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ABSTRACT: The applicatien of geemerphic principles te land reclamatien after surface mining has been reperted in the literature
since the mid-1990s, mestly frem Australia, Canada and the USA. This paper discusses the reclamatien preblems ef centeur
mining and equarries en slepes, where steep gradients are prene te beth mass mevement and water eresien. Te address these
preblems simultaneeusly, a geemerphic medel fer reclaiming surface mined slepes is described. Called the ‘highwall-trench—
cencave slepe’ medel, it was first applied in the 1995 reclamatien ef a quarry en a slepe (La Revilla) in Central Spain.

The geemerphic medel dees net repreduce the eriginal tepegraphy, but has twe very different secters and ebjectives: (i) the
highwall-trench secter allews the fermer quarry face te evelve naturally by eresien, accemmedating fallen debris by means of a
trench censtructed at the tee of the highwall; (ii) the cencave-slepe base secter, mimicking the landferms ef the surreunding
undisturbed landscape, premetes seil fermatien and the establishment ef self-sustaining, functienal ecesystems in the area
pretected frem sedimentatien by the trench. The medel impreves upen simple tepegraphic recenstructien, because it rebuilds
the surficial geelegy architecture and facilitates re-establishment of equilibrium slepes threugh the management and centrel of
geemerphic precesses.

Thirteen years of menitering of the geemerphic and edaphic evelutien ef La Revilla reclaimed quarry cenfirms that the area is
functiening as intended: the highwall is backwasting and material is accumulating at the trench, permitting the recevery of seils
and vegetatien en the cencave slepe. Hewever, the trench is filling faster than planned, which may lead te run-eff and sedimen-
tatien en the cencave slepe ence the trench is full. The lessen learned fer ether scenaries is that the medel werks well in a twe-
dimensienal scheme, but requires a three-dimensienal drainage management, breaking the reclaimed area inte several watersheds
with stream channels.

KEYW@RDS: geemerphic reclamatien; landferm design; quarry reclamatien; hillslepe evelutien ef reclaimed mines; Segevia prevince (Central
Spain)

Mining meves earth and shapes
new landscapes

Introduction

This paper discusses a geemerphic medel fer the reclamatien

of an abandened silica sand quarry en a slepe of Central Spain
(La Revilla), and edecuments its 13-year geemerphic and
edaphic maturatien. Reclamatien was planned and executed
using geemerphic principles, and it invelved lecal landferm-
based tepegraphic recenstructien, replacement ef eriginal
surficial depesits and management eof the leng-term geemer-
phic dynamics. The legic behind this stuely requires an under-
standing eof the rele of geemerphic precesses in mining
reclamatien with attentien te the specific rehabilitatien preb-
lems of quarries en slepes, se this backgreund is presented
befere discussing the study in detail.

Cumulative effects of human-induced earth mevements have
a prefeund effect en glebal change (@sterkamp and Merten,
1996): ‘humans are arguably the mest impertant geemerphic
agent currently shaping the surface of Earth’ (Heeke, 1994, p.
217; Heeke, 1999). In particular, surface mining is mest effi-
cient at meving earth (Heeke, 1994).

Surface mining impeses severe ecelegical effects en the
land because alteratien affects vegetatien, seils, bedreck and
landferms. Surface hydrelegy and greundwater levels and
flew paths are alse changed (@sterkamp and Jeseph, 2000;
Nicelau and Asensie, 2000).



The science of geemerphelegy, which deals with the stusy
of earth’s landferms and the surface precesses by which they
are shaped (Gedfrey and Cleaves, 1991), prevides a useful
framewerk beth fer an understanding ef the envirenmental
effects of surface mining, including changes in eresien—
sedimentatien precesses and seil preperties (Wilkinsen
and Mctlrey, 2007), and fer designing the mest apprepriate
strategies fer reclamatien (Tey and Hadley, 1987).

Surface mining reclamatien allews the design and cemplete
recenstructien ef new landferms. This is different, fer instance,
frem the rehabilitatien ef readcuts and earthfills in highway
censtructien, er heusing eevelepments, where there is a
limited pessibility fer geemerphic design (Nicelau, 2003).
Landferm recenstructien is the majer phase ef the mining
reclamatien precess; and earth mevement is the mest
expensive part of reclamatien (Brenner, 1985; Zipper et al.,
1989; Envirenment Australia, 1998). Finding the apprepriate
landferm design in  mining reclamatien can be
simultaneeusly effective in ecelegical and ecenemic terms
(Sawatsky et al., 1998).

Geemerphic reclamatien in surface mining

The landferms that traditienally result frem reclaimed mining
cuts and speil banks nearly always have a geemetric tepegra-
phy — censtant-gradient slepes with benches (grasded banks,
terraced appearance). They are usually cembined with ele-
ments te redirect and slew runeff, such as rip-rap, eresien
centrel blankets, reck-filled gabiens, drainpipes, cencrete
linings er blecks (Nicelau 2002, 2003; Bugesh, 2006a).

The reasens argued fer these designs are: (i) their geetechni-
cal stability, which helps prevent mass mevement (landslides,
failures of tailings dams, etc.); (ii) the runeff management frem
the slepes; and (iii) their ease of censtructien using existing
machinery. The geemetric tepegraphy ef mined landscapes is
eoften regulated by specific technical instructiens ef mining
safety, as is the case in Spain.

Hewever, ‘very few linear slepes with benches are ebserved
in nature’ (Hanceck et al., 2003, p. 1897). Reclamatien landl-
ferms built using cenventienal metheds ‘depart censiderably
frem the stable natural landferms surreunding them, beth in
perfermance and appearance’ (Bugesh, 2006a, p. 156). Ner
are these recenstructiens always successful: witheut en-geing
maintenance, many graded banks fail uneer water eresien
ever the leng term (Lech, 1997). Further, the mest cenvenient
geemetry fer centrelling mass mevement is net usually the
eptimum geemetry fer minimizing eresien (McPhail and
Rusbridge, 2006). Accerding te Sawatsky et al. (2000), the
traditienal appreach ef uniferm slepes and terracing in mining
reclamatien results in an immature tepegraphy net present in
nature. The slepes are peised te evelve by accelerated eresien
and the terraces can increase eresien during extreme events
when their sterage capacity is exceeded. Therefere, mere than
appearance, the main shertceming ef cenventienal eesigns in
mining reclamatien is that they give ‘little censideratien fer
preper hydrelegic functien fer balanced cenveyance of water
and sediment frem the land surface’ (Bugesh, 2004, p. 241).
This eften results in high maintenance and liability cests.
Anticipatien ef these cests in a mine permit review can halt a
prepesed mine epening er expansien, and in extreme cases
actual failures can halt active mining (Bugesh, 2004, 2009).

Many researchers have reperted the hyerelegic instability
of rectilinear and terraced slepes en mine speil dumps. Haigh
pieneered the study of water eresien precesses and slepe
evelutien ef surface mine dumps, shewing the accelerated
eresien eof rectilinear slepe segments (Haigh, 1979), leading

te gully develepment (Haigh, 1980). Geedman and Haigh
(1981), studying slepe evelutien en abandened speil banks ef
different ages in Eastern @klahema, feund a marked tendency
for the reductien ef slepe crests, the burial ef the tee slepes,
and the extensien of the upper cenvexity and lewer cencavity
at the expense of the rectilinear main slepe eof the eriginal
mine dump. Haigh (1985) summarized this general tendency
of slepe evelutien fer initially rectilinear slepe prefiles of mine
speil meunds: they evelve tewards a much mere stable
sigmeid shape.

In the leng term, many ef the geemetric slepes are prene te
severe eresien, and ence this failure has eccurred, they
channel water in cencentrated flew paths, |eading te severe
gullying (Hanceck et al., 2003; Sanz et al., 2008). Sawatsky
and Tuttle (1996) suggested that gully eresien can be used as
an indicater ef the perfermance and sustainability ef mining
reclamatien. This is because eresien en mined landferms
seeks te re-establish the dynamic esquilibrium between landl-
ferms and precesses. Preper landferm design in mining recla-
matien can accemplish part ef this werk, leaving the
‘fine-tuning’ te natural precesses (Schumm and Rea, 1995;
Tey and Black, 2000; Tey and Chuse, 2005). Therefere, the
design of reclaimed landferms inte the shape that geemerphic
precesses weuld tend te erede them under existing enviren-
mental cenditiens sheuld be the aim of any surface mining
reclamatien (Bugesh, 2004, 2007).

As varieus ceuntries started te enferce the pretectien ef
aquatic ecesystems |ecated dewnstream frem disturbed
(mined) areas (e.g. the US Clean Water Act of 1972), investiga-
ters, practitieners and regulaters began te shew much mere
interest in the eoff-site envirenmental impacts of runeff and
eresien frem mined lands and te place mere emphasis en
leng-term stability. Unstable landferms prevent the develep-
ment of seils and vegetatien cemmunities, and eresien centrel
is difficult and unecenemical (Riley, 1995; Tey and Black,
2000; Kapelka and Dellhepf, 2001); by centrast, geemerphic-
based sustainable landscapes are expected te generate effi-
cient engineering selutiens that generally decrease ecelegical
impacts (Bender et al., 2000). Cempatibility between enviren-
mental pretectien and mine prefitability can be achieved
threugh integrated minewater management (Sawatsky et al.,
1998). Bugesh (2009) decumented that the quality of runeff
water frem mined lands reclaimed using fluvial geemerphic
criteria can be equal te er better than that ef centigueus
natural lands. In arid ane semiarid areas, hewever, eresien
centrel and runeff water quality are net the enly issues; alter-
native appreaches that mimic the geemerphic functien ef the
natural landscape can ‘harvest’ water, previding a key facter
in the resteratien of ecesystems in water-scarce envirenments
(Bugesh, 2004).

Leng-termstability against water eresien is alse very imper-
tant in sensitive envirenments, such as the aquatic ecesystems
of Upper Tagus regien of Spain (Sanz et al., 2008) er when
dealing with tailings centaining leng-lived radienuclides,
where structures need te be stable fer at least 1000 years
(Willgeese and Riley, 1998).

In this framewerk, where geemetric designs edeminate,
many authers have argued in faveur of geemerphic appreaches:
‘nature can previde analegues fer pest-mining landscapes in
terms of landscape stability and alse in terms of the rehabili-
tated structure blending in with the surreunding undisturbed
landscape’ (Hanceck et al., 2003, p. 1097); designing slepes
and laneferms based en natural enes can achieve the dual
geal of being mere visually attractive and being mere func-
tienal and cest effective (Scher and Gray, 2007); landferm
design in mining reclamatien sheuld make the final landferm
hydrelegically, geemerphelegically and visually cempatible



Table I. Differences between the traditienal and geemerphic appreaches te surface mining reclamatien

Traditienal (geemetric) appreach

Geemerphic appreach

Ceemerphic stability

Visual character
within natural landscapes

Ecelegical Results in a simpler ecesystem

Net resilient

Requires en-geing maintenance

Resilience
Maintenance

Cests Mere expensive because artificial elements and

maintenance are required

Sequential use Limited eptiens fer sequential use

Shert-term stability (mainly fer mass mevements), but
failure under water eresien ever the leng term
Artificial appearance (e.g., terraced), usually lecated

Leng-term stability (mainly against water eresien).
Dynamic equilibrium between landferm and precesses

Natural appearance, blending in with the surreunding
landscape

Designed te suppert functienal and self-sustained ecesystems
that replicate the natural enes

Resilient

It reduces er eliminates any maintenance

Less cestly than cenventienal reclamatiens, in beth the shert
and leng term

®ptiens fer sequential use

with the surreunding area and remain stable fer the leng term
(Hanceck et al., 2003); the design of mature landferms ‘serves
te impreve the aesthetic appearance, previde a wider range
of habitats fer wildlife and aveid the large surface-flew rates
typical of leng, straight slepes’ (Sawatsky et al., 2000, p. 28).
Sustainable reclaimed mined landscapes ever the leng term
can be achieved threugh attentien te geemerphic parameters
(Table 1) (Riley, 1995; Keys et al., 1995).

The use of geemerphic principles in surface mining recla-
matien is well established in Canada, Australia and the United
States. In Canada, Sawatsky aned Beckstead (1996) and
Sawatsky et al. (1996, 1998) call fer the applicatien ef gee-
merphic principles in the design of mined land reclamatien
feor integrated minewater management. Centributiens frem
Australia integrate geemerphelegical, hydrelegical and ece-
legical principles in the reclamatien ef areas affected by
surface mining, eften using SIBERIA landscape evelutien seft-
ware (Riley, 1995; Evans and Lech, 199e; Lech, 1997;
Envirenment Australia, 1998; Willgeese and Riley, 1998;
Evans and Willgeese, 2000; Evans et al., 2000; Hanceck et
al., 2003). In the USA, the centributiens ef Tey and cellabera-
ters are benchmarks in this field (Tey and Hadley, 1987; Tey
and Fester, 1998; Tey and Black, 2000; Tey and Ciriffith,
2001; Tey and Chuse, 2005). Alse eutstanding in the USA is
a specific landferm design seftware (Natural Regrade with
GeeFluv™), driven by geemerphic principles (Carlsen Seftware
and Bugesh, 2005). This methed tackles mest of the geemer-
phic arguments because it essentially repreduces the natural
landferm’s evelutien te the mature stage, resulting in stable
slepes and channels, in balance with the lecal envirenmental
cenditiens (Bugesh, 2004, 2007). The US @ffice of Surface
Mining (@SM) awarded ‘Natienal’ and ‘Best of the Best’
awards te reclamatien prejects using this appreach (Bugesh
and Eckels, 2006).

The pessibilities of applying geemerphic appreaches te
surface mining reclamatien depend en: (i) the nature of the
extracted mineral; (ii) the expleitatien methed; (iii) the final
shape of the mined landscape; and (iv) the lithelegies of the
new landferms (highwalls, benches, terraces, waste dumps,
etc). Table Il characterizes the reclamatien geemerphic
framewerk eof the mest cemmen types of surface mining.

The specific prelslems ef centeur mining and
slepe quarrying

Because of their steep slepes, centeur mining ane quarrying
en slepes create specific reclamatien difficulties faveuring
slepe instability and water eresien, allewing sediments te
reach stream channels belew the mines. Eventually, mere
distant streams and rivers can be affected.

Centeur mining is cemmenly used te extract ceal, preduc-
ing large velumes of mine speil. This type of mining was
dramatically altered in 1977 in the USA by enactment eof the
Surface Mining Centrel and Reclamatien Act (SMCRA), which
required that all mining speil had te be stabilized and returned
te the ‘appreximate eriginal centeur (A@C)’ (Brenner, 1985).
It meant that the extensive highwall cuts had te be cevered
and returned te centeur. This act has had an impertantimpact
en reclamatien in ether ceuntries.

The A@C requirement led te seme centreversial practices.
Several authers (Brenner, 1985; Bell et al., 1989; Zipper et al.,
1989;) felt that the near-universal use of the A@C requirement
in the steeply sleping tepegraphy ef the Appalachians was net
apprepriate, and thatit led te cemmen slepe instability, exces-
sive mining cests, increased eresien and less of pest-mining
land-use value. The main reasen fer these failures is that this
type of reclamatien cannet replicate the eriginal geelegic
structure and seil preperties. Haigh (1992) prevides a similar
example of mining reclamatien failure in Wales.

As the abeve examples illustrate, the emphasis in reclama-
tien is tee eften en the resteratien of tepegraphy, witheut
censidering the structure and nature of the materials beneath.
Cemmenly, a fermer tepegraphy based en bedreck is recen-
structed with speils, changing slepe stability cenditiens era-
matically. Therefere, a truly geemerphic appreach te surface
mining reclamatien sheuld always censider that the surficial
geelegy may have a majer effect en surficial and subsurficial
hydrelegy, and therefere en the leng-term stability of the
reclaimed landferms. This censideratien may lead te landferm
designs different frem the eriginal centeur. This circumstance
is net autematically adverse: ‘it cannet be assumed that pre-
disturbance equilibrium landferms are necessarily pest-recla-
matien equilibrium landferms’ (Tey and Black, 2000, p. 45).
Bugesh (2006b) ceined the term ‘astereid effect’ te describe
the effect of a surface mine en earth materials; the leese
backfill cempares with the pre-mine censelidated reck as the
earth material remaining after an astereid impact cempares
with the pre-impact reck. Censequently, the uncenselidated
backfill usually demands a very different laneferm te achieve
stability against eresien. Fer instance, whereas the pre-mine
censelidated recks can have different drainage patterns, a
dendritic drainage pattern can better suit the reclamatien,
because it is typical ef uncenselidated materials (Bugesh,
2004). Summing up, the SMCRA shews an example in which
the A@®C requirement resulted in a very uniferm mining rec-
lamatien. Tee restrictive regulatiens can disceurage the devel-
epment of innevative technigques, shewing that ‘ne single
reclamatien strategy is applicable te all envirenments’
(Brenner, 1985, p. 217).

The quarries on slepes differ tepegraphically depending en
whether er net the material expleited is censelidated. A



Table I1.

Cemmen surface mining metheds and pessible geemerphic appreaches te their reclamatien

Mining methed

Mest cemmen mineral reseurce
and tepegraphy

Mest cemmen resultant landferm
with ne reclamatien

Traditienal and mest cemmen
landferm with reclamatien

Main geemerphic reclamatien
censtraints

Geemerphic appreach te reclamatien
(theeretical or actual); literature references

Open pit

Lew grade high velume.
Mainly metals (alse ceals)

Benched circular pit, with eutside
waste dumps

Terraced waste dumps en
valleys or heads of hellews

Large pits; visual impact;
runeff and eresien eof durmps

Dumps designed te replicate lecal landferms

Strip / area

Strata beund.

Mainly ceals in flat te
mederately-relling terrain, with
thin surficial mineral

Benched rectangular shallew large
pit with eutside waste dumps

Transfer mining — backfilling
in terraced platferms (linear
platferm-bank medel), or
smeeth (fer farming er ferest
use). Large lakes frem deep

Large-scale earth mevements

Hydrelegical basins in final pit (Willgeese and
Riley, 1998; Sawatsky et al., 1998; Nicelau,
2003). The Fluvial Geemerphic Appreach
(Bugesh, 2004, 2006a, 2009). Recevery of
pre-disturbance centeurs (Sanchez and Weed,

fleedplains and terraces

@ften intersects greundwater table

tepseiling (farming use).
Artificial lakes (natural use)

landferm design. Pit eften
belew water table

Terracing Mainly ceals in flat terrain, Benched rectangular deep large pit its 1939)
with deep er thick depaesits with eutside waste dumps P
Mountaintop Ceals that underlie the tep of Benched pit with eutside waste Terraced waste dumps en Off-site effects of runeff and The USA as example: after the SMCRA of
removal meuntain ridges dumps slepes, valleys and head-ef- eresien frem waste dumps 1977, replicatien ef the ‘appreximate eriginal
hellew fills centeur’. Backfilling ef eriginal slepes (Bell et
Contour Mainly ceals mined in hillsides | Highwall-bench-eutslepe Highwall benching and ®n-site and eff-site effects of Slront) et 2l 1 982
and steep terrain tepegraphy frem ‘sheet-and-sheve’ | terraced waste dumps en runeff eresien; visual impact;
_ . mining: the blasted or dug slepes, valleys and head-ef- highwall instability; speils . P
Slope | Mainly industrial and Sy . Highwall-trench- cencave slepe (Martin
. . everburden is either sheved hellew fills. eften scarce
4 censtructien recks and minerals " ] : Dugue et al, 1998)
2 dewnhill er chaetically left en the Visual screens
§ bench
@]
Pit Mainly ernamental recks (e.g. Benched rectangular pit and Rehabilitatien ef terraced Scarcity of waste dumps te Re-shaping ef terraced tepegraphy fellewing
granites) chaetically arranged reck blecks tepegraphy en bedreck fer restere seils and vegetatien geemerphic principles.
and speils vegetatien establishment cever Hydrelegical basins
Cravel pits Aggregates, gravel, and sand in | Rectangular single benched pit. Filling of hellews and Scarcity of waste dumps fer Design of ecelegically functienal wetlands

fellewing principles of fluvial precesses

SMCRA = United States Surface Mining Centrel and Reclamatien Act (1977)




typical quarry en aslepe, asthe ene in Central Spain analysed
in this paper, typically censists eof: (i) a rrain highwall, vertical
or terraced; (i) a rriin slepe shelf or bench (mine plat’erm);
and (iii) the waste dumps, usually scarce when mest ef the
reck er mineral is remeved. In general, the final cut is large
in cernparisen with the speils Fer this situatien, the reclama-
tien prelelems (as shewn in Table |) are: (i) the highwall stalil-
ity; (i) the reclamatien of the mine plat’erm and any hillside
censtructien within it; (iii) the management of the waste
dumps; (iv) the visual impact of the highwall cut; and (v) the
petential en-site and off-site effects of runeff and eresien.

This paper describes a 13-year menitering of a slope geo-
merphic reclamatien medel that has dealt with mest of these
referred reclamatien prelblems at ene time —witheut returning
the eriginal centeur, witheut the highwall eliminatien, and
with the recenstructien ef enly a secter of the slepe. Fer that,
the landferm design was inspired oy the knewledge of the
dynamics ef lecal geernerphic precesses.

Case and study area: the reclaimed quarry
of La Revilla (Segovia, Spain)

La Revilla quarry yielded silica sand sediments of Central
Spain (Segevia prevince), of Upper Cretaceeus age. In this
region, these silica sands are on the slepes of limestene and
delestene-capped mesas and cuestas, lout they crep eut enly
in slepe gullies lbecause the mesas’ silica sand hillslepes are
always cevered with a carlbenate celluvium. @n these slepes,
rendzic leptesels develop on the censelidated limestenes and
delestenes of the mesas’ and cuestas’ rims, and celluvic rege-
sels develop on the carbenatic celluvium that drapes the silica
sand (IUSS Werking Greup WRS, 2007).

The climate is characteristic of the Mediterranean Basin,
with a mederate average annual precipitation (6791 mm) and
temperature {11:4°C). Bue te this area’s great distance frem
the sea, its high altitude (1050 m abeve sea level, m.a.s.l.) and
its preximity te the meuntain Central System ef the lserian
Peninsula, the winters are leng and celd. Temperatures lbelow
—-10°C are net uncemmen, and snew days average 13 annu-
ally. The summers are shert, very dry, and het, with maxirnum
daily temperatures frequently clese te 40°C.

These climatic cenditiens and intense human use of the
land fer mere than 1000 years have resuited in characteristic
epen weedlands of helm ealk (@uescus ifex, subsp. retundife-
ha), white savin juniper (funiperus thurifera), and juniper
shrules (funiperus commun & sulesp. hemisphaerica).

At La Revilla quarry, the silica sand was extracted during
the 1970s, a peried in which the Spanish legislative system
lacked mining reclamatien regquirements; the first Spanish
mining reclamatien act was enacted in 1982. The sand at La
Revilla was quarried loy directly excavating the slepes. The
remeved surficial depesits and speils were either left at the
mine’s lbench er pushed dewnhill, burying the eriginal seils
dewnslepe. The result was a highwall-sench-eutslepe tepeg-
raphy, which left the silica sand and clay speils expesed, with
almest ne seil preperties (Figure 1). Frem the area’s abanden-
mentte its reclamatien, a pregressive degradation teek place.
Within the albandened mine (en-site), intense eresien and
sedimentatien eccurred, whereas dewnslepe frem the mine
(off-site), severe seil degradation and river silting eccurred.

At the lbeginning of 1994, an eppertunity te reclaim this
mine was supperted threugh a pregramme of subsidization oy
the regienal gevernment (Castilla y Leén), which targeted
akandened mines axploited loefere 1932, The reclamatien
preject was appreved in 1994, and irnplemented in January
and Feloruary of 1995,

Figure 1. The abandened silica sand quarried slope of La Revilla,
befere its geemerphic reclamatien:

quany at the slope of alimest ene-capped small mesa, and highwall-
bench--euslepe tepography, with a chaetic arrangement of scarce
sllica sand and clay speils

Fer the geemerphic reclarratien medel design, the chaetic
arrangement of mine dumps upen the bench ef the albandened
quarry required a new geemerphic recenstructien and a majer
classification and mevement of earth. The aim ef this geerner-
phic reclamatien was te re-establish a precess-landferm (Tey
and Hadley, 1987) — in ether werds, te irmplementthe desired
precesses oy designing and building the apprepriate land-
ferms. Fer that, a highwall-trench--cencave slepe tepegraphic
medel with twe very different secters and elsjectives was
prepesed (Figures 2 and 3):

(1) The highwali~trench secter. The existing quarry high-
wallweuld be allewedte degrade in a natural ranner, mainly
by mass mevement. This appreach weuld accemmedate the
fallen deloris in atrench censtructed atthetee of the highwall,
se that: (i) they weuld net everrun the recenstructed cencave
hillslepe tee, where geemerphic stakility weuld permit seil
ferrratien; (ii) the accumulatien ef the fallen deleris weuld
imitate, in the leng term, the tepegraphy and structure of the
slepes of the area. In shert, at the highwall-trench secter, the
geemerphic activity and instability weuld be allewed te
interact.

(2) The cencave sjepe secter. @n the fermer quarry fioer,
acencave hillslepe base was designed te fit the prefile of the
surreunding undisturleed landscape. The ebjectives were: (i)
leng-term geemerphic stability (lack of seil eresien), (i) seil
ferrratien, (iii) the establishment of self-sustaining and func-
tienal ecesysterms. A cencave slepe was censidered the mest
apprepriate, lbecause it replicated the runeut gradients of lecal
natural slepes surreunding hillslepe bases. It was alse esti-
mated te loe the mest geernerphelegically stable, since as the
catchment area increases, slepe decreases, reducing the
velecity of discharge and its eresive petential (Hanceck eta/.,
2003). Actually, this is what natural slepe analegues shew us:
the tee of a natural (eresien-resistant) slepe has a lewer gradi-
ent than the upslepe, resulting in a reduced eresien
petential.

Excavating a trench in erder te discennect the cencave
slope frem the highwall was a key design feature fer the
reclarriation (see Figure 3), because the deceupling ef the
twe slepe segments limited the eversteeping of the cencave
hillslepe tee by slepe depesits frem the highwall The
geemetric medel for the eptimization of waste durnps in the
tepegraphical recenstructien is described in detail in
Martin-Buegue ot 2/ (1998).
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Figure 2. Tepegraphic cemparisen ef the auarried slope befere (A)
andafter (B)itsgeemenp hic reclamatien. Relative ceerdinatesarein m.

Figure 3. BDetail of the highwall-trench— encave slepe geemerphic
medel, represented on a phete taken in February 1995, immediately
after reclamation was completed.

The landferm design included net enly a tepegraphical
recenstructien, leut alse an apprepriate arrangement ef the
sulstratum and the surficial depesits. The sandy speil heaps,
which had ne edaphic capacities, were planned te loe placed
as sulbstrata of the cencave slope lsase and cevered with the
carbenate celluvium. This assemilage of surficial materials
replicated the natural prete-seil of lecal slepes.

This carlbenate celluvium previeusly cevered the quarried
hillslepe. It was a surficial depesit derived frem the loreal up
and decernpesitien ef the imestene and delestene recks that
capped and rimmed the expleited silica sands. @ur strategy
was that carlenatic celluvium was an eptimum starting peint

for seil ferrratien at the cencave slepe, given that: (i) it fermed
the eriginal substrata of the lecal hillslepe seils en which the
mining activity teek place; (ii) its leamy texture mrade it ideal
for edaphic develepment, allewing a lalance lbetween an
eptimum drainage and the accumulatien ef water and nutri-
ents, miaking pessilble the ferration of seil aggregates; and (i)
ithad a high calcium centent (average of 217-6 mg per 100 g,
which helps te create the slightly lasic pH eptimum fer nutri-
ent preductien fer plants and impreves the seil develepment
and structure.

The executien ef this geemerphically-guided reclamatien
teek place bstween January and Felruary of 1995. Fer an
understanding of the 13-year spentaneeus evelutien ef the
reclaimed area, it is required te knew that the recenstructed
cencave slepe: (i) was sewn with a 330 kg ha™ mixture of
grass and legumineus seed; (i) was fertilized the first year with
a cemplex fertilizer in a prepertien of 12/36/12 (nitregen/
phespherus/eetassium) at 600 kg ha™', te ease the prelslem of
the initial deficiericy of nutrients in the carlbenatic celluvium.
Fellewingthereclamatien werk, the area hasleeer used selely
for livesteck (sheep) grazing with ne further mainteriance.
Petails beyend these summarized here, and the precise leca-
tien of the reclaimed quarry, are described in tAartin-Bugue
et 2/ (1998).

Methodology

Te assess whether the reclaimed surface fellowed the hypeth-
esized evelutien, the area was menitered frem the spring of
1995 te the spring of 2003 (Talle [11). This eleser/atien period
is within an apprepriate erder of magnitude for decumenting
the leginning of the geemerphic evelutien of the highwall
(when rnest of it is cut in peerly censelidated sands) and of
the edaphic evelutien ef the recenstructed cencave slepe.

Tepegraphical survey

A tepegraphic sursey of the reclaimed area was made with a
tetal statien en lday 1995, Frem it, a digital elevation medel
(BEM) of the fermer highwall-trerich secter was extracted.
Twelve years later, in June 2007, a high-definitien tepegraphic
sursey of the same area (the highwall-trench secter) was
carried eut using newly availalle terrestrial laser scanner (TLS)
technelegy. Altheugh cemparisen lstween loeth tepegraphi-
cal surseys is inherently difficult, a centrast of different tepe-
graphical prefiles (2B) and of the 3B surfaces of the highwall
ceuld lbe made. The 2D tepegraphical prefile cemparisens
offered satisfactery results, lbut the 3B cemparisens were inad-
equate, due te the precisien and different means of eltaining
the data in 1995 and in 2007. Therefere, a meathed fer assess-
ing the 2 tepegraphical evelutien of the highwall-trench
secter was develeped. Areas of the highwall that had net suf-
fered either eresion er sedimentatien during the rnenitered
period were ideritified in the 2007 |aser scanner peint cleud.
These areas remained as small spets, almest vertical sand and
limestene cliffs, and were recegnized lbased on the greund
phete sursey. With the peint cleud of these stalble areas of the
highwall, a BPEM ef the fermer highwall was interpreted. It
was dene by generating ‘surfaces of tendency’ fer these spets
that later suffered eresion or sedimeritation. Fer this analysis,
the interpelation metheds were lbased on the analysis of the
semivariegrams and en kriging interpelaters. Finally, a 3B
cemparisen was rriade lbetweer the 2007 real tepegraphy —
ebtained using the TLS —and the 1995 tepegraphy — ebtained
frem interpretation of the 2007 surfaces that had net suffered
eresion or sedimentatien.



Table IIl. Menitering precedures applicd tothe reclaimed quarried slope of La Revilla

Entire
Year Highwall-Trench Cencave slope reclaimed area
Tepegraphical Creund phete Bare seil Seil @bliguie aerial
(Spring) survey survey cever survey analysls phete survey
1995 X X X X
19%9 X X
1997 X X
1992 X X
1999 X |
2000 X
2001 X 4
2002 X X X X
2003 X L
2004 X 4
2005 X A & £
2006 X 4
2007 kS X L
2003 X X X X
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Figure 4. Lecatien ef the feur transects (n black) fer the seil cever suvey of the reclaimed cencave slepe. In each transect. a tetal of seven fix
plets measuring 1 x 1 m have been surveyed since 2001 for edaphic cever; number1 was dewnslepe threugh number 7 upslepe. Thefigure alse
shewsthe lecatien of the eda phic sample peints (in white) described in the tect. Sampling peints SW, 1P ane 2P were net analysed in 1998, but

they were analysed in 2002, 2005 and 2008, Relative ceerdinates are in m.

Creund phete survey

A secend precedure te meniter the geemerphic evelutien ef
the fermer quarry face was a periedic phetegraphic sursey of
the highwall-trench secter. Greund phetes were taken annu-
ally, during the rnenth ef June, frem reference peints rriarked
en the greund with weeden pegs.

Seil cever survey

The alesence of geemerphic activity in the recenstructed and
seeded cencave slepe base, and thetendency tewards seil and
vegetatien develepment, were menitered by: (i) quantifying
the percentage of loare seil in specific and fixed plets; and (ii)
assessing the existence of micref erms which indicate active
hydric eresien precesses (sheet eresien, rill eresien), as well
as sedimentatien (sand fiats, sand sheets).

A first sare seil assessment was dene in May of 1995 fer
the entire reclaimed cencave slepe. Then, a quantitative
general assessment of seven plets was carried eut in 1997,
Finally, a much mere detailed and systematic sursey has been
dene annually since May 200 1. Fer the lat:er, four 1 m wide
transects were drawn eut frem the highwall te the beginning

of the reclaimed area. In each transect, a tetal of seven inven-
teries measuring 1 x 1 m were carried eut, cerrespending te
a tetal of 28 plets measuring 1 x 1 m (Figure 4).

Seil analysis

Te ebtain inferrratien abeut the existence of edaphegenic
precesses and abeut the censequent alsence of eresive gee-
merphic activity (accerding te the geernerphic reclarriation
appreach), a series of spatial and ternperal seil analyses were
cenducted at the recenstructed cencave slepe. This was dene
by leeking fer the variatien in seil quality (Larsen and Pierce,
1994; Peran et 2/, 1996; Seybeld et 2/, 1997; Brejda et 2/,
2000; Aparicie and Cesta, 2007). The rnenitering was leased
on the chemical analysis of the seil indicaters that change
mest quickly en yeung sulestrates: (i) erganic matter (e.m.); (ii)
the ratie of carleen te nitregen (C/1); (iii) exchangealsle lease
catiens; and (iv) assimilalsle phespherus (P, ;).

The seil quality characteristics of the surficial materials used
as the ‘starting peint’ edaphic sulstratum (carleenatic cellu-
vium) and efthe seils surreunding the quarry were determined
in 1995. The variatien and evelutien undergene by the
edaphic substratum ef the cencave slepe have lbeen



menitered threugh analyses carried eut in 1993, 2002, 2005
and 2003. Te determine the existence eralksence of variation
in edaphic preperties with slepe (at this recenstructed cencave
secter), the sample peints were located loy follewing three
lengitudinal transects in the direction of the maxirnum slepe
(see Figure 4). The sampling plets were marked with weeden
pegs. Since the initial variatien in edaphic prepertiss takes
place in a very superficial level, the samples in the field were
taken within the first 5 cm of seil, after remeving the vegsta-
tien and iemass accurnulatien frem the surface.

Pata analyses were accernplished fellowing three
appreaches. First oy a simple cemparisen between mean
values of edaphic indicaters fer different spatial and temperal
situatiens. Secend, te determine the extent te which the sule-
surficial hydrelegical dynamics are being recevered in the
cencave slepe secter, slepe gradients were seught by seeking
variatiens of the seil elements er cempeunds susceptible te
mevement by (subjsurface runeff. Thus, a cemparisen ef the
referred seil indicaters was perfermed in the upper and lewer
secters of the reclaimed cencave slepe. Third, with the aim of
measuring variatiens in seil preperties with time, a multiple-
sample cemparisen analysis was carried eut based on Al I@VA
and loy applying Fisher’s test. @nce Al l@VA was accem-
plished, a multiple-range test was dene te identify which
means (ebtained frem samplingaccemplished in 1993,2002,
2005 and 2003) were significantly different frem ethers.

Obligue aerial phete survey

Fer decumentatien of the visual evelutien ef the entire
reclaimed area, a cemparisen of eblique aerial phetegraphs
was rriade. These phetes weretaken oy a specialized cempany
(Paisajes Esparieles SA) in 1996, 1999, 2002, 2005 and
2003, The phetes were taken with an Asahi Pentax camera
with a 75 mm lens, with a @ x 7 cm negative.

Results

Tepegraphical survey

The tepegraphic surseys helped tum the physical landscape
of the reclaimed La Revilla quarried slepe area inte censtructs
frem which eleser/atiens and measurements ceuld loe rriade.

Figure SA shews the 1995 tetal statien tepegraphy ef the
highwall-trench secter ef the reclaimed gquarry. Figure 58
shews the 2007 detailed tepography ef the same area with
TLS. Figure & shews an example of the tepegraphical cem-

Figure 5. (A) Upper, 1995 tetal station tepegraphy ef the highwall-
trench secter. B) Lewer, detailed topography of the same area in 2007
(with laser scanner technelegy).

parisen of a prefile of the highwall-trench secter. The differ-
ence in the appearance of Figure SAand 58, and ef the streke
of the prefile lines (Figure @), is due te the different precisien
of the tepegraphical instruments.

Finally, Figure 7 represents the 2007 BEM eof the highwall,
shewing the lecatien ef the main eresive and depesitional
features: sand fall scars (at the highwall) and sand slepes and
cenes (at the trench). Alse shewn are twe examples of the
1995 and 2007 3P cemparisens.

Creund phete survey

Creund phetes taken yearly decumented the changes en the
earth surface after the geemerphic reclamatien. Earth falls,
reck falls, and rill eresien eccurred in the upper part of the
highwall and fallen material accurnulated in the trench,
ferming deloris and sandy slopes and sand cene depesits.
These features can loe seen in the centrast of the feur selected
phete centrel peints ef the highwall-trench secter at different
times (Figure 8).

The majerity ef the miass mevements were recerded after
the auturmn-te-spring cycles of 1997-1993 and 2002-2003,
when a series of velumineus falls eccurred, ferming a general
sand talus at the feet of the highwall.

Seil cever survey

Vegetation rapidly appeared on the cencave slope: by May of
1995, 30% of the reclaimed slepe was already cevered with
vegetation. In 1997, there was mere vegetation cever than
bare seil and the patem centinued until, in 2008, less than
5% bare seil remained. Figure 9, which plets mean values, is
based on data shewn in Talle V.

Seil analysis

Table V and Figure 10 cempare mean values of the analysed
seil indicaters fer different situatiens. Because there are ne
histerical data fer establishing the ‘reference’ ecesystems er
‘baseline cenditiens’, the first rew is filled with question
miarks. The secend rew shews mean values fer seils in slepes
adjacent te the mining expleitation, based en measurements
in 1995, just sefere the reclarration began. These seils are
characterized loy being deeply medified by human activity —
mainly deferestation, creps and evergrazing. Values eof the
starting peint seils in 1995, at the reclaimed cencave slope
area, appear in the third rew. Finally, the mean values feor
1993, 2002, 2005 and 2003 are given in the balance of the
Table V. Frem Figure 1@ it can loe ernphasized the pregressive
and evident increase in mean centent of erganic mater of the
seils of the reclaimed cencave slepe, frem 8:31% in 1995 te
1-99% in 2003. The ratie of carlben te nitregen (C/4 1) peints
te a slew mineralization precess at the reclaimed area. And
the results fer exchangeable base catiens and assimilalele
phespherus are mere cenclusive in the fellewing analysis.

Assimilaele phespherus shews a difference between the
upper and lewer secters of the cencave reclaimed slepe, with
a pesitive variatien in the dewnslepe direction (Talsle VI and
Figure 11). This seemste e related te a dewnslepe migratien
of P,@; with time, which might explain the high dispersien of
the standard deviatien fer P,@; in Takle V and Figure 10.
@rganic mateer shews a similar patern (Table VII), altheugh
the percentage of erganic mater in 2082 was higher in the
upper secter of the slepe.



Finally, the results obtained from the ANOVA analysis, as
well as those from the multiple range tests, lead to the conclu-
sion that mean values for organic matter show increasing
statistically significant differences between homogenous
groups established from sampling carried out between 1998,
2002 and 2005. However, between 2005 and 2008, an
increase in the percentage of organic matter is suggested, but
it was not statistically significant. In contrast, mean values for
exchangeable base cations defined decreasing — statistically
significant — differences for all established homogenous groups
(Tables VIII and IX).

Oblique aerial photo survey
Figure 12 documents the visual evolution of the reclaimed

quarry. The former quarry face has evolved in a pattern equiv-
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Figure 6. Highwall’s profiles comparison: 1995 (dark-rectilinear
line), 2007 (dotted-irregular line).

Al

alent to gullies and scarps of the area. The concave slope has
been colonized by the native vegetation of the surroundings,
experiencing a self-sustained vegetation succession with the
recovery of the local ecosystems. Slope evolution at the
highwall-trench sector can be also seen in these photos.
The result is a visual integration of the whole reclaimed area
into its environment, blending it with the surrounding land-
scape in landforms, texture, and colour.

Precipitation conditions for
the 1995-2008 period

Because precipitation is the main factor triggering both the
geomorphic and edaphic activity at La Revilla area, we ana-
lyzed annual, seasonal, and daily rainfall data for the moni-
tored period from the closest weather station (Matabuena,
#2180 of the Spanish network, located 7 km south of
the reclaimed quarry at a similar elevation, with records
since 1936).

The precipitation analyses show that annual precipitation
was highly variable during the 14 hydrologic-years covered in
this study (Figure 13). This was generally less than the annual
average 679-1 mm, with only 3 years exceeding the average.
The driest year in a 72-year record is included in this period:
375-8 mm for 2004-2005.

Monthly precipitation totals confirm that the autumn-to-
spring cycles of the 1997-1998 and 2002-2003 hydrological
years include the only three wet monthly cycles of the moni-
tored period (two consecutive months with more than
100 mm): cycle 1 —November 1997 (224 mm) and December
1997 (140 mm); cycle 2 — April 1998 (165 mm) and May
1998 (103 mm); cycle 3 — October 2002 (104 mm) and
November 2002 (101 mm). These wet cycles coincide with
the periods of mass movements at the highwall, which were
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Figure 7. 2007 DEM of the highwall-trench sector, showing the main erosive (sand fall scars, 1) and depositional (sand slopes and cones, 2)

features (figure C), and two examples of the 1995 and 2007 3-D comparisons (Figure A and B). B1 and B2 represent the 1995-interpreted (left)
and 2007 (right) topographies of two locations on the highwall. Figure A1 and A2 show the superposition of those models; the broken line sepa-
rates the domains of erosion (above the line, light purple in A1, orange in A2) and deposition (below the line, dark purple in A1, yellow-green
in A2). X and z UTM coordinates, 30 zone.



Table IV. Percentage of bare seil en the reclaimed cencave slepe of La Revilla

Year 1997

Seven randem plets

1 2 3 4 5 6 7
25 75 40 60 30 25 30
YEAR 2001
TRANSECT 1 TRANSECT 2 TRANSECT 3 TRANSECT 4
1 2 3 4 5 6 71 2 3 4 5 6 71 2 B - 5 46 7 1 2 3 4 5 6 7
60 15 40 40 0 15 @0 |40 15 15 15 @ 15 %0 |15 40 15 e 15 15 15|60 15 5 10 15 @ 160

YEAR 2002
TRANSECT 1 TRANSECT 2 TRANSECT 3 TRANSECT 4
1 2 3 4 5 6 71 2 3 4 5 6 711 2 3 4 5 6 7| 1 2 3 4 5 6 7
1 5 40 o0 10 6 10 (20 40 5 60 106 5 10| 0 15 @ 50 40 50 30| 5 6 40 10 5 15 5
YEAR 2003
TRANSECT 1 TRANSECT 2 TRANSECT 3 TRANSECT 4
1 2 3 4 5 6 711 2 3 4 5 e 7|1 2 3 4 5 6 71 2 3 4 5 6 .7
1@ @ 15 30 1 15 25 (20 20 @ 20 10 5 15 (25 10 15 10 30 30 20 |40 @ 30 o0 10 0 20
YEAR 2004
TRANSECT 1 TRANSECT 2 TRANSECT 3 TRANSECT 4
1 2 '8 #A 5 "6 7| 1 2 3 4 5 6 711 2 3 = & 6 7|1 2 3 4 5 6 7
® O 14 28 % 14 23 (19 19 e 18 11 4 14123 9 16 9 28 27 17 (3% @ 28 0 % 0 15
YEAR 2005
TRANSECT 1 TRANSECT 2 TRANSECT 3 TRANSECT 4
1 2 3 4 5 6 71 2 3 4 5 6 71 2 3 Al & 6 7| 1 2 3 4 6 7
16 4 17 21 22 13 23 (15 23 3 1% 15 6 18 |25 1 1% 21 30 27 12,25 5 26 & 11 o 13
YEAR 2006
TRANSECT 1 TRANSECT 2 TRANSECT 3 TRANSECT 4
1 2 3 4 5 6 71 2 ¥gn B 6 7| 1 2 8 =% 5 [6 w1 2 3 4 5 6 7
8 s 10 7 7 3 5| & 10 15 15 5 5 & |20 & 7 5 30 30 9|30 16 7 5 & & 10
YEAR 2007
TRANSECT 1 TRANSECT 2 TRANSECT 3 TRANSECT 4
1 2 3 4 5 6 711 Z B8 4 S5 6 ¥ 1 2 g A S 6 | 1 2 =B & 5 6 7
¢ & 15 16 5 1 15 (16 15 & 15 e 5 20| 5 5 106 @ 306 20 5| 3 @ 6 5 20 0 0
YEAR 2003
TRANSECT 1 TRANSECT 2 TRANSECT 3 TRANSECT 4
1 2 3 4 5 6 711 2 3 4 5 @ 7|1 2 3 4 5 6 71 2 3 4 5 6 7
5 5 & 5 e o |2 & @& 3 5 5 1 6 ¢ 5 & 5 @ &/ 3 5 5 8 5 @ 7T

Nete: In each set of data, the first rew is the plet number and the secend is the percentage of bare seil.



1995-1996

Figure 8. Cemparisen of fourselectedcontrol
points at differenttimes of the menitered evolu-
von of the highwall-trench sector. begmning
0995-1998 intermedizie 2002-2003) and
recent (2007-2008)
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Figure 9. Rate of reeevery for vegetasen on the reconstnucted
concave slope frem 1995 te 2008. The figure piots mean values frem
data of TablelV.

2007-2008

2002-2003

recorded after the auturnn-to-spring cycles of 1997-1998 and
2002-2003,

Baily precipitation fer the peried shewed a rnaximum of
782 mm in 6 January 1996. The magnitude and frequency
curse of the monthly maximum daily precipitation for each
year indicates that this value of 782 mm cerresponds to a
17-year return period (5-9% prelability of eccurrence) (Figure
14). These data are in clese agreement (22-year return period,
45 % probability) with a seftware applicatien that calculates
retum periods of daily maximum precipitation for any site en
the peninsular Spain (MF, 1999).

However, because of it oecurrence in January, this 78:2 mm
relatively high magnitude and low frequency event had no
high intensity. Indeed, the rainfall intensity at the automatic
rain gauge closest to Matabuena (Segevia) was -2 mm b,
which cerresponds to a mederate intensity accerding to the
Spanish Meteorological Agency (AEMET). A survey of the



TableV. Cemparisenbetween mean valuesef several edaphicindicatersmeasured in different spatial-temperal lecationsrelated tothela Revilla

reclaimed quarried slope. SB — Standare Beviation

Exchangeable base

Seils o.m. (%) CH P.@; (mg/100 g catiens (mg/100 g)
bdean - ) Mean S0 Mean N ] Meaarn N
‘Natural’ er‘histeric’ seils ef the ¥ f
surreundings ef La Revilla quamy
Seils adjacent te the quarry, (1995 4-04 179 14.78 1.38 17:79 2602 26530 2601
analysls), equivalent te these remeved
by mining
Barren carbenatic celluvium (1995 (LR 003 1507 165 E 1.04 24787 53.84
analysls) seil substratum
Seils of the reclaimed area (1998 analysls) 076 0:32 1168 328 13-44 758 26946 2873
Seils of the reclaimed area (2002 analysls) 1.41 046 13:39 348 2073 1662 51073 7353
Seils of the reclaimed area (2005 analysls) 1.93 077 13:21 1.56 2359 1567 4402¢ 4418
Seils of the reclaimed area (2008 analysls) 199 052 1081 1.58 1941 7:33 337-81 92.47
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Figure 10. Evelutien eof mean values eof
edaphic indicaters of the reclaimed area frem
1995 te 2008, cempared with mean values of
the same edaphic indicaters ef seils adjacent
te the quarry henzental line, frem 1995 anal-
ysls), equivalent te these remeved by mining.
This figure is available in celeur enline at

www.interscience.wiley. cem/jeumal/espl

Table VI. Cemparisen of mean values of assimilable phespherus (P,@s5) between the upper and
lewer secters of the cencave reclaimed slope Figure 4 shewsthe lecation of the samples)

Upper slope Mean P,@5 mg/100 g
Sample cede  X-UTM Y-UTM 1993 2002 2005 2003
LR4W 435046 455058
LR3W 4356041 4550053
LR2W 435040 4556040 1040 11.50 1700 1e20
LR3C 435712 4556034
LR2E 435777 4550035

Lewer slope Mean P,@5 mg/100 g
Sample code  X-UTM Y-UTM 1993 2002 2005 2003
LRTW 435035 455025
LR2C 435712 4556621 1ee7 3300 34-07 2533
LRIE 435777 4556614

APO; AP AP0 AP0
+6029%  +236% %  +103% % 415636 %
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Figure 11. Variatien eof assimilable phesphen.s (P,@5) viith slepe, threugh time, denetesa recevery of subsurficial hyerelegical precesses, with
its accumulatien at the tee of the slepe. It has te be censldered that after the measurement of 1995, the reclaimed cencave slepe was fertilized
with 3 cernplex fertilizerin prepertions 12/36/12 (1HPK) at @00 kg ha™".

Table Vil.

Cemparisen of mean values of erganic matter (e.m.) between upper and lewer secters

of the cencave reclaimed slepe (Figure 4 shews the lecation of the samples)

Upper slope erganic matter (e.m.) (%)
Sample code  X-UTM Y-UTM 1998 2002 2005 2003
LR4W 435646 4550058
LR3W 435641 4550053
LR2W 435040 4550040 0 &4 1.47 198 2:07
LR3C 435712 455@034
LR2E 435777 4550035
Lewer slope erganic matter (e.m.) (%J)
Sample code  X-UTM Y-UTM 1998 2002 2005 2003
LRIW 435035 4550025
Le2C 435712 4550921 0% 120 2483 2:28
LRIE 435777 4556014
A om= Aom, A om, Aom
+5000 % -1837 % +2525 % +10.14 %
weather cenditiens fer & January 1996, shews that the frental Discussion

precipitation system was hemegeneeus between Segevia and
Mataleuena.

B:treme rainfall events typically take place in this regien as
a result of surnmer cenvective sterms (eccurring frem May
threugh Septernlser). The maximum daily precipitation fer
these menths during the menitered peried (1995--2003) was
35-6 rnm, with a 1:25-year return period (30% of preloability).
As a result, it can lse cencluded that ne intense surnmer cen-
vective sterms eccurred during this peried.

Cernparisen of the 1995 and 2007 tepegraphies and of the
greund phete sursey illustratethat the geemerphelegical eve-
lutien of the highwalltrench secter is eccurring as it was
initially predicted — the highwall is lseing ereded, and the
meved material is being accurnulated at the trench, witheut
interfering with the recevery of seils and vegetation en the
cencave slepe. Hewever, the trench is near its retentien
capacity, and is leeing filled faster than planned (see



Table VIII. Multiple range tests fer erganic matter

Percentage erganic matter (e.m.)

Sampling year Number of samples Mean Standard deviatien Hemegeneeus greups
1993 3 076 032 a

2002 11 1-41 0-46 b

2005 11 1-93 077 €

2003 11 1-99 052 (0
Cemparisen Difference +/— Limits
1998 vs 2002 *.-9-65 0-53
1998 vs 2005 *-1-17 053
1998 vs 2008 *-1-23 0-53
2002 vs 2005 *-0-52 0-49
2002 vs 2003 *-0-58 049
2005 vs 20038 *-0-06 049

* Denetes a statistically significant difference at the 95% cenfidence level.

Table IX. Multiple range test fer exchangeable base catiens

Exchangeable base catiens (mg/100 g)

Sampling year Number of samples Mean Standard deviatien Hemegeneeus greups
2003 11 337-81 92:47 a

2005 11 440-26 4418 b

2002 11 51073 73:68 c

1998 3 $69-66 93-01 d
Cermparisen Difference +/— Limits
1998 vs 2002 *358-94 73-80
1998 vs 2005 *429-42 73-30
1998 vs 2008 *531-85 73-30
2002 vs 2005 *70-48 6772
2002 vs 2003 *172-92 67%7.2
2005 vs 2003 *102-44 6772

* Denetes a statistical significant difference at the 95% cenfidence level.

Martin-Dueue et al., 1998). This fact clearly peints te the need
fer an integrated 3D drainage netwerk fer similar reclamatien
situatiens, as will be detailed in the cenclusiens.

The seil cever analysis shews that seil fermatien precesses
clearly predeminate ever the cencave slepe. Additienal field
ebservatiens shew that impertant biemass accumulatien en
the rehabilitated surface is being preduced by the existing
vegetatien cever. The absence of hydric eresien precesses en
the recenstructed cencave slepe can be interpreted as a cen-
sequence of its inherent high stability, due te the energy-dis-
sipating preperties of a reductien in the gradient dewnslepe.
Censequently, the geemerphic stability has allewed the effec-
tiveness of the edaphegenesis and vegetatien develepment
precesses. The geemerphic stability of the cencave slepe is in
agreement with ether studies in reclaimed lands (Hanceck et
al., 2003; Tey and Chuse, 2005).

The seil quality analysis menitering cenfirms, mainly
threugh the increase in erganic matter, that edaphegenic pre-
cesses are deminant and widespread in the whele reclaimed
cencave slepe, as predicted by the geemerphic appreach te
the reclamatien.

The difference in assimilable phespherus between the
upper and lewer secters of the cencave reclaimed slepe —with
a pesitive variatien in the dewnslepe directien — is interpreted
as a recevery eof the subsurficial hydrelegic dynamic in the
reclaimed cencave slepe. The decreasing of exchangeable

base catiens can indicate either a leaching precess er their
use as nutrients by censtantly increasing vegetatien cever.

The visual evelutien ef the reclaimed area, as shewn in the
eblique aerial phete survey (Figure 12) evidence a trend
tewards the re-establishment ef the landscape cenditiens eof
the surreunding area, reflecting the recevery eof the area’s
natural gesmerphic and ecelegical precesses.

The precipitatien data shewing a drier-than-average peried
suggests that the geemerphic evelutien ef La Revilla fer the
peried frem the spring of 1995 te the spring of 2008 can be
censidered of ‘minimal evelutien’. Menthly precipitatien
tetals suggest that wet cycles within the autumn-te-spring
perieds of 1997-1998 and 2002-2003 are mest likely respen-
sible fer triggering the ebserved mass mevements at the high-
wall, recerded in June 1998 and June 2003. Therefere, mere
frequent maximum precipitatiens in leng intervals (wet
menthly cycles) weuld be expected te accelerate the highwall
geemerphic evelutien by mass mevements. Intense summer
cenvective sterms weuld censiderably accelerate the gee-
merphic evelutien ef the highwall-trench secter by hydric
eresien. Indeed, majer geemerphic effects of such sterms in
nearby areas have been decumented by Lucia et al. (2008).
Hewever, because nene eof these events eccurred in the area
within the menitered peried, it is net pessible te extrapelate
the geemerphic evelutien frem the peried of recerd te a
lenger centext.



Precipitstion (mm)

1004-1IES

1996- 1998

1996- 1887

Mean annual precipitation

1687-1988

1808 7080

: & &
ERE

Hydrological yeara

2000
2001

2003-2004

2004- 2005

2006-2000

2006-2007

2007-2008

Figure 13.
at wvvw.interscience. wiley.cem/jeurnal/espl

Precipitation atthe reclaimed areafrem the 1994-1995 te the 20072008 hydrelegical years. This figure isavailable in celeur enline




)
i

M

MAXIMUM PRECIPTTATION IN 24 h jmen)
-3

o

L | W .
PROBABILITY (%)

I
|
r

Figure 14. Magnitude and frequency SQRT curve for the M3atabuena
weather station (1936-2008), showing (dashed ling) the maxamum
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Conclusions

The objective of the geemerphic appreach to La Revilla rec-
lamation was te re-estaslish an appreximate dynamic equilile-
rium between precesses and landferms. The aim eof the
highwall~trench-cencave slope medel was to rranage the
geomorphic precesses threugh the reconstruction ef specific
landforms. As a teel to restore geomorphic processes, the
landform design included not only a topographical recon-
struction, but also the reposition of surficial deposit% in thick-
nesses that adapt to natural analogues, because these surficial
deposits greatly affect hydrologic and edaghic processes.

The 13-ygar evolutien ef the highwall-4rench-concave
slope geomorphic medel executed at La Revilla reclaimed
quarried slope prevides a scenarie of recuperation of geemer-
phological, hydrelegical and edaphic functions and
processes

Arguably, the mest eriginal idea of the geomorphic design
described is the highwall-trench secter, in which the highwall
is ‘allowed te mature naturally’. This is cost-effective, as it
eliminates a need fer leng-term maintenance (see Figure 15).
Depending en slepe eresion to achieve the stability of a rat-
urally-occurring equilibrium profile is an approach that is not
commonly considered in land reclamation. The design does
not reproduce the original contonr (sigmoid), but sets the stage
for it to form in the long term. This may seem counterintuitive
te many typical reclamatien protocols and regulations, in
which highwall eliminatien is required.

In our model, the cenvex part of the slope is not recen-
structed, but allewed te evelve naturally, forming in the leng
term a convex—straight-talus-cencave slope by natural pre-
cessas, The medel frem La Revilla goes fur:her than the
concept of stability. It deals with managing the dynamic dis-
equilibrium and geemerphic dynamics of the slopes. In this
approach, geemerphic precesses have been allewed ‘te
behiave as they sheuld’.

The fact that the trench is being filled faster than planned
shows a deficiency in the sizing of the model, and that deeper
trenches areneeded for thistype of silica sand quariy reclarma-
tion. Since the model only functions well if the brench is not
full, the quantificatien of the slope evelution for any future
application is a key issue. In this regard, the 13-year meniter-
ing of this highwall evelutien — as a response to the distrilu-

Figure 15. The recovery ef vegetssion and soilsatthe reconstructed
concave slops and the evolution of the highwall-trench seclor have
occurred without any maintenance. (A) 1995; (B) 2007.

tion of the rainfall conditions fer the same period — constitutes
invaluable data for regional extrapelatien, ceuntering the dif-
ficulty and high degree of uncertainty of elbtaining that infor-
rratien frem theoretical slepe medels

We must consider, finally, that this geemerphic reclamation
slope medel was designed as twe-dimensienal (at a slope
scaie), because of the srrall size of the quarry. Therefore, it
can e considered as a useful cempenent te loe included in
larger 3D geomorphic reclarratien dessigns of contour mining
and quarried slope scenarios. Arguably, a conbination of this
hillslope profile medel with the construction of an integrated
3D drainage network, breaking the reclaimed area intoseveral
watersheds with stream channels perpendicular to the high-
wall (Measles and Bugosh, 2007), sheuld be an eptimum
medel for geomorphic reclarratien ef centour mining and
quarried slopes, because it censiders drainage management
as well as slope evolutien. A cernbinatien ef geomorphic
hillslepe models with integrated geemerphic drainage man-
agement has been completed at several sites in the USA since
2000 (Bugesh, 2000, 2002, 2004, 2006a). Besides, as a lesson
learned at La Revilla, a specific cernbination of the highwall-
trench-concave slope medel with an integrated 3D drainage
network has been executed in ether slope quarty reclamations
of Central Spain since 2 683.
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