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Abstract

In-stream gravel mining is one of the most important causes of channel degra-
dation in South America, specifically in rivers located near large metropolitan
areas with rapidly growing cities, where no river management strategies exist.
In the western region of the continent, many of these rivers belong to Andean
systems, in which significant parts of the watersheds are located in mountain
areas at high altitude, with considerable seasonal rainfall variability, and steep
channel slopes. In these rivers, gravel mining has produced significant inci-
sion of the channels with serious physical and ecological consequences, affecting
habitats, modifying the supply and transport of sediments, and amplifying the
risk to infrastructure in and around the channel during floods. In spite of the
degraded conditions of many channels, no quantitative studies of the geomor-
phic impacts of gravel mining have been carried out in the region, mostly due
to the insufficient and sparse data available. In this investigation we perform
an analysis of the morphodynamic evolution in a section of the Maipo River,
in the Metropolitan Region of Santiago, Chile. This river is the economically
most important in the country, as it provides drinking and irrigation water to
urban and rural areas, is utilized by the energy generation industry, and runs

along and below critical infrastructure. We have collected and analyzed data

*Corresponding author

Preprint submitted to Elsevier December 1, 2017


felipearrospide
Sticky Note
Marked set by felipearrospide

felipearrospide
Sticky Note
Marked set by felipearrospide

felipearrospide
Sticky Note
Marked set by felipearrospide

felipearrospide
Sticky Note
Marked set by felipearrospide

felipearrospide
Sticky Note
Marked set by felipearrospide

felipearrospide
Sticky Note
Marked set by felipearrospide

felipearrospide
Sticky Note
Marked set by felipearrospide

felipearrospide
Sticky Note
Marked set by felipearrospide

felipearrospide
Sticky Note
Marked set by felipearrospide

felipearrospide
Sticky Note
Marked set by felipearrospide

felipearrospide
Sticky Note
Marked set by felipearrospide

felipearrospide
Sticky Note
Marked set by felipearrospide


10

15

from 1954 to 2015, during which the city population increased by more than 5
million inhabitants whose presence accelerated land use changes. The analysis
shows a rapid morphological evolution of the channel where in 31 years there are
sections that exhibit an incision of up to 20 m, an increase of the area affected
by gravel mining from 86.62 to 368.13 hectares, and a net erosion volume of 39.4
millions of m3. This work yields quantitative information on the consequences
of gravel mining in the Maipo River, providing the necessary data to develop an
integrated strategy to define management and restoration actions for this and

other similar Andean rivers.

1. Introduction

Human activities can impact significantly the morphology of rivers by mod-
ifying the supply, transport, and storage of sediments in the watershed. These
alterations to the sediment regime not only affect the morphological evolution
of the river channel, but can also endanger the infrastructure and ecological
integrity of the streams, by disturbing the stability of the channels, increasing
bank erosion, and modifying the aquatic habitats in the river (Kondolf, 1994b;
Surian and Rinaldi, 2003; Comiti et al., 2011).

In-stream gravel mining is one of the most detrimental activities in the evo-
lution of the river morphology, and has significant consequences over spatial
and time scales, from tens of years (Petit et al., 1996; Rinaldi et al., 2005; Ar-
naud et al., 2015) to hundreds of years (Surian and Rinaldi, 2003; Wyzga et al.,
2016; Comiti et al., 2011). Effects of gravel mining have been widely stud-
ied in Europe and North America (Kondolf, 1994a,b; Gaillot and Piégay, 1999;
Martin-Vide et al., 2010; Comiti et al., 2011; Ziliani and Surian, 2012). In Italy
and Spain, for example, gravel mining has been identified as the main driver
in river adjustments (Batalla, 2003; Surian et al., 2009; Scorpio and Rosskopf,
2016), which acts together with additional processes linked to channelization
and afforestation, along with the presence of dams, that might also have greater

predominance on the channel evolution (Kondolf et al., 2007; Warner, 2012).
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In France, gravel mining in coastal rivers has produced beach erosion (Gaillot
and Piégay, 1999), and dams have had a significant effect on river morphology,
by favoring sand harvesting and yielding water table and riverbed lowering as a
direct effects (Petit et al., 1996). In Poland, extraction of coarse particles in the
river bed favored the entrainment of finer material (Zawiejska et al., 2015) and
channel incision had different effect on rivers depending on their stream power
and also with different effects at the local or regional scale (Wyzga et al., 2016).

Although effects of sediment mining on rivers may be different by depending
on the degree of human intervention, it is clear that there is a strong tempo-
ral relationship with rivers being highly responsive to human impact and even
showing the ocurrence of “inertial” effects. (Surian and Rinaldi, 2003; Rivas
et al., 2006; Martin-Vide et al., 2010; Belletti et al., 2016), and the capability to
recover when human activities stopped at the river (Comiti et al., 2011; Scorpio
and Rosskopf, 2016).

To study these effects and understand the current and long term conditions,
a historical analysis on the river morphology can be performed to evaluate quan-
titatively the evolution of the channel. Planform analysis has been performed
throughout the years by the use of maps and air photographs (Downward et al.,
1994; Gurnell et al., 1994; Hughes et al., 2006; Zanoni et al., 2008; Comiti et al.,
2011; Little et al., 2013; Arnaud et al., 2015). These remote sensing techniques
have proven to be quite accurate measuring landscape properties (Mertes, 2002).
Studies of morphological changes have examined the adjustment of the active
corridor width and land cover (Zanoni et al., 2008; Comiti et al., 2011), active
channels (Comiti et al., 2011; Arnaud et al., 2015), and vegetation boundaries
(Comiti et al., 2011; Arnaud et al., 2015). Cross section topographic sampling
and analysis has also been used to estimate sediment budget, incision or de-
position (Gob et al., 2005; Arnaud et al., 2015). Technological improvements
have allowed the use of Digital Elevation Models (DEMs) to directly calculate
sediment budgets (Lane et al., 2003; Wheaton et al., 2010; Milan et al., 2011;
James et al., 2012). These DEMs are constructed upon digital photogrammetry,

laser altimetry and image processing to provide a complement for cross section
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analysis since the comparison of DEMs requires an error filter (Milan et al.,
2011).

Rivers in Europe have shown a common pattern of evolution of their mor-
phology (Surian and Rinaldi, 2003, 2004; Surian et al., 2009; Scorpio et al., 2015;
Scorpio and Rosskopf, 2016) in the last 150-200 years, with incision and nar-
rowing of the channels as the main processes at the initial stages from the early
nineteenth century, to the 1980s-1990s, being the most intense period between
the 1950s to 1990s, followed by a widening and sedimentation phase afterwards.
It has been shown that sediment mining and dam construction had a main role
in the incision and narrowing phases with an intense effect at the beginning and
then becoming slower towards asymptotic state.

The incision process has been observed to be closely tied with gravel mining
and vice-versa (Kondolf, 1997), with average values of river bed incision in
the order of 4 to 10 m (Surian and Rinaldi, 2003; Wyzga, 2007) and in some
cases, incision has been persistent even though mining operations have stopped
(Surian et al., 2009; Martin-Vide et al., 2010; Comiti et al., 2011), evidencing
the “inertial” effects. Narrowing has been observed in the active channel for
braided rivers to an order of 50% (Surian and Rinaldi, 2003), changing the
pattern to a wandering one. However, it has been observed that once the gravel
mining stops, the active channel starts widening back again (Comiti et al., 2011).
Although most cases have experienced incision alongside narrowing, there have
been exceptions where incision and widening have both taken place concurrently
(Bollati et al., 2014).

In this context, South American studies on river morphology and its evo-
lution through time are currently under development, with research performed
in Argentina where the intensity of changes in rivers are driven mainly by the
combination of technology, wealth, and growing urban population (Rivas et al.,
2006), however no additional studies have been performed In addition to the
accelerated urban expansion and changes in land-use and cover, many rivers in
developing countries are also affected by in-stream gravel mining, which is one of

the most important disturbances, producing rapid incision and narrowing of the
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channels. In South America, most of the urban growth has occurred in moun-
tainous regions or the piedmont near the Andes, where the rivers have been
impacted by (besides gravel mining) the construction of dams, power-plants,
water diversion structures, and deforestation. Such is the case of Chile, where
the local scientific society has already noted the need for a hydromophological
approach on river management (Andreoli et al., 2012) and methodologies for op-
timization of exploitation of resources have been proposed (Godoy et al., 2010),
however there have been no quantitative studies, and most scientific evidence
is available locally, trying to adapt analyses performed in other latitudes to the
local context.

Our investigation is the first of its kind in South America to provide quanti-
tative measurements of morphological impacts due to in-stream human activity,
being gravel mining the most important. Our goal is that this paper will become
a first step towards increasing attention on Chilean and South American fluvial
systems in an integrated management focus.

This paper is organized as follows. In section 2 a brief description of the
area of study, the Maipo watershed in central Chile is presented, including
the sub-reach where most of the gravel-mining activities have concentrated.
The methods employed in this investigation, including the available data, are
explained in section 3. In section 4, evolution of the Maipo River through the
calculation of morphological parameters is reported. In section 5 the relation
among these parameters and the consequences of in-stream gravel mining is
discussed. Finally, the conclusions summarize the findings of this investigation

and outline topics for future research.

2. Study Area

The study was carried out in the Maipo River basin, draining an area of
15,380 km?, most of it located within the Metropolitan Region in central Chile,
between 32°55-34°15’ S and 69°46’-71°43° W (Fig. 1). The river headwaters
lie at the foothills of the Maipo Volcano (3,135 m a.s.l.), in the Andes mountain
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range. Most drinking water and irrigation supply in the region is provided by

the Maipo River, approximately 70% and 90%, respectively.

Figure 1: Location of analyzed reach in central Chile (1a). The Maipo River flows from east
to west and is located directly south of Santiago city (1b) in the Maipo basin. The river at the
study reach flows NE-SW and it is approximately 22 km long, with several structures installed

(water intakes and bridges) (1c). The discretization of the study reach is also presented.

The climate is mediterranean with an extended dry season, although recent
studies show a warming trend in the central valleys of Chile (Cortés et al.,
2011). The dry season starts in April and ends in October, which corresponds to
autumn and winter. During spring and summer, the snow melting in the Andes
raises the discharge in the Maipo River and its tributaries, making the river
specially sensitive and dependent on snowmelt for irrigation purposes (Cortés
et al., 2011). Historical monthly average flow is 104 m?/s, while the snowmelt

season (October to March) average discharge is 151 m3/s and during winter



(April to September) has an average month discharge of 57 m®/s, showing an

approximate of 50% variability. Figure 2 shows the day average river discharge.

&'l
&1
%!
<L
o
E
o
o0 St
©
=
Q
2
e #11
"1l
!
& $( &)! &) ( &% & % &' &' ( " " "1& "1
Year
Figure 2: River discharge time series for the Maipo River.
125 The Maipo River is a key element for the basin and the city of Santiago,

since it has been directly involved in major events that have caused significant
effects on the cities and local towns, mainly debris flows, and water supply
interruption for millions of inhabitants from 2008 to 2017 (e.g. Sernageomin,
2016). The water supply system is subject to a high risk of failure, due to
10 increasing turbidity caused by warm storm in the Andes region. Warm storms
raise the freezing level in the ravines and foothils of the Andes mountain range
increasing the water volume available causing flooding, landslides, and debris
flows if precipitation is intense or prolonged (Garreaud, 2013). Every time these

phenomena take place, drinking water supply is completely halted for most of
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the city of Santiago, affecting over 7 million people for a period of 1 to 5 days,
depending on the intensity of these warm storms.

This investigation focuses on a specific reach of the Maipo River, as shown
in Fig. 1b, which has been selected as it expresses the largest amount (concen-
tration) of in-stream gravel mining activities. In this part of the channel, the
Maipo River flows in a west-southwest direction, such that the river banks are
defined as the north (right) bank and the south (left) bank. The study reach
is approximately 22.1 km long, with an average slope of 0.009 and an approxi-
mate stream power value of 5 kW/m and 13 kW/m in the low and high season
respectively.

The reach is characterized by the presence of important infrastructures that
have been built over the last 60 years. In the upstream section of the reach,
there are three water intakes (features C.1 to C.3 in Fig. 1c). The largest,
which is indicated as (C.1), comprises a sluice gate whose default operation
status is to be closed towards the main channel, diverting water to the irrigation
channels indicated as (C.2) and (C.3). At a distance of 3 km downstream from
this location, there is a gate (C.4) that diverts flow towards another irrigation
channel. In this section there are two bridges across the Maipo River, being the
Route 79 bridge (feature C.5) the most important between them.

Approximately 8 km downstream from Route 79 bridge, there are four more
bridges crossing the river (features C.6 to C.9 in Fig. 1C). These bridges are part
of the Route 5 river crossings, the most important road in Chile, which connects
the country longitudinally from the far north to south. At 8 km downstream of
Route 5 bridges, there is a small canyon where the river cross-section is narrowed
from 600 m wide to 150 m; this feature is located between two hills, Puntilla
Lonquén and Cerillos la Finca.

As a result of this layout, all available water is taken from the river to the
irrigation channels as much as the water stocks allow it for the different owners.
If there is any surplus water available, it is given back to the river via intakes
(C.1) and (C.4), known as Clarillo and Unidos de Buin intakes respectively,

however it is challenging to measure how much water is available in the river
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itself since no flow gauges are installed downstream intake (C.1). Additionally,
local sources state that surplus water is actually rare and there is a lack of
management and surveillance when floods occur since all associations focus on
their own channels and close their gates. Due to the almost complete water
allocation, the study reach is virtually dry for most of the time, leaving little
to none sediment recharge possibilities. This is due to the fact that several
gravel mining sites and storing facilities are present along the study reach. The
authority to issue permits for gravel mining falls to local city halls as stated by

Chilean law.

3. Materials and Methods

In this investigation, planform and elevation morphological changes are as-
sessed using available aerial photos and topographic surveys covering the last 60
years. Planform changes are determined using aerial photographs, satellite im-
ages, and public maps, while elevation changes are measured using topographic
data and surface contours obtained from different methodologies over the years.

According to the spatial distribution of the anthropic intervention in the
river, the study reach was divided into three sub-reaches. The first sub-reach
extends from the upstream boundary (feature C.1 in Fig. 1c), to the Route 79
bridge (feature C.5 in Fig. 1c). The second sub-reach extends from the Route
79 bridge to the Route 5 bridge (feature C.9 in Fig. 1c). Finally the third
sub-reach extends from the Route 5 bridge to the La Puntilla bridge (feature
C.10 in Fig. 1c), the downstream boundary of the study reach.

The study reach was segmented studied in the longitudinal and transverse
directions, with cross-sections marked on the channel. The original data of
the reach and river banks was obtained from aerial photographs taken in 1954
that were digitized, creating three alignments following the centerline between
the river banks. Each alignment corresponds to a sub-reach, where sample
lines were plotted every 100 m for planform analysis, and every 200 m to carry

out the study of changes on the topography. A special refinement, however,
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was performed in the vicinity of Route 79 and Route 5 bridges, where highly

detailed data was measured and reported every 20 m.

3.1. Land cover and morphological planimetric changes using maps, air pho-

tographs, and satellite images

The main sources of information surveyed were aerial photographs from years
1954, 1992, 1994, 1997 and 2008 provided by the Aerial Photogrammetry Service
of the Chilean Air Force (SAF), and the Geographical Institute of the Chilean
Army (IGM), along with Google Earth imagery from year 2015. A topography
map from 1980 was also used to complement the analysis.

SAF aerial photographs were scanned with 600 DPI resolution and georef-
erenced using approximately 15 ground control points for each photo such as
street intersections, building corners, and bridge columns (Gurnell et al., 1994),
and registered to a common base using QGIS 2.8 software. IGM photographs
from 1954, on the other hand, were already provided on digital format. A total
of 12 control points were used for each photograph, and Google Earth imagery
was also registered to the same mapping base using from 10 to 20 points using
Helmert transformation with minimum error. Several screenshots were taken to
achieve the best resolution possible for feature identification.

The map from 1980 was issued under a PSAD56 coordinate system, which
was re-projected to the WGS84 19S system for digitizing, using map grid in-
tersection points as control points under the QGIS software environment. This
re-projection technique has been used to achieve greater accuracy as described
by Gurnell et al. (1994). Thin plate spline, which is a second order radial basis
function, and polynomial interpolation functions were used for georeferencing.

Finally, aerial low altitude ortho-rectified photographs were taken using an
Unmanned Aerial Vehicle (UAV), to improve the resolution near the Route 5
and Route 79 bridges, covering over 90 hectares of each zone. These photographs
were also georeferenced to the QGIS database as the UAV carried a GPS re-
ceiver. The UAV flights provided high resolution images, with a ground sample

distance of 2.83 cm. Table 1 shows a summary of resolutions and image scales

10
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listed for all sources. All of the sources mentioned above allowed to identify
several features such as river banks, irrigation channel intakes, islands, active

channels, and bridges.

Table 1: List of data sources used on this study

Image Series Type of image Source Year | Scale/Altitude/Resolution | Grayscale/Color
1 Air photo IGM 1954 1:50,000 Grayscale
2 Topography map IGM 1980 1:20,000 Black & White
3 Air photo SAF 1992 1:20,000 Grayscale
4 Air photo SAF 1994 1:20,000 Grayscale
5 Air photo SAF 1997 1:70,000 Grayscale
6 Air photo SAF 2008 1:20,000 Color
7 Satellite Image | Google Earth | 2015 1:2500 Color
8 UAV Air photo This study | 2015 85.5 m., 2.83 GSD Color

8.1.1. Morphological analysis

For years 1954, 1980, 1992, 2008 and 2015, the sinuosity of the channel was
calculated, using the parameter of Friend and Sinha (1993), which corresponds
to a modification of the classical sinuosity defined by Leopold and Wolman

(1957), to fit multi-channel situations. This parameter is defined as follows,

LCWLGQ?
p = Zemar 1
Lr (1)

where P is the sinuosity, and L. and Lgr correspond to the mid-channel
length of the widest channel, and the linear distance measured with a straight
line between the end points of the reach, respectively. The braiding index (BI),
on the other hand, is taken as the average number of parallel channels every
100 m. Control points are plotted below every 100 m, through the centerline of
the widest channel when parallel channels are present.

The 1954 set of photographs allowed the identification of active channel,
islands and river banks. This set was used as a base for historical comparison

of the channel. The active channel was marked in the QGIS database as a

11
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polyline, while the islands and bars were marked using polygons. Gravel min-
ing sites could not be identified due to the small scale of the photograph set
(1:50,000), but the operations were minimal at the time. The 1980 historical
map allowed us to identify the river banks, along with irrigation channel intakes
and outlets. Islands and presence of sediment deposits are also identified, with
an approximate total area covered by these features of 120.1 hectares.

From the 1992 and 1994 photographs, river banks, active channels, islands,
and gravel mining sites are identified. All these features are marked with poly-
gons and polylines in the QGIS database. The 1997 photo set was disregarded
because of its scale (1:70,000), as it was not possible to identify any features
except for the river banks. The 2008 full color photograph set allowed identify-
ing river banks, active channels, islands, and gravel mining activities. The same
features were also available for the 2015 set.

Human intervention on the river such as gravel extraction and storage, sedi-
ment processing plants, and construction sites, are features than can be clearly
identified because of their precise shapes (i.e., excavators, or backhoes machin-
ery). Fig. 3 shows some of the most important anthropic activities introduced

into the river channel.

12



Figure 3: Introduction of human activity in the channel. Precise straight shapes can be
identified from above. (a) the river flows naturally over the south bank (highlighted), however,
23 years later as observed in (b), where human intervention takes place and the main channel

switches to the north bank.
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8.2. River longitudinal profiles and cross-section analysis using historical topog-

raphy and DEMs

Topographical data for years 1980, 2007, 2009 and 2011 was acquired from
data collected for irrigation management purposes. Current data for 2015 was
acquired using GlobalMapper software v15.2.3 (Geographics, 2009), and com-
plemented with a high resolution digital point cloud that was taken on site with
a UAV for this study, comprising an area of 180 hectares surveyed. Table 2
shows the contour resolution for the data from each source.

A local coordinate system was created for the historical comparison. The
alignment was divided into three segments, one for each sub-reach. The total
length of the alignment is 22 km, and control sections were taken every 200 m
for bankfull width and thalweg measurements. As topographic data does not
correspond exactly with the size of the reach, the minimum extent was taken
into account as the baseline for historical comparison, which corresponds to the
2011 topography. Table 2 shows all the topographic data sources and their

extent in terms of the alignment station length.

Table 2: Elevation data resolution

Year Source Resolution Max. extent (station)
1980 | Topography map | 2.5 m contours 22,000 m
2007 Topography 0.5 m contours 22,000 m
2009 Topography 2.0 m contours 18,200 m
2011 Topography 10.0 m contours 18,000 m

The 1980 topography map included 2.5 m interval contours which allowed us
to create the 3D surface of the terrain, and the 2007 topography data contained
0.5 m interval contours. Surface data from 1980 to 2011, and 2015 GlobalMapper
data were transformed to DEMs and used to calculate the difference of DEMs

to estimate the volumetric change in the river bed.

14
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4. Results

4.1. Morphology features: Planform changes

The active channel in sub-reach 1 highly depends on the operation of the
water intakes and irrigation channels present in the area, and also on the three
outfalls or return pipes located on the north bank, which serve as drainage
structures of the surrounding area (i.e. irrigation channels) if there is surplus
water. The surplus water is delivered to the river and conveyed through the
north portion of the floodplain. These water threads can be seen from 1954
to 2008, however, the active channel has suffered a migration process to the
south bank. In 1954, sub-reach 1 shows a clear braided morphology until 2008.
In 2015 the north portion of the main channel remained dry as the drainage
structures did not return water to the river. Between years 1992 and 2008, an
artificial channel was excavated to divert water from Clarillo intake, (feature
C.2 in Fig. lc), directly to the south bank.

In sub-reach 2 the channel maintains its relative position throughout the
years, close to the north bank of the river. In this case, however, the river
suffers a transition from braided to single thread, similar to the case of sub-
reach 1, with the exception that no artificial channels are excavated in this
section, and no water intake structures are present. From 1954 to 1992 channels
are displaced to the south bank, but from 2008 onward the threads disappear
and only the main channel remains to exhibit some isolated braids. In Fig. 4
we show a sample of the changes in the active channel evolution from 1954 to
2015, for sub-reach 2.

Sub-reach 3 exhibits a very intense braided pattern in 1954, which decreases
significantly in the images of 1980, but remains almost constant up to 1992. A
new and stronger decrease takes place for years 2008 and 2015. The narrowing
occurs along the entire reach with the central portion being the most affected.

To characterize the curvatures of the channels, the sinuosity was calculated
for the whole study reach, and it was also segmented for each of the sub-reaches

separately. Fig. 5, plots the historical evolution of the river sinuosity, showing

15
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an alternating behavior in sub-reaches 1 and 3. Sub-reach 2 shows a negative
trend around value 1.2. The absolute maximum value of sinuosity is 1.23 in
1954 and the minimum absolute value is 1.05 for the same year. Except for year
2015, the maximum overall sinuosity is observed in sub-reach 2.

River braiding was also measured for the entire reach of the Maipo River,
and for each sub-reach in which the river reach was divided. The analysis shows
that all sub-reaches exhibit a negative trend, as depicted in Fig. 5.

The highest BI was given at 1954, with an average of 3.83 for the entire
study reach. The BI drops to 2.45 on 1980, then it has a slight decay to 2.28
in 1992. For 2008 there is another significant decrease of the BI to 1.71, and
finally in the year 2015 the BI decreases to 1.27. The magnitude of the BI for
each sub-reach of the area of study, also shows a decreasing trend as the BI in
sub-reach 1 drops from 3.22 to 1 (single channel) from 1954 to 2015, subreach 2
drops from 3.24 to 1.11, and sub-reach 3 drops from 5.02 to 1.69. This analysis
also shows that sub-reach 3 appears as the more braided of the three sections,

except for 1992 where sub-reach 2 has a slightly superior margin of 3%.

16



Figure 4: Identification of the active channel of the Maipo River in Sub-reach 2, from 1954
to 2015. In the lower picture, it can be seen how gravel mining activities have occupied the

south bank of the river in its entire length.
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Figure 5: Changes of river braiding index (left-continuous line) and river sinuosity (right-

dashed line) from 1954 to 2015.
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Three main land cover groups were identified to quantify the net change of
the river bed extension in this investigation: (1) vegetation, (2) sediment bars
and islands and (3) intervened sites (mostly excavation). Vegetation is clearly
distinguishable specially when analyzing colored photographs. Bars are mostly
given as point bars due to braiding and meanders. Islands can be seen mostly in
low-flow zones. Finally intervened sites can be clearly identified because of the
sharp edges performed by machinery as described in section 3.1.1. Even though
large gravel mining sites are relatively easy to identify, smaller sites, pits and
cuts that are present along the entire study reach, are difficult to distinguish
from roads, and land movements performed through time for different reasons
(such as construction roads, access roads, service roads, etc), which is why we
label these areas as “intervened” and not strictly as “gravel mining”.

From the available data, we obtained the land-cover evolution of the channel
from 1992 to 2015. The quality and resolution of the images from 1954 and 1980
are not suitable to extract the area occupation in the reach with the same level
of detail. Table 3 summarizes the land cover evolution from 1992 to 2015,
depicting an increasing intervention that has transformed the land use on the
floodplain for more than 20 years, for each of the subdivisions of the reach. In
the same period of time, average flow decreased approximately by 25%~30%.

In Fig. 7 we show the aggregate amount of the surface area over the entire
study reach.

Sub-reach 1 exhibits an increase from 2.41 to 12.61 hectares on intervened
area of the channel, which corresponds to a rise of 423% during the observation
period. Most of the in-stream gravel mining activities are small operations
with no processing plants nor stocking plants nearby. Vegetation cover remains
almost constant between 4.5 and 5.0 hectares and sediment bar land cover drops
from 47.74 to 22.19 hectares (Fig. 7a).

In sub-reach 2, there was a significant increase on the gravel mining activities,
from 29.16 hectares in 1992, to 211.75 hectares in 2015. Processing and storage
plants are present on the north and south banks of the river, and large gravel

extraction sites can be clearly identified (Fig. 6b). From 1992 to 2015 the
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increase on gravel mining surface area is equal to 626%, being the sub-reach
with the higher percentage increase for this subject. Vegetation cover remains
relatively constant, while river bars surface coverage oscillates averaging a flat
trend.

Sub-reach 3 also experiences a significant increase on gravel mining surface
area in the last decade. After staying almost constant from 1992 to 2008, the
last period shows an approximate 261% increase While vegetation cover remains
almost constant and exhibit a relative 100% increase on the last period, the sed-
iment bar area cover rises between years 1992-2008, but then drops significantly
between 2008-2015. It is also possible to realize that the gravel mining activities
have been increasing in the downstream direction. Therefore, the analysis of the
total land cover evolution (Fig. 7) shows that gravel mining activities have in-
creased dramatically from 86.62 to 368.13 hectares in the entire study reach, for
a total increase of 325%. The surface area of bars has decreased from 115.68 to
70.90 hectares, which corresponds to a 38% decrease, and the vegetation cover

has increased from 17.92 to 33.07 hectares, equal to a 85% increase.

Table 3: Summary of study reach land cover evolution. It is important to note that percentages

cannot be added, since some areas overlap.

Area (hectares) (% of study reach)
Year Bars Vegetation | Intervened (Gravel mining & land movement)
1992 | 115.68 (6.2%) | 17.92 (1.0%) 86.62 (4.6%)
2008 | 119.07 (6.3%) | 20.32 (1.1%) 183.73 (9.8%)
2015 | 70.90 (3.8%) | 33.07 (1.8%) 368.13 (19.6%)
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Figure 6: Land cover evolution for subreach 2 in the period 1992-2015 shows the increase of

gravel mining surface area.
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Figure 7: Quantitative chart of land-cover evolution for the entire study reach. Intervened

(Gravel mining + land movement) area increases significantly over sub-reaches 2 and 3, being

gravel mining the most notably impact. Sub-reach 2 shows the larger degree of intervention

(Fig. 6). Vegetation coverage remains almost constant, while bar coverage depict a slight

decrease.
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4.2. Morphology features: Channel width and Elevation changes

The topography data of the Maipo River is used to compute the bankfull
width and the thalweg elevation of the river channel, with the purpose of es-
tablishing the effects of the in-stream gravel mining in the Maipo River. The
channel bankfull width was measured between 1980 to 2011 using topographic
data, for the entire reach and each sub-reach separately. In this time period,
the river average flow decreased approximately 50%.

Sub-reach 1 shows a decrease in the bankfull width for almost every station
where the cross-sections of the channel were measured. The lowest values can
be observed in 2007, and also a noticeable difference between 1980 and the next
three years, specially in the last kilometer (stations 1700 to 2800 m) where
spatially coincides with the construction of the Route 79 bridge.

Sub-reach 2 exhibits that maximum width values are given during 1980 then
a strong decrease to 2007, just like sub-reach 1. For the 2007-2009 and 2009-
2011 periods, the decreasing continued, with the year 2009 having on average
the lowest values of bankfull width. A small portion of sub-reach 2 in 2015 was
measured with the UAV flight. Stations 2800 to 3800 were measured, showing
the lowest bankfull width value for the entire series, due to gravel mining activ-
ities in both north and south banks. Largest narrowing values were registered
for stations 6400 to 6800 where 5.7 hectares of the north bank were intervened
for gravel mining, as observed in Fig. 9b.

Sub-reach 3 shows the highest values for year 1980, and a sustained decrease
in subsequent years. In this case, year 2011 shows in average the lowest values of
bankfull width. Between stations 10200 and 12000, years 2007, 2009 and 2011
show a small narrowing trend, but past this point, narrowing becomes more
evident, specifically in stations 12000 through 13000 where important gravel
mining operations establish in the south bank of the river (Fig. 9c¢-d).

As in sub-reach 2, a small portion of sub-reach 3 is available through the
UAV flight, where stations 10200 to 10600 m show a very low bankfull width
for year 2015, due to heavy presence of gravel mining (Fig. 9e-f).

An average width is also computed for all sub-reaches, obtaining a difference

23



ws  per year rate for all periods. Between 1980 and 2007 a decrease of 18 m per
year is observed, between 2007 and 2009 a decrease of 44 m per year and finally
an increase of 13 m per year between 2009 and 2011. The overall trend is a de-
creasing bankfull width given by the increasing presence of human intervention

areas (Table 4).

Table 4: Average bankfull width for the study reach of the Maipo River. All sub-reaches show
an average negative trend (channel narrowing), being sub-reach 3 the most affected. Average

river discharge in the 1980-2011 period decreased ~50%

Average bankfull width (m)
Year 1980 | 2007 | 2009 | 2011
Sub-reach 1 800.9 | 646.5 | 677.4 | 669.8
Sub-reach 2 1196.8 | 698.5 | 596.5 | 721.9
Sub-reach 3 1296.8 | 864.2 | 627.5 | 573.0
Study reach avg. | 1174.8 | 772.1 | 621.7 | 652.5
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Figure 8: Bankfull width for sub-reach 2. Lowest values of channel width are measured in
2015 for the first portion of the sub-reach, which spatially corresponds with the downstream
part of the Route 79 bridge site.

410 Regarding thalweg elevation, for sub-reach 1, year 1980 shows the highest
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values and subsequent years show a steady descent, with year 2011 being the
lowest. For sub-reach 1, stations 2600 and 2800 m show the largest drop in
elevation, which coincide with the construction of the Route 79 Bridge.

In the case of sub-reach 2, year 2011 appears as the lowest elevation profile
again but with no major differences compared to year 2009. Largest differences
in elevation are given at stations 4800 to 5200, which coincide with a large
gravel mining sector located at the north bank (Fig. 10), where the increase of
the intervened area is evident. Sub-reach 3 shows the most significant changes
in the 1980-2000’s period, showing two heavy excavation processes within the
channel. Consistency between 2007, 2009, and 2011 rule out the possibility of
an outlier value. Averaging through the entire study reach, thalweg elevation
shows a negative trend across time (see Table 5). Between 1980 and 2007 the
loss is 14.1 c¢m per year, between 2007 and 2009 the loss is 41.7 cm per year and
finally between 2009 and 2011 the loss is 35.3 cm per year.

Table 5: Average thalweg elevation for the Maipo River study reach.

Average thalweg elevation (m)

Year 1980 2007 2009 2011
Sub-reach 1 585.14 | 584.37 | 584.02 | 582.21
Sub-reach 2 538.00 | 533.70 | 532.56 | 531.64
Sub-reach 3 464.62 | 460.29 | 459.59 | 459.20
Study reach avg. | 511.95 | 508.14 | 507.30 | 505.67

The Difference of DEM’s results are shown in Fig. 12, where the net differ-
ence DEM raster is presented in grayscale, where lighter tones represent aggra-
dation, and black color erosion (degradation). In both figures the aerial photo-
graph analysis is overlayed. Most of the dark zones of the raster coincide with
the intervened polygons especially in the larger sites. The net erosion volume

was computed to be 39.4 millions of m3.
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Table 6: Difference of DEM’s applied to the study reach. Computation for 1980-2011 period

Erosion | Deposition Net Rate ()/per year
Area (m?) | 13,444,671 | 8,111,173 | -5,333,498 172,048
Volume (m?) | 58,126,216 | 18,711,914 | -39,414,302 1,271,429

4.8. Correlation analysis

To determine if elevation changes are related to planform changes monoton-
ically, a correlation analysis was performed between the bed elevation and the
bankfull width variation using the Spearman rank correlation function , defined
as follows,

ps = cov(Ty, Ty) 2)

Or,Or,
where n pairs of variables are assigned to rankings (r, and r,) and a regu-
lar Pearson correlation is computed between the ranks. In our analysis, the
variables were the bed elevation change A zy, and the bankfull width change
A wpp. A total of four series of rankings were assembled, for each registered
period (1980-2007, 2007-2009, 2009-2011 and 1980-2011)

The computed value of correlation is equal to pg = 0.162 for the total cumu-
lative change during the period from 1980 to 2011 for the full study reach, not
differentiating between intervened or non-intervened zones. This magnitude of
ps, does not provide a significant statistical association between the variables.
However, the scatter plot of the thalweg change measurements vs the bankfull
width change show most of the observations occupy the third quadrant as de-
picted in Fig. 13. This result implies that large channel incisions not necessarily
mean a significant narrowing, but almost every incised cross section has shown
narrowing during the period of study. Correlation values are presented for each
period in Table 7.

To address the importance and influence of gravel mining, a correlation
analysis was performed considering only the intervened zones (i.e: cross sec-

tions where no intervention was detected were ruled out of the analysis) of
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thalweg elevation variation and bankfull width variation, with computed values
for Spearman and Pearson correlation of 0.56 and 0.44 respectively, showing a
stronger positive relationship between these phenomena when the river is inter-
vened.

Between 1980 and 2007, most of the changes detected were narrowing-
incision. Also, isolated cases of aggradation were reported which could be as-
sociated to cut and fill processes in river intervention due to bridge or road
construction, but there is no evidence for it, since it is difficult to distinguish
if gravel extracted outside pits was effectively removed from the fluvial system
or simply relocated (as it would be in a non consumptive use). Most of the
narrowing-incision processes took place in sub-reach 2, as shown in the aver-
age bankfull width time evolution, at 1197 m to 699 m average width decrease.
Spearman and Pearson correlations for narrowing and incision are around 0.4
or 0.5 showing an evident relationship between them (Table 7).

Between years 2007 and 2009, all four combinations (narrowing-incision,
narrowing-aggradation, widening-incision and widening-aggradation) were re-
ported, being incision the predominant process with 51 of 75 valid measure-
ments. Narrowing and widening processes are roughly balanced whether inci-
sion or aggradation is present, which is coherent with the low correlation values
shown in table 7 for the 2007-2009 period. Most of the reported incisions are
located in sub-reaches 2 and 3, corresponding to 22 and 21 cases respectively,
out of 75 total. In total 24 out of 75 sections suffered minor aggradation on
average, which corresponds to values smaller than 4 m.

Between 2009 and 2011, incision again is the predominant process, with 47 of
71 valid measurements. However narrowing and widening are distributed almost
equally, with 24 vs 23 measurements, explaining again the low correlation values
from table 7 in that period. Most of the incision takes place in sub-reaches 2
and 3, with its mean values being the same as the 2007-2009 period. Average

aggradation however decreases in sub-reaches 2 and 3.
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Table 7: Correlation table for planform vs vertical changes, full study reach

Period
1980-2007 2007-2009  2009-2011 1980-2011 (total)
Spearman p 0.443 -0.015 -0.095 0.162
Pearson p 0.497 -0.087 -0.238 0.114
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Figure 9: Maipo River in 1992 (a-c-e), 2008 (b-d) and 2015 (f). North bank occupied by
gravel mining, moving the river active channel to the south (a-b). Mining sites of significant
size appear in both north and south banks of Maipo River (c-d). Heavy intervention present

due to bridge maitenance and new construction (e-f)
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Figure 10: Full evolution of a selected section of sub-reach 2 (upstream of Route 5 bridges)
from 1992 (a), to 2008 (b) and 2015 (c). Intervened areas occupy the floodplain towards the
south bank.
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Figure 11: Cross section minimum elevation from 1980 to 2011 for sub-reach 3, where a large

difference can be noticed at stations 12200 m and 14200. These features are explained by

deep gravel extraction pits installed in the river main channel after 1980. At station 16200, a

new extraction pit is starting to develop, since it shares the same type of geometry as stations

12200 and 14200 m.
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Figure 12: (a-c): DEM difference raster for sub-reaches 1, 2 and 3 respectively.
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Figure 13: Bankfull width vs thalweg elevation
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5. Discussion

5.1. Relation between vertical and planimetric changes

The observed trend of narrowing-incision in the early years of this study is
similar to the main trend of Italian, Spanish and Polish rivers that went under
gravel mining (e.g. Surian and Rinaldi, 2003, 2004; Rivas et al., 2006; Surian
et al., 2009; Martin-Vide et al., 2010; Scorpio and Rosskopf, 2016; Wyzga, 2007;
Wyzga et al., 2016), where river channels underwent a long phase of narrowing
(80%) and 8-10 m of incision in the case of Italian rivers and 4-5 m of incision
at Spanish and Polish rivers. The narrowing-incision processes are the most
intense at the initial phase, if we refer to the average width and elevation loss
rate computed for our study (-18 m/year for width and -17 to -40 cm/year for
elevation).

At the middle stages, correlation analysis yielded very low association be-
tween narrowing and incision, somehow similar to the findings of Comiti et al.
(2011), where aggradation/degradation shows little to no correlation with nar-
rowing/widening.

This behavior is also observed in Surian et al. (2009) and Comiti et al.
(2011), where incision remains as the primary process while narrowing slows
down or even may revert to widening (low correlation overall), as is the case for
the 2009-2011 period (Table 7), however a major difference is present: in Italian
rivers, gravel mining was banned, in contrast to the Maipo River, where gravel
mining is currently at a blooming stage. The matter becomes more intriguing as
the Maipo River average flow is decreasing over time, leaving even less sediment

recharge possibilities.

5.2. River vegetation and morphological changes due to human intervention

From the analysis of the images, it is possible to determine the location and
evolution of sediment bars in the sub-reaches for the entire period, as well as the
vegetation covering in the vicinity of the channel. In sub-reach 1, sedimentation

bars have been clearly affected by gravel mining, as bar presence dropped down
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as gravel mining operations increased. The correlation analysis yields a Pearson
coefficient of pp = —0.98. As the channel conveyed the flow towards the south
bank, sedimentation bars present in the rest of the riverbed were exploited,
extracting all the gravel that had been deposited in bars. Vegetation however did
not present any considerable variations, except for some encroachment that can
be noted in the last third of the reach. Sub-reach 2 shows almost no correlation
between sediment bars area and gravel mining area, with a Pearson correlation
of pp = —0.09 , suggesting that in this reach new extraction sites have been
established in the floodplain which is confirmed by Fig. 6, where new sites
appear close to the upstream and downstream boundaries. Results exposed in
Table 4 support this fact as a significant general narrowing takes place between
1980 and 2009 (40% width loss in the period) . Since this sub-reach is almost dry
most of the time, as the entire discharge is distributed in irrigation channels, the
vegetation presence is mostly confined to the river banks due to the presence
of these channels. Sub-reach 3 shows a different scenario, where vegetation
presence and bars have negative correlation through time (pp = —0.65). The
same happens for bars and intervened areas with a pp = —0.71, while vegetation
slightly increases with time showing positive correlation with intervened areas
(pp = 0.98).

Particularly, by analyzing only the cross sections that coincide with areas
identified by air photographs, the vast majority of the intervened area presents
negative change of elevation and width where the largest changes are given at
sub-reaches 2 and 3, where vast extraction zones have established (Fig. 10). In
these particular sites, compared to 1980, 20 m of depth have been lost in the
floodplain, and over 21 hectares of river were intervened.

As discussed previously, incision and narrowing are present mainly in sub-
reaches 2 and 3, which coincides with the accelerated expansion rate of gravel
mining sites (see Fig. 6). Gravel mining operations have grown in the Maipo
River at a significant rate and therefore river morphology has been affected by
showing mostly narrowing and incision. In-stream mining would cause large

values of thalweg elevation changes (Az) and bankfull width values to have
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small variations, while river bank or floodplain extraction would cause small
variations on the thalweg elevation, but increased bankfull width, producing
a widening of the channel. This is supported by the photographic evidence
exposed in this investigation.

Vegetation presence has remained almost constant, with small fluctuations
between periods of time. In contrast to what has been observed in other expe-
riencies (e.g. Kondolf (1997); Zanoni et al. (2008); Comiti et al. (2011)) where
vegetation encroachment has manifested, in the Maipo River the climate is
semi-arid, while the mentioned studies are mostly performed at mediterranean

climates such as Europe.

5.8. Study limitations

As mentioned in section 2, official stream gauges are absent at the study
reach, which makes more difficult our interpretation of results due to the un-
certainty of the available (and sometimes incomplete) data. Incision effects are
often associated and interpreted alongside stream data. Another limitation is
the inability to distinguish between extracted volume and relocated volume,
since no official records of gravel mining have been given by the stakeholders.
Air photographs provide a good reference of mining sites, however it is difficult
to determine if 100% of the extracted volume on that site has been moved out of
the river or relocated to an in-stream processing plant/pit. Our closest approach
to a more accurate value is the DoD, which is subject to propagation of error.
The DoD analysis yielded a total net volume of —39.41 millions of m® (Table
6). This value is a net one calculated upon strict difference between the terrain
data available. In this calculation, natural and artificial erosion-aggradation
processes are involved, without the possibility of filtering gravel mining from
construction intervention for example. Even though this restriction, it is possi-
ble to contemplate the significant impacts that have affected the river, and that
a great part are due to gravel mining as shown in this research. This rate of
lost volume is significantly larger than those reported by Comiti et al. (2011)

(6 millions of m?), and comparable with the rates exhibited by the Po basin
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(Surian and Rinaldi, 2003) with ~ 3 million m® per year, and 12 million m® per
year at its highest rate, while the Maipo shows approximately 1.3 million m?

per year (Table 6).

6. Conclusions

In this investigation we performed the first quantitative analysis of the mor-
phodynamic evolution in a section of the Maipo River affected by gravel mining,
located in the Metropolitan Region of Santiago, Chile.

The influence of human intervention on the Maipo river is assessed, by fo-
cusing on measuring the effects of gravel mining with the use of aerial pho-
tographs, satellite images and topographic data surveyed for the past 60 years.
The planform and elevation analysis yielded three important results: (1) sus-
tained intervention (gravel mining and land movements) on the Maipo River
have significantly reduced the braiding pattern of the river and forcing a lateral
channel migration to non-extraction zones, (2) the Maipo River has experienced
mostly narrowing and degradation due to the spreading and intensification of
gravel mining activities, finding similar results as other researchers have found
in Italian, Spanish and Polish rivers, however with different flow and climate
conditions. Measurements yield an average of 35 cm/year of degradation, 15
m/year of narrowing of the floodplain and 39 million m? of net volume loss; fi-
nally (3) gravel mining sites alone have increased their surface coverage in 325%
between 2015 and 1992 (the first year available of measurements) and have ex-
panded downstream, affecting the existing infrastructures. The most affected
section of the study reach is the vicinity the bridges, where the largest sites are
located, posing a great vulnerability, if the current width and elevation losses
are persistent in time.

In economical terms, the Maipo River is the most important in Chile, which
underscores the necessity of creating awareness about the need for an effective
management, both in the short and the long term; not just the water resources

provided by the river, but also as a key element of the transportation infras-
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tructure. With multiple users and stakeholders converging on the Maipo basin,
a lack of integrated management, and a sustained economic growth, the Maipo
River poses an interesting case of study, due to the fact that it is going through
active development, allowing scientists and authorities to assess in real time the
restoration and management strategies designed upon the lessons learned from

past experiences.
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