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ABSTRACT
Mining is a human activity with considerable environmental impact. To evaluate such impacts, international laws require undertaking local
studies based on direct sampling to establish baseline conditions of parameters modiﬁed by human activities. Mining takes place near the Alto
Tajo Natural Park, where a suspended sediment concentration (SSC) baseline is required to determine whether mining affects water quality.
To this end, we have monitored the Tajo River and its tributary the Tajuelo following Before–After Control-Impact (BACI) techniques,
recommended by Australian and New Zealand laws, requiring a speciﬁc method based on continuous monitoring and sampling to enable
evaluation of SSCs. An SSC baseline has been deﬁned at stations situated upstream of the mining area and compared with those downstream.
The highest detected SSC upstream of the Tajuelo mines was 24 g l 1 whereas the highest simultaneous downstream value was 391 g l 1,
more than one order of magnitude higher than the supposed baseline (24 g l 1). Additionally, this value is 1000 times more than the average
concentration of 25 mg l 1, used by the European Union until 2015, to guarantee the quality of salmonid waters. Following a BACI approach,
a statistically signiﬁcant SSC impact has been identiﬁed. The mined areas are the only source that can explain this increase. This is the ﬁrst
instance that such an increase and baseline have been found using this method. BACI is a simple and reliable method recommended for studying degraded areas rather than an irrelevant, ﬁxed standard as included in most international laws. Copyright © 2016 John Wiley & Sons, Ltd.
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INTRODUCTION
Opencast mining impacts all ecosystem components: substrata, topography, hydrology, soil, vegetation, fauna, atmosphere and landscape (Soulard et al., 2015; Tarolli & Soﬁa,
2016) and at mine sites there are on-site effects. In addition,
mining activity can also have downstream off-site effects.
Among these, the water quality impact associated with
sediment discharged from mines to the ﬂuvial system is
one of the most detrimental (Martín-Moreno et al., 2016;
McIntyre et al., 2016). Changes in sediment ﬂuxes have
been shown to have detrimental ecological effects on ﬁsh
populations and their ecosystems, such as reduction in
visibility and oxygen availability, temperature rise, breathing
difﬁculties and damages in spawning beds (Robertson et al.,
2006; Kjelland et al., 2015). Any and all these impacts can
dramatically decrease ﬁsh and other organism populations.
Furthermore, the increase in anthropogenic sediments can
also damage the ﬂuvial network in terms of infrastructures,
such as roads and bridges, or reduce the water capacity of
reservoirs (Batalla & Vericat, 2011) and modify ﬂuvial
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system dynamics, such as the deposition of bars and the
dramatic increase in ﬂooding (Pickup, 2008).
To evaluate whether mining off-site effects occur with
respect to sediment dynamics, baseline parameters require
deﬁnition. Once these baselines have been properly established,
they can be used to compare before and after-mining impacts.
This comparison can be undertaken through the so-called
Before–After Control-Impact (BACI) technique (Smith, 2006).
Such control data are demanded by the European Commission (Directive 2006/44/CE) as well as by other public
institutions worldwide, such as the United States Environmental Protection Agency (U.S. EPA, 2003a). Only the
Australian and the New Zealand Environment and Conservation Council (Australian and New Zealand Environment
and Conservation Council, ANZECC, 2000) law points out
a speciﬁc method to monitor SSC impacts based on the
BACI approach. Many additional studies highlight the need
to undertake relevant measurements on this topic (Macklin
et al., 2006; Collins et al., 2011; Nordstrom, 2015). These
studies point out that baseline values have to be deﬁned at
the most local scale of the river. In mined areas, baseline
deﬁnition has been studied widely in association with
hydro-chemical properties (Yanguo et al., 2002; Oyarzun
et al., 2011). Only few publications exist as far as a sediment
transport baseline is concerned (Pentz & Kostaschuk, 1999;
Chalov, 2014; Messina & Biggs, 2016). One of these is that
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on the Ngarradj catchment (Australia), for which a baseline
of several parameters including suspended sediment concentration (SSC) (Evans et al., 2004) and for bed-material grain
size (Saynor et al., 2006) were deﬁned. Both of these
parameters are important to determine whether the sediment
from mined areas modiﬁes the sediment dynamics of the
rivers in the Ngarradj catchment.
Other studies and relevant laws deﬁned sediment-related
baselines using a threshold value (U.S. EPA, 2003b). This
is problematic because natural–ﬂuvial sediment transport
dynamics are complex and highly variable depending on a
variety of parameters such as rainfall depth and duration,
maximum rainfall intensity, peak ﬂow, runoff occurrence
and available sediment sources (Walling et al., 2001;
Alexandrov et al., 2003; Rovira & Batalla, 2006; NadalRomero et al., 2008; Regüés & Nadal-Romero, 2013).
Therefore, it is necessary to have a wide range of SSC
values, representative of the different ﬂuvial conditions, to
provide a relevant baseline dataset.
Studies of suspended sediment have been undertaken
worldwide. Some have monitored rivers taking into account
the high variability of SSC during several hydrological years
(Walling et al., 2001; García-Ruiz et al., 2008; López-Tarazón
et al., 2009). These have been accomplished to determine the
total budget of catchments where human activity is signiﬁcant,
neither to establish a baseline nor to apply a BACI approach.
Our study seeks to be such a local study based on monitoring SSC in the kaolin mining area located near the Alto Tajo
Natural Park (ATNP), Central Spain, by using BACI procedures. These are the most appropriate methods to study impacts described in an international law. We use the BACI
with an aim, to improve a very narrow interpretation (ﬁxing
a limit of 25 mg l 1) of the European law (Directive
2006/44/EC (European Union, 2006)). The ideal manner to
establish an SSC baseline to determine a likely impact because of mining activity would have been to measure each
pair of stations, upstream and downstream of the disturbed
area, before mining started and during its operation. This is
impossible when mining began previously, as it did in the
Alto Tajo in 1965 and holds for most mining areas worldwide, for which a pre-mining historic database is lacking.
Another reliable method to establish an SSC baseline could
have been the simultaneous monitoring of other catchments
without mines but with features similar to those of the impacted streams. This is also impossible in our study area.
We therefore chose a third recommended option: to install
stations upstream and downstream of the potential mined
sediment sources (Smith, 2006).
The principal aims of this study are: (i) deﬁning the SSC
baseline for forested areas (such as the temperate Mediterranean Tajuelo stream and the Tajo River) that receive water
from mining areas; and (ii) evaluating if there is an impact
in SSC associated with runoff derived from the mining
areas. To accomplish these objectives an SSC Monitoring
Network has been erected to record relevant data. Our hypothesis is that following a BACI approach, it is possible
to determine the SSC effect of mined areas.
Copyright © 2016 John Wiley & Sons, Ltd.

MATERIAL AND METHODS
Study Area
Alto Tajo Natural Park (ATNP) and mining area
The ATNP is located in East-Central Spain (Figure 1). This
protected area was established in 2000 by a regional law
(DOCM, 2000) because of its outstanding biodiversity and
particularly its high quality aquatic ecosystems. The ATNP
area (105 721 ha) is characterized by plateaus and mesas
capped by Cretaceous carbonate rocks (limestones and
dolostones) underlain by sandy sediments, in which the Tajo
River has incised a canyon system longer than 100 km and
up to 400 m in depth (Carcavilla et al., 2011). The sandy
sediments contain the kaolin (Arenas de Utrillas Formation)
exploited in several mines (Olmo & Álvaro, 1989; González
Amuchastegui, 1993). Several kaolin mines very near the
ATNP are located in the upper reaches of the stepped slopes.
This activity began in 1965.
The most common soils are calcaric cambisols, mollic
leptosols and rendzic leptosols on top of the mesas, and carbonate colluvia with calcaric cambisols on the slopes (IUSS,
2007). The vegetation is representative of Mediterranean
continental environments, with communities dominated by
Juniperus thurifera, Pinus nigra subsp. salzmanii and
Quercus faginea (MARM, 1997 2006).
The climate is temperate Mediterranean with dry and mild
summers (Csb, according to Köppen 1918) and with a continental inﬂuence. Mean annual precipitation is 783 mm, and
mean annual temperature is 10 °C (AEMET, 2013). Seasonally, this area is characterized by long and cold winters with
snow being common, and short and dry summers. The
spring and fall are usually wet. The rainfall erosivity factor,
R (equivalent to the R factor of RUSLE), is estimated to be
about 800 MJ mm ha 1 h 1 yr 1 (ICONA, 1988).
Tajuelo catchment
The Tajuelo is one of the tributaries of the Tajo River
(Figure 1). With a 30-km2 watershed area, the stream ﬂows
along 9 km at an average slope of 4% from an altitude of
1397 m above sea level (a.s.l) to the conﬂuence with the
Tajo River at 1033 m a.s.l. The bedrock of the upper part
of the watershed is composed of limestones and dolostones,
whereas the lower part is underlain by sandy sediments containing the mined kaolin (Weald and Utrillas Formation).
This perennial stream has no gauging station; therefore, historic hydrologic data are unavailable. The only existing information is that measured during our monitoring activity
between 2011 and 2013. For this period, stage rises typically
occur in spring and fall with a recorded 33.9 m3 s 1 maximum water discharge. Minimum ﬂows (~0.06 m3 s 1) occur
in summer.
The only village in the Tajuelo catchment is the small
(0.08 km2 with a population of 131) Poveda de la Sierra.
Two mines are hydrologically connected to the Tajuelo.
The María José mine (0.55 km2) is active since 1965 and
has sediment ponds that store the bedload eroded and
transported within the mine, decanting most of the
LAND DEGRADATION & DEVELOPMENT, (2016)
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Figure 1. A: The SSC monitoring network in the Tajo River and Tajuelo stream. B: The Tajuelo upstream of the mining area (UTJ), C: The Tajuelo downstream of the mining area (DTJ), D: The Tajo upstream of the mining area (UTA), E: The Tajo downstream of the mining area (DTA). This ﬁgure is available
in colour online at wileyonlinelibrary.com/journal/ldr.

suspended sediment. The Nuria (0.62 km2) mine is inactive
since 2007, having neither ponds nor effective reclamation.
In addition, there is one area at the conﬂuence of the María
José and the Nuria mines, with traditional reclamation
(outslope-benches) directly connected to the ﬂuvial network.
The studied Tajo River reach
The stretch of the studied Tajo River is located between
Poveda and Peñalen bridges (Figure 1). The length of this
stretch is 5.5 km with an average slope of 0.4%. Because of
its low slope, its bankfull width (10 m) and its very low sinuosity, it is classiﬁed as pattern 2 (Schumm, 1981). Here carbonate
Copyright © 2016 John Wiley & Sons, Ltd.

precipitation is very common forming small tufa barriers. The
nearest gauging station with historic discharge data
(1945–2015) is the “3001 Peralejos de las Truchas”, located
15 km upstream of the upper sampling location on the Tajo.
For this period, the respective average mean and maximum
annual discharges were 3.1 and 15.5 m3 s 1, and the maximum
water discharge was 258 m3 s 1 (CEDEX, 2015; Confederación
Hidrográﬁca del Tajo, pers. Comm., unpublished).
Methods
We have only focused on SSC, not on bedload nor on solution because: (i) the mines are required to maintain sediment
LAND DEGRADATION & DEVELOPMENT, (2016)
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ponds that store all the bedload eroded from within the
mines, and also for decanting at least some of the suspended
sediment; (ii) the abandoned mines have to be restored in a
manner that produces mostly sediment similar to the natural
forested landscapes of the surroundings; and (iii) the dissolved component has minor geomorphic and hydrologic
relevance in the area.
Sampling design: monitoring network and BACI techniques
Two recording stations were installed in each river, four in
total (Figure 1): two stations upstream of the mining areas
(UTJ: Upper Tajuelo, UTA: Upper Tajo) and two downstream of them (DTJ: Downstream Tajuelo, DTA: Downstream Tajo). The data from the upstream stations were
used to deﬁne the baseline. The BACI methodology requires
a baseline: a database of instantaneous water samples used
to establish trigger values: if these are surpassed, authorities
or companies can investigate unacceptable values and to decide how to avoid this condition. We thus focused on instantaneous values rather than mine-related before–after
sediment yields. Yields are useful to quantify the entire impact of a given activity, but not to generate data for alarms.
The downstream stations were compared with the upstream
ones to quantify the impact of mining areas. BACI techniques are based on spatial comparison of pairs of samples
taken in rivers at “the same time” before and after receiving
water from the mined areas. Its aim is not to study the
sediment dynamics of a catchment with respect to human
activities, but to quantify the impact of one speciﬁc present
activity in a given river reach. It requires an identical and
contemporaneous sampling methodology.
Field equipment, monitoring and lab procedures
Rainfall was measured by two recording tipping-bucket
rain gauges (Davis Rain Collector II) installed in the area
(Figure 1). Water level (discharge) and SSC were monitored during the 2012–2013 and 2013–2014 hydrological
years (1 October – 30 September). Water depth in the
Tajuelo was recorded every 10 min by a pressure sensor
(Global Water WL16) at DTJ (Figure 1). Water level data
were transformed to discharge by a stage–discharge rating
curve. Discharge was determined by the product of average
velocity (electromagnetic current meter, Flo-Mate 2000 of
Hach) and cross-sectional wetted area (Whiting, 2003).
As the pressure sensor broke down during 15 March
2014 – 02 July 2014, we made use of rain gauge and
weekly ﬁeld reports as well as continuous discharge from
the nearby Merdero catchment to deﬁne to which event
and each sample belonged. The Merdero catchment area
is a half of the Tajuelo’s, but their runoff response is quite
similar in terms of number and relative size of ﬂow events.
The possible differences were corrected with the weekly
ﬁeld data. For the Tajo we used data recorded by the Tajo
Water Authorities at the “AR02 Tajo en la Rocha” gauging
station (Confederación Hidrográﬁca del Tajo, pers. comm.,
unpublished), located 9 km downstream of DTA. We also
used two pressure sensors (Mini-Diver at UTA and
Copyright © 2016 John Wiley & Sons, Ltd.

Rugged Level Troll 100 at DTA) corrected for barometric
pressure (Rugged BaroTroll).
SSC was determined by direct sampling at each station
using two different methods: (i) manual sampling by the
depth-integrating approach (Hicks & Gomez, 2005) and
(ii) automatic sampling with siphon samplers (Graczyk
et al., 2000)—bottles situated at different ﬁxed heights on
a channel bank high enough above the bed to exclude
bedload entry (Figure 1). Cross section and depth integration
calibration were not undertaken because they are not
required in the BACI. Imperative for this study was the
guarantee that the samples were contemporaneously taken
by the same method and cross-sectional sampling position.
The four stations were visited weekly and sampled by
depth integrating while bottles of the siphon samplers were
replaced when necessary. Most of the manual samples were
self-evidently collected during base ﬂow. Those from the
siphon samplers represent rising stages. Altogether 403
samples are available (Table I). For each of the streams,
there was no correspondence in the number of samples taken
upstream and downstream because of several factors:
i) At times the number of samples ﬁlled in siphon samplers were unequal (e.g. location may have had one
bottle more or less than the other because of the varying water heights at each location);
ii) some siphon samplers were lost because a bottle was
torn from the sampler by fast ﬂows;
iii) at times stream conditions prevented undertaking
manual depth integration sampling in one of the stations but not in the other.
Approximately 0.5 l of water was sampled and dried in
the laboratory to determine the SSC.
Data analysis
Each sample was identiﬁed by time, date, location and stage
(base ﬂow, rising limb or recession). Siphon samples were related to continuously logging water stage and stage sensors.
Although in each stream we use water discharge data measured by different stage sensors, the number of events recorded
by them are identical as required by the BACI technique.

Table I. Summary of number of samples taken at each sampling
location
Hydrograph
segment

Base ﬂow
Rising stage
Recession
Total

Location

u/s
d/s
u/s
d/s
u/s
d/s

Tajuelo

Tajo

201213

201314

201213

201314

33
33
19
23
8
8
124

37
38
13
6
4
5
103

35
n.d.
30
n.d.
3
n.d.
68

33
32
14
15
7
7
108

u/s: upstream of mines, d/s: downstream of mines, n.d.: no data.
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In order to deﬁne the baseline, the SSC database for stations UTA and UTJ were processed to calculate maximum,
minimum and average values with regard to stage and season. Had the number of samples been much larger a differentiation based on sampling methodology could have been
made. However, these calculations were made for SSC data
derived from both depth integration and siphon samples.
Using the BACI technique, we assume that the SSC data
measured in upstream stations represent water without runoff
from mining areas. These were compared to SSC data
derived from stations located downstream of mining areas.
For each stream, we constructed a paired SSC database of
contemporaneous UTA–DTA and UTJ–DTJ; the pairs were
either only from depth integration or only form siphon
sampling techniques. A Student t-test was applied to each
set (as common in other BACI studies—see Smith, 2006)
assuming as null hypothesis that the mean difference between
each data pair is 0 and, therefore, no SSC increase occurs
because of mining. Each of the two compared samples derive
from the same stream; hence, they are paired. In these cases,
the technique is known as Before–After Control-Impact
Paired (BACIP) (Wheater & Cook, 2005; Smith, 2006).

In total, 105 pairs of samples for the Tajuelo and 50 for
the Tajo were collected. DTA samples are available only
for the second hydrological year. All UTA samples were
used to deﬁne the baseline and only second year samples
were used to the UTA–DTA comparison.
Four stations have similar values of SSC up to the third
quartile (Table II). In contrast, the maximum values differ
markedly, especially downstream of the mining areas. Upstream of the mining areas, the maximum registered SSCs
are similar: 24.4 g l 1 in the Tajuelo and 26.2 g l 1 in the
Tajo. In contrast, the maximum SSC downstream of the
mining areas was 52.4 g l 1 in the Tajo and 391 g l 1 in the
Tajuelo. Figure 4 shows a comparison among the highest
values of SSC sampled in the rising limb of ﬂow events that
occurred during the study period, including only 15—those
for which samples were available in both stations.

RESULTS
Water Discharge
During the monitoring period, there were 37 ﬂow events of
which 20 occurred in the ﬁrst year and 17 in the second. In
the Tajuelo, mean discharge was 0.6 m3 s 1 during the ﬁrst
year for which data are available. In the Tajo, the mean water
discharge was 9.6 and 6.8 m3 s 1 during the ﬁrst and second
years, respectively. Maximum instantaneous discharges for
these years were 33.8 and 70.5 m3 s 1 for the Tajuelo and Tajo
River, respectively. Run-off volume for the Tajo was
303.7 hm3 the ﬁrst year and 232.6 hm3 the second. For the
Tajuelo, the ﬁrst year runoff volume was 29.4 hm3. Figure 2
shows hydrographs for the Tajuelo stream and the Tajo River.
This study lasted two years. To what extent is it representative of past years? The respective mean and maximum instantaneous water discharges during the study period were
3.4 and 74.6 m3 s 1 as recorded at the “3001 Peralejos de
las Truchas” gauging station (CEDEX, 2015; Confederación
Hidrográﬁca del Tajo, pers. comm., unpublished). Figure 3
shows a comparison of the peak discharge of the study
period with the historic database of peak discharges. The
latter is available for the Tajo River station 3001 located
upstream of our study area. The maximum instantaneous
water discharge in our study period is almost identical to
the long-term maximum instantaneous water discharge.
Therefore, we deduce that our results are representative.
Comparison of SSC at upstream versus downstream stations
We acquired samples from 24 events; 15 from the ﬁrst year
and 9 from the second. Twelve rises (4 from the ﬁrst year
and 8 from the second) were too small to be sampled because water level rise was insufﬁcient to ﬁll the bottles.
One event was not sampled as personnel were unavailable.
Copyright © 2016 John Wiley & Sons, Ltd.

Figure 2. Hydrograph and SSC for the Tajo (a) and the Tajuelo (b) during the
2012–2013 and 2013–2014 hydrological years. DTA samples are available for
the Tajo only for the second hydrological year. All UTA samples were used to
deﬁne the baseline, and only the second year samples were used to undertake
the UTA-DTA comparison. Because of lack of Tajuelo discharge data for the
period 15/03/2014–02/07/2014, the timing of samples on rain gauge and
discharge data were determined from the nearby Merdero stream. This ﬁgure
is available in colour online at wileyonlinelibrary.com/journal/ldr.
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Figure 3. Maximum instantaneous water discharge for the 1945–2015 data
series at the “3001 Peralejos de las Truchas” gauging station (CEDEX,
2015; Confederación Hidrográﬁca del Tajo, pers. comm., unpublished).
The horizontal lines are the highest instantaneous discharge: the full line
refers to the period recorded during the study period and the dashed line
to the mean for 1945–2015. This ﬁgure is available in colour online at
wileyonlinelibrary.com/journal/ldr.

Maximum SSC values registered in each pair of stations
for a single event (see Table III) are a 16-fold increase in
event 15 on the Tajuelo and a 38-fold increase in event 27
on the Tajo. These increases are statistically supported by
applying a Student t-test according to the BACIP technique
to each data series. For the Tajuelo, there is a signiﬁcant difference (p < 0.01) between the samples taken at UTJ and at
DTJ at the 99% conﬁdence level. Similarly, in the Tajo
(p < 0.01), there is a signiﬁcant difference between the UTA
and DTA samples at the 92% conﬁdence level. Table III
also shows SSC for one of the events with insigniﬁcant rises.
Baselines for the Tajo river and the Tajuelo stream
The upstream stations are very similar with regard to mean,
coefﬁcient variation and maximum values of SSC (Table II).
The SSC baseline is deﬁned for the Tajuelo and the Tajo by
values summarized in Table IV. Maximum values occur on
the rising limb of winter–spring events; the lowest in summer base ﬂow. Summer rainfall events were insufﬁciently
intense or lengthy to produce water level rises in either
stream.
DISCUSSION
The BACI Approach
There are few studies (Walling & Fang, 2003; Messina &
Biggs, 2016) where mining impact on SSC has been

measured. Some of them were undertaken by establishing
annual sediment loads for a whole catchment. They show
that total sediment loads continuously increase for the entire
catchment, but no evidence is available as to where mining
run-off is produced. Few other studies (Balamurugan,
1991; Chalov, 2014) compared the annual sediment load
following the before–after mining impact scheme, thereby
identifying the impact using SSC-Q or NTU-SSC rating
curves. These analyses allow identiﬁcation of an SSC impact, but they do not establish trigger values to allow comparison with future mining run-off. There is only one study
available where BACI was applied to study mining activity
over SSC (Evans et al., 2004), although no effect was found
by comparing paired samples.
The BACI approach is a simple method whose aim is not
only to study an impact from a speciﬁc river location by
comparing contemporaneously paired samples, but also to
determine local trigger values. It is simple although it does
not replace wide studies of sediment dynamics and yields.
Instead, it is a useful and realistic tool that can be easily applied by water authorities and mining companies to establish
the effect of mining runoff, taking into account that in most of
the cases the data are urgently needed. Despite its simplicity,
it has hitherto been required only by Australian and New
Zealand authorities. All other countries have laws and
regulations that do not clearly take into account the high
natural variability of SSC.
Effect of mining areas on SSC
The potential effect of mining areas on downstream values
of SSC is based on all the events with the exception of 12
events having insigniﬁcant small rises. Table III includes
data for one of those insigniﬁcant events (number 30) with
no interstation increase in SSC.
A comparison between the max SSCs in the Tajuelo and
Tajo with those in other environments is shown in Table V.
The other examples are rivers in Mediterranean areas
draining different land uses: forested, abandoned cultivated
areas, agricultural ﬁelds or those draining badlands. Moreover, Table V shows rivers draining catchments with mining
activity. The maximum SSC values of UTJ and UTA are
similar to the maximum SSC values measured in

Table II. Descriptive statistics for suspended sediment concentration (g l 1) in the Tajuelo and the Tajo for the 2012/2013 and 2013/2014
hydrological years
Parameter

Tajuelo

Tajo

Upstream

Downstream

Upstream

Downstream

114
95
19
1.24
3.33
0.07
0.34
0.42
24.4

113
88
25
16.8
56.5
0.06
0.32
0.57
391

122
90
32
0.92
2.70
0.13
0.35
0.41
26.2

54
44
10
2.66
13.6
0.10
0.33
0.40
52.3

n
n manual samples
n siphon
Mean
StDev
Minimum
Median
Third quartile
Maximum

Copyright © 2016 John Wiley & Sons, Ltd.
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Figure 4. Comparison among the highest values of SSC sampled in rising
limbs during the 2012–2013 and 2013–2014 hydrological years. This ﬁgure
is available in colour online at wileyonlinelibrary.com/journal/ldr.

Mediterranean catchments typical of abandoned agricultural
and forested areas, for instance the Arnás catchment (LanaRenault & Regüés, 2009). The maximum SSC in the DTJ
is similar to that measured in other Mediterranean catchments with badlands, such as Isábena (López-Tarazón
et al., 2009), Araguás (Nadal-Romero et al., 2008) or Ca
l’Isard (Soler et al., 2008). It is also as high as concentrations
measured in rivers draining mining areas (Pentz &
Kostaschuk, 1999; Chalov, 2014).
Explaining the increase between both pairs of stations is
complicated owing to the fact that there are several potential
sediment sources that can explain the difference in SSC
between stations located upstream and downstream of
mining areas. The Tajuelo catchment contains ﬁve such
potential sources: the village and related activities, gullies,
agriculture, mines and the rest of the catchment (Figure 5
and Table VI). By far the largest area (95%) contributing
sediments is that of forests and abandoned agricultural lands
recolonized by vegetation or reforested. For Mediterranean

areas, these tend to produce comparatively low values of
maximum SSC in the range 1–16 g l 1 (Table V). The area
of the Poveda village comprises 0.33% of the Tajuelo catchment. There is no active construction in the village nor are
there indications of gullying or channel widening downstream of the village, from which we deduce that its contribution to catchment sediment is negligible. There is a single
prominent gulley above the village—the Poveda Gully—
and few very minor gullied areas in its vicinity. The total
gullied area encompasses less than 0.01% of the Tajuelo
catchment. Very small gullied areas can be responsible for
high increases in SSC. For example, the Mediterranean
Isábena catchment has a badland system representing merely
0.83% of the catchment, but is the likely source responsible
for a maximum SSC of 350 g l 1 (see Table V). However,
the Poveda gullied system is 100 times smaller in its area
relative to that of the entire catchment. As relevant, the
Isábena badlands are marls producing very high SSCs
(Laronne & Shen, 1982; Mathys et al., 2003; LópezTarazón et al., 2009) and ﬁne-sediment loads, whereas the
Utrillas sands contribute only low concentrations of
suspended sediment and almost all the sedimentary load is
transported as sandy bedload (Lucía et al., 2013). The kaolin
mines cover 3.87% of the Tajuelo catchment (ﬁve times
more than the fraction of catchment which the badlands
cover in the Isábena catchment). Because of the extractive
activity, materials prone to be eroded—primarily clay-sized
kaolin—are exposed, and some of these areas are hydrologically connected to the ﬂuvial network. Finally, there are a
few active agriculture areas in the west of the Tajo catchment upstream of UTJ. Because of its size (0.73%), it is improbable that these are responsible for SSC values similar to
those in the Tajuelo. For instance, in the Enxoé catchment
(Ramos et al. 2015), where active agriculture covers at least
87% of the basin, the maximum SSC was 3.5 g l 1. More
relevantly, these few agricultural areas cannot explain the

Table III. Comparative response of SSC at the upstream and downstream sampling locations on the Tajuelo and Tajo for two ﬂow events
during the 2012/2013 and 2013/2014 hydrological years
Event

Event features
Date

River

m3 s

#
15

25.03.13

Tajuelo

30

01.02.14

24.04.14

1

9.14

Q
peak
m3 s

Number of
peaks

1

6

43.6

69.3

4

Tajuelo

n.d.

n.d.

1

Tajo

9.42

16.8

1

Tajuelo

n.d.

n.d.

1

Tajo

5.86

7.68

1

Rising stage
Max
SSC

#

33.9

Tajo
27

Q
mean

Location

gl
u/s
d/s
u/s
d/s
u/s
d/s
u/s
d/s
u/s
d/s
u/s
d/s

1

24.4
391
26.2
n.d.
9.69
215
1.3
49.3
0.44
0.38
0.43
0.40

Mean
SSC
gl

1

10.6
197
12.0
n.d.
6.67
149
0.70
42.6
0.44
0.38
0.27
0.40

Event
rainfall
Number of
samples
#
4
4
3
n.d.
3
4
3
3
1
1
2
1

mm
97.8

41

9

u/s: upstream of mines, d/s: downstream of mines, n.d.: no data.
Copyright © 2016 John Wiley & Sons, Ltd.
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Table IV. The Tajuelo and Tajo baselines. Hydrological years 2012/2013 and 2013/2014
Hydrograph segment

Tajuelo
Max
SSC
gl

Autumn
Winter
Spring
Summer

Base ﬂow
Rising stage
Recession
Base ﬂow
Rising stage
Recession
Base ﬂow
Rising stage
Recession
Base ﬂow
Rising stage
Recession

1

0.43
0.31
0.34
0.5
12.9
0.35
0.93
24.4
0.75
0.43
n.d.
n.d.

Min
SSC
gl

Tajo

Mean
SSC

1

gl

0.13
0.31
0.34
0.24
0.21
0.28
0.22
0.39
0.21
0.07
n.d.
n.d.

Number of
samples

1

Max
SSC
gl

0.30
0.31
0.34
0.34
3.46
0.31
0.40
3.52
0.42
0.29
n.d.
n.d.

24
1
1
14
15
3
15
9
6
18
n.d.
n.d.

1

0.45
0.43
0.33
1.73
6.42
0.35
1.97
26.2
0.56
0.38
n.d.
0.14

Min
SSC
gl

1

0.23
0.28
0.33
0.27
0.19
0.13
0.16
0.11
0.25
0.17
n.d.
0.14

Mean
SSC
gl

Number of
samples

1

0.37
0.31
0.33
0.47
1.13
0.22
0.39
2.55
0.34
0.29
n.d.
0.14

26
6
1
12
24
6
12
13
6
16
n.d.
1

n.d.: no data.

very large SSC increase between UTJ and DTJ, because
they occur over the entire upper Tajo basin. Hence, the
sediment from those agricultural areas is present in UTJ
samples, the station used to deﬁne the baseline.
SSC baseline for the Tajo and Tajuelo rivers
This study is based on direct sampling at different river locations. Most of the data derive from baseﬂow and rising

stages and only few from recessions. The number of samples
has been sufﬁcient to provide a robust value for low, high
and average values of SSC considering that the BACI
approach identiﬁes SSC impacts associated with speciﬁc
local rather than idealized values. Nevertheless, to more
fully describe the natural ﬂuvial system and the extent of
inﬂuence, if any, of the mines on SSC, a fuller sampling
program is required. This would best include automatic

Table V. Maximum SSC in the Alto Tajo Natural Park compared with: (i) various Mediterranean catchments; (ii) catchments with mining
activity
Catchment

Alto Tajo
Natural Park
Mediterranean

Mining areas

Max
SSC
gl 1

Area

391
24.4
52.3
26.2
1.9
16.0

28.7
18.6
537
484
0.92
2.84

Araguás
Ca l’Isard
Barrendiola
Can Vila

500
174
1.6
8.6

0.45
1.32
3
0.56

Isabena

357

445

3.80
1.0
0.3

60.8
894
n.d.

2.70
0.14

13 000
n.d.

0.1

Reference

km2

Tajuelo d/s
Tajuelo u/s
Tajo d/s
Tajo u/s
San Salvador
Arnás

Enxoé
Tordera
Haggart Creek and Mc
Questen River system
Vyvenka
San Francisco Bay
Coastal
Ngarradj

Land use

0.13

Forested ﬁelds with abandoned
cultivated areas, small villages,
some slope gullies and mining
activity
Undisturbed forest environment
Abandoned cultivated area
subjected to colonization by
plants
Badlands
Forested with some badlands
Forested
Mainly abandoned agricultural
ﬁelds and forests
Having patches of highly erodible
areas (i.e. badlands)
Agricultural ﬁelds
Forested
Forested area with gold mines
Opencast platinum mine
Urbanized estuary impacted by
numerousa anthropogenic activities.
Mining activity adjacent to Kakadu
National Park

This study

García-Ruiz et al. (2008)
Lana-Renault & Regüés
(2009)
Nadal-Romero et al. (2008)
Soler et al. (2008)
Zabaleta et al. (2007)
Soler et al. (2008)
López-Tarazón et al. (2009)
Ramos et al., (2015)
Rovira & Batalla (2006)
Pentz & Kostaschuk (1999)
Chalov (2014)
Buchanan & Morgan (2012)
Evans et al. (2004)

a

Mining legacy, channel dredging, aggregate mining, reservoirs, freshwater diversion, watershed modiﬁcations, urban run-off, ship trafﬁc, introduction of
exotic species, land reclamation and wetland restoration.
u/s: upstream of mines, d/s: downstream of mines, n.d.: no data.
Copyright © 2016 John Wiley & Sons, Ltd.
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Figure 5. The Tajuelo catchment. Data source: Orthophotograph sheet 539;
PNOA 2009: ETRS89. This ﬁgure is available in colour online at
wileyonlinelibrary.com/journal/ldr.

sampling with continuously measured high-range SSC
sensors (López-Tarazón et al., 2009). Furthermore, this
study and most others concentrate on suspended sediment,
whereas natural landscapes and mines also produce bedload
sediments, not to mention a wide gamut of dissolved
constituents. Hence, a baseline should ideally be extended
to include not merely SSCs but also chemical sampling
and analyses (Oyarzun et al., 2011) and bed-material grain
size (Saynor et al., 2006).
Another important issue is how to interpret and to apply
a baseline database (such as that of Table IV), speciﬁcally
when an impact is being produced and an action or decision is required with respect to the mine areas. The
Australian and New Zealand water quality guidelines
(WQG) provide some guidance through what they term
“trigger values” that, if exceeded, an impact has occurred

and an action is required by the authorities. WQG recommend trigger values equal to the 80th, 98th or 99.7th percentiles (e.g. Evans et al., 2004) for each studied parameter.
However, no clear explanation is given as to which among
these percentiles should be used.
The situation is further complicated by the need that
trigger value criteria are agreed by all stakeholders. Thus,
deﬁning a reliable baseline and trigger value without
knowing the previous conditions with respect to the activity
to be evaluated, or other aspects such as the difference in
the geological setting within a watershed, is a task with a
high degree of uncertainty as shown in Table IV. The natural
background baseﬂow values of SSC in the Alto Tajo
upstream of the mines are in the range 0.25–0.35 g l 1 and
should be considered when trigger values have to be adopted,
for instance concerning the effects of mines on SSC.
In this respect, the EU Directive 2006/44/EC (European
Union, 2006) suggests a maximum concentration of
25 mg l 1 for salmonid waters. Although this law states the
possibility of no compliance because of exceptional weather
or geographical conditions (and this second factor could be
applicable here), this concentration has been frequently invoked for this region as a trigger or threshold value. Such
an interpretation seems to be very narrow and unrealistic,
because of the fact that upstream of mined areas, we measured an SSC baseﬂow 10 times (0.25–0.35 g l 1) above that
level, and an SSC at peak ﬂow 1000 times above this invoked concentration of 25 mg l 1. Summing up, our measurements clarify that the recognition by the EU Directive
2006/44/EC (European Union, 2006) that this parameter
can be derogated “because of exceptional weather or special
geographical conditions”, and also that “ﬂoods are liable to
cause particularly high concentrations” may be a pattern
rather than an exception. Indeed, it seems more than likely
that a similar situation will happen at most sites where direct
measurements would be taken. This strengthens the realization that observed values measured continuously in the ﬁeld
are the only meaningful physical values for discussion as
SSC baseline, considering its variation with discharge. The
clearly insufﬁcient EU Directive 2006/44/EC (European
Union, 2006), and with a narrow interpretation, was used
in the Alto Tajo Park until 11 September 2015, when the
817/2015 (BOE, 2015) Spanish law was decreed. This new
law does not refer to SSC, merely mentioning
hydromorphologic elements that should be monitored bi-

Table VI. The Tajuelo catchment land uses depending on upstream-downstream stations
Land use

Forested and recolonized or reforested abandoned agricultural ﬁelds
Mines
Village
Gully areas
Agriculture areas
Total

Copyright © 2016 John Wiley & Sons, Ltd.

UTJ watershed

DTJ watershed

km2

%

km2

%

18.6
0
0
0
0.22
18.82

98.8
0
0
0
1.2
100

28.71
1.17
0.1
<0.01
0.22
30.2

95.06
3.87
0.33
<0.01
0.73
100
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annually by using the so-called riparian forest quality index
(QBR).
Accurately identifying sediment sources requires continuous
monitoring of all the principal sediment sources, both natural
(e.g. natural gullies) and anthropogenic (e.g. mine areas). The
local authorities in the ATNP are attempting to prevent
possible mining impacts by fostering two measurements:
(i) maintained sediment pond systems for all the active and
inactive mining areas; and (ii) replacing traditional restoration
methods with others based on reconstructing geomorphically
stable surfaces that can manage the discharge, erosion and
sediment transport as the natural surfaces surrounding the
mines (Martín-Duque et al., 2010).
CONCLUSIONS
The local monitoring of the Tajuelo and Tajo rivers in the
Alto Tajo Natural Park mining area leads us to conclude as
follows: (i) This is one of the few locally studies where
both an SSC baseline has been deﬁned and the BACI technique have been applied for a mining area; (ii) Based on
the BACI analysis, we conclude that the mined area affects
SSC. This effect changes the typical SSC dynamics of a
forested catchment with abandoned agriculture to that more
similar of badlands; (iii) The BACI approach is a simple
and reliable method to determine mining, or other human
impacts on SSC. It can be used by water authorities or
mining companies rather than the all-European 25 mg l 1
suggested standard; (iv) Determining the precise contribution of the different sediment sources to this change in
SSC is complex, because the sources, and the inﬂuence
of the different geological setting between the upper and
lower part of the watershed are manifold and should also
be evaluated. Hence, monitoring should be extended toward each source. Moreover, water quality as well as
bedload transport should be studied, because they can also
be affected by mining.
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