometeorological variables did not ex- : : ;
cept Zp. Baseflow was the major contributor to dissolved

plain all the variability in sediment and metal loads could . :
. . loads. The rainfall-runoff-event exportation was character-
be because other factors such as the different particulate . -
: . : : L ized by a wide variability of metal loads. The effect of one
sources, i.e., soil erosion, particulate resuspension into the.
. single runoff event on the annual metal load was observed es-
channel, among others, can affect particulate metal loads, as_*= :
pecially for Mnp. A few events (30 %) were responsible for
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almost 80 % of the sediment, particulate and dissolved metal tion in riverbed sediments (Anlléns River, NW Spain), Environ.
loads exported during events. The metal load was dominated Monit. Assess., 179, 371-388, 2011.
by its particulate form. Exley, C.: A biogeochemical cycle for aluminium, J. Inorg.

Particulate metal loads were highly related to sediment Biochem., 97, 1-7, 2003. _
load, indicating that in the study catchment particulate metalPAO: World reference base for soil resources, Rome, Italy, 2006.
load may be estimated by sediment lo@@hax and, to a Forstner, U. and Wittmann, T. W.: Heavy metal pollution in the
ax 1 . . . .
. " aquatic environment, 2nd Edn. Spring-Verlag, Berlin, 1981.
I(afST]er exteEth (a proxy ﬁf ar?tzcedlgnt moflSture Condltlons Guitian Ojea, F., Guitian Rivera, F., Barral Silva, M. T., Conde
'?het seec(j:iarl;[lcenrtnzrr:g K‘/’;E;dz a%/trzgcel\r/r;ittlcscz(l:éoirr? t%%vﬁ/:’;gg Pumpido, R., and Nufiez Cardezo, A.: Atlas geoquimico de Gali-
cia, Xunta de Galicia, Santiago, 1992.
catchment, while runoff was the main factor controlling par- Horowitz, A. J., Rinella, F. A., Lamothe, P., Miller, T. L., Edwards,

ticulate metal loads, except for gmvhich was regulated by T.K., Roche, R. L., and Rickert, D. A.: Variations in Suspended
Omax Alp was influenced by runoff an@max/ Op. Sediment and Associated Trace Element Concentrations in Se-
The obtained results reveal that a substantial fraction of lected Riverine Cross Sections, Environ. Sci. Technol., 24, 1313~
metals was associated with sediments, suggesting that sed- 1320, 1990. o
imentation within the catchment might be an appropriateJorqan: J. P.: Spatial and t_emporal variability of stormflow genera-
management practice for reducing the metal load generated tllggfrocesses on a Swiss catchment, J. Hydrol., 153, 357-382,
in thg Mero River. In addition, this study reltgrates the ne- Kang, J. H., Lee, Y. S. Ki. S. J.. Lee, Y. G., Cha, S. M., Cho, K.
cessity for knowledge of metal loads under different hydro-

loaical diti b hvdrological ch H., and Kim, J. H.: Characteristics of wet and dry weather heavy
ogical conditions because hydrological changes may cause metal discharges in the Yeongsan Watershed, Korea, Sci. Total

peaks of critical loads. Environ., 407, 3482—3493, 2009.

Kurtenbach, A. and Krein, A.: Pre-event hydrological conditions
as determinants for suspended sediment and pollutant transport

AcknowledgementsThis investigation was carried out within during artificial and natural floods, in: Sediment dynamics and

the projects REN2003-08143, funded by the Spanish Ministry pollutant mobility in rivers: an Interdisciplinary Approach, edited

of Education and Science, and PGIDITO5RAG10303PR and by: Westrich, B. and Forster, U., Springer, Berlin, Heidelberg,

10MDS103031, financed by Xunta of Galicia. The first author was  279-287, 2007.

awarded a predoctoral fellowship from the University of A Corufia ['Herroux, L., Le Roux, S., Appriou, P., and Martinez, J.: Behaviour

and the second a postdoctoral research contract (Xunta of Galicia). of metals following intensive pig slurry applications to a natural

field treatment process in Brittany (France), Environ. Pollut., 97,

Edited by: P. Grathwohl 119-130, 1997.

McPherson, T. N., Burian, S. J., Stenstrom, M. K., Turin, H. J.,

Brown, M. J., and Suffet, I. H.: Trace metal pollutant load in

References urban runoff from a southern California watershed, J. Environ.
Eng.-ASCE, 131, 1073-1080, 2005.

Adriano, D. C.: Trace elements in terrestrial environments, Biogeo-Miller, C. V., Foster, G. D., and Majedi, B. F.: Baseflow and
chemistry, bioavailability and risks of metals, 2nd Edn. Springer,  stormflow metal fluxes from two small agricultural catchments
New York, 2001. in the Coastal Plain of the Chesapeake Bay Basin, US, Appl.

Aldrich, A. P., Kistler, D., and Sigg, L.: Speciation of Cu and Zn Geochem., 18, 483-501, 2003.
in drainage water from agricultural soils, Environ. Sci. Technol., Nagano, T., Yanase, N., Tsuduki, K., and Nagao, S.: Particulate and

) 36, 4824-4830, 2002. dissolved elemental loads in the Kuji River related to discharge

Alvarez-lglesias, P., Rubio, B., and Pérez-Arlucea, M.: Reliability  rate, Environ. Int., 28, 649-658, 2003.
of subtidal sediments as “geochemical recorders” of pollution in- Navratil, T., Sjanley, J. B., Skan, P., Kram, P., Mihaljed, M.,
put: San Simon Bay (Ria de Vigo, NW Spain), Estuar. Coast. and Drahota, P.: Manganese biogeochemistry in a Central Czech
Shelf S., 70, 507-521, 2006. Republic catchment, Water Air Soil Pollut., 186, 149-165, 2007.

Arnold, J. G., Allen, P. M., Muttiah, R., and Bernhardt, G.: Au- Ollivier, P., Radakovitch, O., and Hamenlin, B.: Major and trace
tomated base flow separation and recession analysis techniques, partition and fluxes in the Rhone River, Chem. Geol., 285, 15—

Ground Water, 33, 1010-1018, 1995. 31, 2011.
Borg, H. and Johansson, K.: Metal fluxes to Swedish forest lakesPalleiro, L., Rodriguez-Blanco, M. L., Taboada-Castro, M. M., and
Water Air Soil Pollut., 47, 427-440, 1989. Taboada-Castro, M. T.: Dissolved and particulate metals in the

Bull, L. J.: Magnitude and variation in the contribution of bank ero-  Mero River (NW Spain): Factors affecting concentrations and
sion to the suspended sediment load of the river Severn, UK, load during runoff events, Commun. Soil Sci. Plan., 49, 88-94,
Earth Surf. Proc. Land., 22, 1109-1123, 1997. 2012.

Canovas, C. R., Hubbard, C. G., Olias, M., Nieto, J. M., Black, S.,Palleiro, L., Rodriguez-Blanco, M. L., Taboada-Castro, M. M., and
and Coleman, M. L.: Hydrochemical variations and contaminant  Taboada-Castro, M. T.: Hydrological response of a humid agro-
load in the Rio Tinto (Spain) during flood events, J. Hydrol., 250,  forestry catchment at different time scales, Hydrol. Process., 28,
25-40, 2008. 1677-1688, 2014.

Devesa-Rey, R., Diaz-Fierros, F., and Barral, M. T.: Assessment of
enrichment factors and grain size influence on the metal distribu-

Hydrol. Earth Syst. Sci., 18, 36633673 2014 www.hydrol-earth-syst-sci.net/18/3663/2014/



L. Palleiro et al.: Hydroclimatic control of sediment and metal export 3673

Park, J. H., Lee, J. H., Kang, S. Y., and Kim, S. Y.: Hydroclimatic Sigg, L., Xue, H., Kistler, D., and Schénenberger, R.: Size fraction-
control on dissolved organic matter (DOM) characteristics and ation (dissolved, colloidal and particulate) of trace metals in the
implications for trace metal transport in Hwangryong River Wa-  Thur River, Switzerland, Aquat. Geochem., 6, 413-434, 2000.
tershed, Korea, during a summer monsoon period, Hydrol. Pro-Soto-Varela, F., Rodriguez-Blanco, M. L., Taboada-Castro, M. M.,
cess., 21, 3025-3034, 2007. and Taboada-Castro, M. T.: Metals discharged during different

Pokrovsky, O. S., Viers, J., Shirikova, L. S., Shevchenko, V. P, Fil-  flow conditions from a mixed agricultural-forest catchment (NW
ipov, A. S., and Dupre, B.: Dissolved, suspended, and colloidal Spain), Hydrol. Process., online first, dd).1002/hyp.10282
fluxes of organic carbon, major and trace elements in the Sever- 2014a.
naya Dvina River and its tributary, Chem. Geol., 273, 136-149, Soto-Varela, F., Rodriguez-Blanco, M. L., Taboada-Castro, M. M.,
2010. and Taboada-Castro, M. T.: Identifying environmental and geo-

Rodriguez-Blanco, M. L., Taboada-Castro, M. M., Diéguez-Villar,  chemical variables governing metal concentrations in a stream
A., and Taboada-Castro, M. T.: Metal fluxes from soils to surface  draining headwaters in NW Spain, Appl. Geochem., 44, 61-68,
waters at catchment scale, Commun. Soil Sci. Plan., 40, 313— 2014b.

326, 2009. Taboada-Castro, M. M., Diéguez-Villar, A., and Taboada-Castro,

Rodriguez-Blanco, M. L., Taboada-Castro, M. M., Palleiro, L., and M. T.: Effect of soil use and agricultural practices on heavy metal
Taboada-Castro M. T.: Temporal changes in suspended sediment levels in surface waters, Commun. Soil Sci. Plan., 33, 2933—
transport in an Atlantic catchment, NW Spain, Geomorphology, 2849, 2002.

123, 181-188, 2010a. Taboada-Castro, M. M., Rodriguez-Blanco, M. L., Palleiro, L., and

Rodriguez-Blanco, M. L., Taboada-Castro, M. M., and Taboada- Taboada-Castro, M. M.: Importancia de la cubierta vegetal en
Castro, M. T.: Factors controlling hydro-sedimentary response procesos de erosion por flujo concentrado en ambiente templado
during runoff events in a rural catchment in the humid Spanish himedo: un estudio a escala de cuenca, IV Congreso Ibérico de
zone, Catena, 82, 206-217, 2010b. la Ciencia del Suelo, 21-24 September, Granada, Spain, 2010.

Rodriguez-Blanco, M. L., Taboada-Castro, M. M., and Taboada-Taboada-Castro, M. M., Diéguez-Villar, A., Rodriguez-Blanco, M.
Castro, M. T.: Sources and sediment yield from a rural catch- L., and Taboada-Castro, M. T.: Agricultural impact of dissolved
ment in humid temperate environment, NW Spain, Earth Surf. trace elements in runoff water from an experimental catchment
Proc. Land., 35, 272-277, 2010c. with land-use changes, Commun. Soil Sci. Plan., 43, 81-87,

Rodriguez-Blanco, M. L., Taboada-Castro, M. M., and Taboada- 2012.

Castro, M. T.: Rainfall-runoff response and event-based runoffWalling, D. E, Webb, B. W., and Russell, M. A.: Sediment-
coefficients in a humid area (northwest Spain), Hydrolog. Sci. J., associated nutrient transport in UK rivers, Freshwater Contam-
57, 444-459, 2012. ination, in: Proceedings of Rabat Symposium S4, April-May

Rodriguez-Blanco, M. L., Taboada-Castro, M. M., and Taboada- 1997, Rabat, Morocco, 69-81, 1997.

Castro, M. T.: Linking the field to the stream: Soil erosion and Xue, H., Sigg, L., and G&chter, R.: Transport of Cu, Zn and Cd in a
sediment yield in a rural catchment, NW Spain, Catena, 102, 74— small agricultural catchment, Water Res., 34, 2558-2568, 2000.
81, 2013.

Seeger, M., Erreas, M. P., Begueria, S., Arndez, J., Marti, C., and
Garcia-Ruiz, J. M.: Catchment soil moisture and rainfall charac-
teristics as determinant factors for discharge/suspended sediment
hysteretic loops in a small headwater catchment in the Spanish
Pyrenees, J. Hydrol., 288, 299-311, 2004.

www.hydrol-earth-syst-sci.net/18/3663/2014/ Hydrol. Earth Syst. Sci., 18, 3668673 2014


http://dx.doi.org/10.1002/hyp.10282

