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Structural pattern of the Saiss basin and Tabular Nddle Atlas in

northern Morocco: hydrological implications

0. Dauteuit, F. Moread, K. Qarqorf
1) UMR-CNRS 6118 Géosciences Rennes, UniversiBarfnes 1, 35042 Rennes cedex, France

2) Earth Sciences Department, Faculty of Scierdesiay Ismail University, 11201 Zitoune 50000, Mekn

Morocco

Abstract

The plain of Saiss is a fertile area of great afdftical production with major economic interestbefefore, the
improved knowledge about the water supply is impesawithin a context of recurrent droughts and
overexploitation of the groundwater. This plaindsated in the Meknes-Fes basin and between twormhei
domains: the Rif and Middle Atlas. The aquifers te@ by water coming from the Tabular Middle Atlést
which the pathways are poorly constrained. Thidysfurovides new data to determine the water patbvbaged
on a structural map produced from a novel analg§iSPOT images and a digital elevation model. This
structural map reveals two fracture sets trendirig-SVW and NW-SE. The first set is well known and
corresponds to a main trend that controlled théotec and stratigraphic evolution of the study ar@a the
other hand, the NW-SE set was poorly described ontv: it is both diffuse and widespread on the dlab
Middle Atlas. A comparison between the regionalexdtow trend, drainage pattern and structural rslapws
that the NW-SE fractures control the water flownfrahe Tabular Middle Atlas to the Saiss plain. A
hydrological model is discussed where the watew flo confined onto Liassic carbonates and driveiNy-SE

fractures. This study explains how a detailed $tma¢ mapping shows hydrology constraints.

Keywords: structural map, SPOT images, DEM, water circulation

1- INTRODUCTION

The Atlas chains developed from the inversion leé tlurassic rift or transtensional basins as a
consequence of continental convergence betweenadmd Europe during the Cenozoic. The mountaigesn

are associated with high seismic activity revealimgnse deformation and defining several domaiitk their
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own history and structures (Chalouan et al., 20I#)ese domains are separated into less-deformed
intraorogenic basins (Bargach et al., 2004; Barlstral., 2011) (Fig. 1). The Saiss plain, assodiatih the
Meknes-Fes basin, is one of these intraorogenimbabat separates the Rif orogen from the Middtas\
Terrigenous sediments, with ages ranging from ti@ckhe to the Pleistocene, fill this basin, whicsvisolated
during the Miocene. The southern and northern dirsitrrespond to thrusts that were active duringLihte
Miocene (Piqué et al., 2002; Frizon de Lamottele2®11), and the Alpine convergence is usualguated to
have only slightly affected the basin. This unusetiaviour should be investigated to understandrégmnal
structural analysis provided by SPOT images andalliglevation model (DEM) can be used to comptae
existing data set.

The Meknes-Fes basin is a wide plain of major eooadnterest because of intense agriculture and the
location of great cultural and touristic sites lre imperial cities of Fes and Meknes. All these anractivities
require large water resources that come from twdgfeig: one that is deep in the Liassic units arebeond
shallow one in the Plio-Pleistocene deposits. Towr pemediation of water rejected into the rivé®erfin et al.,
2014) imposes the use of water in the deep aquitee. Tabular Middle Atlas, with a higher topograpdnyd
higher rainfall, mainly supplies the two aquife¥gater flow connections between these two domainwne
poorly constrained and must be investigated to avprthe management of water resources in this medibe
water pathways are controlled by several paramétehsding the rock porosity, lithology, fracturatpern and
structure layering. However the investigation tdedmine these pathways is complex and requires twdb
approaches. Thus, we propose to use surface stlatuapping based on by SPOT images and DEM
interpretation, combined with drainage pattern agdrological information, to determine the potehtiater

pathways.

2- GEOLOGICAL AND HYDROLOGICAL SETTINGS

2.1- Geological framework

The Middle Atlas and Rif mountains represent twganatructural domains in northern Morocco that
are separated by the Fes-Meknes basin (Fig. 1). Midelle Atlas shows two different geomorphic areas
(Barcos et al., 2014): a northwest domain with kabuelief (the Tabular Middle Atlas or TMA), and a
northeast-southwest domain with a mountainousfritiked to the High Atlas. The TMA represents g lezea
for the water supply of the Saiss plain associat#d the Fes-Meknes basin. The TMA is a large karst
reservoir from which water flows out to the plaidowever, the water circulation paths are not pedgis

constrained, and this is one of the aims of thidt

The TMA has a roughly flat topography at an elewatof 1100 m on the western side while the eastern
side is higher (1400 m) and more incised. NE-SWdimand long valleys and NW-SE short valleys shaped
topography (Fig. 2). The western flat part is spigrsovered by vegetation while the eastern monots part
is largely covered by vegetation, mainly forestise Bouthern border of the TMA corresponds to erosaarp
that forms a window on the basement of the TMAtA® north of the TMA, the Saiss basin forms a pleith
a total surface area of 2,100 km2 and northwaréneg; tilting: 850 m in the south and 525 m in tiath, i.e.
an approximate regional slope of 1%. To the NEhef plain, the Fes sub-basin has a flat morpholbgy is

130 m lower than the western sub-basin. This ptadeeply incised on the borders of the westernremmthern
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sides, while there are very few rivers in the méddhd southern parts. The main streams trend NEXSWE-

W (Fig. 2). The Saiss plain and the TMA have thmeaeological evolution until the Cenozoic. Triassi
evaporites unconformably cover the Palaeozoic basttiat was deformed during the Hercynian orogeny.
During the Liassic opening of the Tethysian Ocezarbonates (limestones and dolomites) with sigaific
thicknesses were deposited. In the study area.ethiension trends NW-SE, which generated NE-SW sbloc
controlling the deposit centres. Then, a large ditjpoal gap occurred until the Neogene and thdutiom of

the TMA and Saiss basin diverged (Ennadifi, 197fofeya et al., 2004; Amraoui, 2005; Qarqori et 2012).
During the Late Miocene, the Fes-Meknes basinémitrth became a deep marine trough trending NEaSaV
filled with a thick sequence of shales with turkedi (Charroud et al., 2007; Bachiri Taoufiq et 2008). Then,

a main environmental change occurred during the-®liaternary generating the depositional contexdlveng
from lacustrine to fluvial with lacustrine limes®nconglomerate and sandstone deposits. This chrasgked

in a general uplift of the whole study area. Ald deposit of a significant amount of travertimetioe northern
edge of the TMA should be noted (Chamayou et 8l75). Since the late Miocene, the TMA became athors
that was emerged until now. The Liassic carbonat® largely weathered, generating a large kapséiteau
with the emergences of springs at the junction i Saiss basin. During the Pleistocene, the qulaveas
locally covered by alkaline basalt lava flows cogiinom the Outgui volcano and flowing to the Sgiksin
into the pre-existing valley. A recent GPS studhdfouan et al., 2014) reveals that the contact &etvthe two
domains is affected by a slow divergence associatddnormal faults with a dextral slip componetngnding
NE-SW.

The TMA displays two fault sets: one trending NE-8@/responding to the main faulted zones that are
well known in the Rif domain and in the Middle AgléMorel, 1989, Ait Brahim and Chotin, 1989; AitaBim
et al., 2002; Frizon de Lamotte et al., 2009; Verged Fernandez, 2012) and a second one oriente& B that
has been less described (Amraoui, 2005). Thisrlated is locally described in the Middle Atlasf Ranges
(Ait Brahim et al., 2002) and Alboran basin (Vergésl Fernandez, 2012). The main NE-SW faulted dorsi
located on the TMA did not affect these recent liasBiows. The structural framework of the Saisssin is
poorly defined because of the vegetation cover.dli(ir989), Ait Brahim and Chotin (1989), Amraoud(®),
Ait Brahim et al. (2002), and Frizon de Lamotteakt(2009) described a set of NE-SW features foickvithe

locations and types have been debated: normatfaatitke-slip faults or flexures.
2.2- Hydrological context

The water supply for human activities in the Sailssn comes from three locations: a shallow aquife
located in the Plio-Pleistocene sediments, a dgajes located within the Liassic dolomites anddstone, and
springs located on the boundary between the TMA thedplain. Although rainfall mainly feeds the dbeal
aquifer, the deep aquifer is filled both by infiltion coming from the surface water and by deegukitions of
water coming from the TMA (Amraoui, 2005; Belhass2ad11). The recharge of aquifer located insideShiss
basin is largely controlled by precipitation océngrin the TMA (Amraoui, 2005; Belhassan, 2011)eThigh
elevations of the TMA favour rainfall that penegstinside the Liassic dolomite karst. The rain€alh reach
1000 mm/yr close to Ifrane, which is twice as highin the plain (550 mm at Meknes, for instanag}he Atlas
plateau, the surface run-off is restricted becaisthe presence of fractures and dissolution sfoksing the

karst system at depth. The water primarily flowstimvard and comes out of the base of the TMA thihoug
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several springs mainly located between the ardRilmda and Bittit (Bentayeb and Leclerc 1977). Elssali et
al. (2001) and Qarqori et al. (2012) used a geotadal tomography survey to explore the structyattern at
the junction between the TMS and the plain, clasahe Bittit spring (Fig. 2). These geophysicalveys
established a structural framework for the deepfaqglocated in the Liassic formation. Qarqori &t (@012)
pointed out northward to north-westward water datians in the Bittit spring through sub-verticeddtures and
horizontal joints. However the fracture patternvohg the water flow has not been described in aass
structural work. We propose to carry out a complgtreictural investigation to better constrain thatew

circulation filling the aquifers.

3-METHODOLOGY AND DATA

The first step of this study is to create the mostnprehensive map possible of the structures
affecting the area. Then the map is compared @l logdrogeological data to propose which deep amhected
features are potential water drains. We focus mspeifically on regional features, which conneet TMA to
the Saiss plain. In the studied region, remote slath as satellite images or DEM provide widespezacrage
that can be used to integrate the whole aquifetesysrom the filling area to the aquifer. The prepd
methodology is based on a coupling between theysigadf the satellite imagery (SPOT images) and Ddlta
in order to extract pertinent lineations that mayrélated to the surface geology and not to hurotivitées. The
DEM was processed using the LandSerf software iue13.3.1) developed by J. Wood. This kind of stnual
map is classically used in addition to field obsgians to infer the deformation history of a regive improve
the use of this map by comparing it to pre-existirygirological work. Different processing technigudes the
satellite images that are particularly adaptedxtoaet hydrogeological information are proposededé maps
and the hydrological data were integrated into & @GDuantumGIS) and were interpreted by coupling the

different images produced.

3.1- Satellite images

Satellite images are powerful data to map geoldgibgects over large areas. However, the vegetation
masks the structural pattern in several placesrder to cover the entire Saiss plain region, sSS8RAT images
(Figs. 3 and 4) were used with a pixel size rangiom 2.5 m to 10 m and with different spectral msdsee the
more detailed technical description in Table 1 lwdtions in Figure 3). We restricted the imagecpesing to
classical methods that can be used to extracttstesc dynamic stretching, contrast enhancemeigs 4§ and
edge detections. We focused on methods extradtiegrl objects that can be interpreted as structaedlres
(fractures, faults, schistosity and stratas). Ttigeeextraction was done with Sobel filters composg&dour
diagonal matrixes of 5x5 pixels corresponding te M+S, E-W, NE-SW and NE-SW directions, respecyivel
(Fig. 5). These different calculations reveal sakéneaments and features that are more visibléhenTMA
and more discrete on the plain of Saiss. Theserdiftes can be attributed to the vegetation, thelolement of
which is largely controlled by human activities time plain compared to the TMA, to the lithology thie
basement (carbonate versus terrigenous sedimepgatévely) and to the deformation history, whistifferent
in the two domains. By combining the results preddby SPOT images with DEM interpretations, the

differences due to human activities and to vegatatan be filtered out.



149

150
151
152
153
154
155
156
157
158
159
160
161
162
163
164

165

166

167
168
169
170
171
172
173
174
175
176
177

178
179
180
181
182
183
184
185

In revision for Journal of African Earth Sciences

3.2- Digital topography

The relief provides information about geology besmit is sensitive to the structure (fault, strata
orientation) and to differential erosion induced tne lithological contrast. The digital topograpbgn be
processed to extract structural data (Dauteuil5198/e used SRTM DEM with a pixel size of 30 m talyse
the pattern of the topography and to extract festtinat will be compared to those coming from thalysis of
the SPOT images (Fig. 3). The plain of Saiss dyspiarelatively flat morphology, and consequently used
geomorphic indexes to extract the structural anuloggcal features that were subsequently correlatethe
features mapped from the SPOT images. To extracstituctural features, we used both the usual psiog
techniques, such as shaded images with differghi ldirections (Fig. 6), and slope calculationsg(Fr)
(Dauteuil, 1995). We analysed the average slopd#sfatent scales by estimating the azimuth andafip mean
plane supported by points belonging to a movingdeim. The best-adjusted plane was calculated byast le
squares fitting. Two windows were calculated: albor@e (2.5 x 2.5 km) for the smaller scale anémé one
(7.5 x 7.5 km) for the larger scale. The resultho$ slope analysis will be compared to the dragnpgttern
because of the strong a priori correlation betwten water flows and slope direction. Finally, treattire
network including the channel, isolated peaks apobgraphic ridges was extracted (Fig. 8) via prsicgswith
the LandSerf GIS software (Fisher et al., 2004; W@913).

4-RESULTS

4.1- Interpretation of the SPOT images

The SPOT images show large differences in the naglioc pattern between the TMA, Palaeozoic
basement and plain. The Palaeozoic basement sha@lNslefined ridges trending at NO30° with sparse
vegetation (shown in red in the pseudo-colour imadgég. 4). The TMA displays various radiometripég: the
dark red colour corresponds to forests; the mediuey colour indicates volcanic flows and the hegereeous
grey-to-red areas delineate a mixture between gmadsrock. Conversely to the basement, no mainnizgd
features are noticeable on the TMA, except in tkepdrt where wide and narrow linear valleys trenN@30°.
Close to the border with the plain, some narrow stmatt valleys are oriented approximately N300%hin Saiss
plain, the radiometric pattern is very heterogesewith several small patches of various colourgh(ligrey,
dark grey, white and red) with regular shapes. Hatern is driven by human activities (crop fietdads,
farms, etc.). There is no main organization ordmteature, except for a tiny NW-SE-oriented traisdociated

with farming and small rivers, especially in thethoof the plain, around the town of Meknes.

The results of the contour detection techniquesicorand highlight the previously described struatu
characteristics. Figure 5 provides representato@ns of two different Sobel processing operatioiith the
dominant features. The direction of the lineamémthe TMA is relatively homogeneous compared ®rell-
shaped basement and fined-shaped plain. NNE-SSWtésaare well extracted on the basement in théhsmd
in the TMA, while they are scarcer in the plainNA&-SE trend dominates the structural pattern ofpilaen: the
features are thin and close to each other. In iaddisome NE-SW linear features are localized imidors that
have the same trend (upper image in Fig. 5). Aclal@gmber of extracted lineaments are associatédd faitn

fields. The MNT analysis must be used together whik SPOT contour image to identify the anthropige
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lineaments. The combined analysis of remote images DEM allow geological lineaments to extract. sThi

NW-SE direction is scarcely reported in field seglivhile it appears clearly on satellite images.

4.2- Topography analysis

The topography that is less sensitive to the véigetanay constitute powerful complementary data to
extract tectonic features. The shaded images @Fignd slope calculations at different scales (Figsand 7b)
display different relief patterns in the PalaeoZoasement, TMA and Saiss plain. Regardless ofdhke,sthe
Saiss plain has the gentlest slopes with highdsesarganized into narrow bands trending NW-SE \&NIW-
ESE, corresponding to permanent or semi-permameisrand to local anomalies on the topographitaser
As expected, the rugged relief of the TMA showstifghest values coming from elevated relief relatio the
surrounding areas and the tectonics, seen botheslope and in the shaded images. The slopes a@rdym
organized into NE-SW bands, except to the NE oHBjeb where the TMA border displays NW-SE short
valleys. The Palaeozoic basement clearly shows WE-Siefs with high slopes separated by narrow flains.

At local scales, the slopes (2.5 x 2.5km windownhdbdisplay well-organized azimuth trends: thgekplunge
roughly perpendicular to the relief with a maximtwavard the N to NNE. At a more regional scale (7.5.5
km window), the slopes gradually plunge northwardthe south to westward in the plain with a maximum
trending NW. The Rif area shows slopes plunging tNEENE. We compare the slope plunge to the river
drainage direction in Figure 7: the river streamainty trend N-S and NW-SE. These trends are skghtl
different by 10° from the maximum slope plunge,idating that the regional slope partially driveg ttiver

trends and that another process should be infagedconsequence (Fig. 7).

The geomorphic structure network (Fig. 8) confirtims difference in morphology patterns between the
TMA, plain and Rif domain. The structure networkdisnser in the TMA and Palaeozoic basement thahein
Saiss plain. In the plain, ridges are almost abseat the TMA while they are well developed in &/ part
around the town of Meknes where they separatedhémnels, i.e. drains. The channels in the plapldy a
dendritic pattern close to the TMA border and Ietiggams in the middle of the plain. Topographiges are
absent on the southern border of the plain. Thisigh in drainage pattern corresponds to a chandeinage
direction from NNW-SSE to NW-SE. These changeshandrainage pattern characteristics and the lifnih@
topographic ridges correspond to a NE-SW trendiagdb(Fig. 8) that separates the Saiss plain intm tw
domains: the NW part and SE part. On the bordeh Wit TMA, a lot of drains are associated with regsi
located on the mid-slope of the relief betweentthe domains. In the TMA, the drainage pattern csgpoands to
an irregular dendritic pattern with well-nested dgmphic ridges and channels. The channels anegitdgve

short and wavy segments. The main and longer ctatread NE-SW.

5- Interpretations

5.1- Structural pattern

The combined interpretation of the SPOT imagestapdgraphy allows us to produce a structural map
to establish the tectonic relationships betweenTi and plain (Fig. 9). The analysis also revethiat the

structural pattern of the study area is drivenvby perpendicular sets of lineaments: NE-SW and N&V-S
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The NE-SW structures dominate the shape of the Ti¥&y correspond to well-known features in the
Atlas domain and Rif domain (Morel, 1989, Ait Bnathand Chotin, 1989; Ait Brahim et al., 2002; Frizim
Lamotte et al., 2009; Vergés and Fernandez, 201y affect the entire area, and some corridogdalsmore
fractures generating long valleys with a flat bottoThe displacements along these features cannot be
determined from this analysis because of the Idokedl-defined markers. However, the geomorphicpehaf
these features indicates both vertical and hor@artmponents in agreement with previous studiésBrahim
et al., 2002; Arboleya et al., 2004; Bargach et2004; Frizon de Lamotte et al., 2009). This wpdints out
that NE-SW features localized into restricted cwrs affected the plain of Saiss (Fig. 9). Thegera@orridors
were previously described as bends by Fassi (1868)Amaraoui (2005): the Toudal bend, Koudiart Zbua
bend, Souk Jemad EIl Gour bend and Boufekrane Kidfgour bend. These features drive the orientaimh
type of drainage network, and correspond to discoots slope breaks. This direction was active esithe
Triassic and controlled the Triassic to middle 3si@deposits (Piqué et al., 2002; Frizon de Laen@®09) and
the Miocene filling of the Saiss basin (Essahlagtual., 2000; 2001; Amaraoui, 2005). This strudtwet is
partially imaged at depth with seismic profilesziZR002) displaying a fault inside the Cenozoipalsts that is
in agreement with stratigraphic correlations frorardholes (Charroud et al., 2007). Electrical susvey
(Essalahoui et al., 2000) highlight a NW-SE streadttrend that is well-organized at depth (4 km).

The NW-SE structural set was found in the wholagtarea with various patterns. In the TMA, it is
diffuse and associated with narrow V-shape vallégssome places, these features offset NE-SW sirest
indicating a strike-slip component. This trenddsd described than the NE-SW features. Ait Bramidi@hotin
(1989) and Vergés and Fernandez (2012) suggeke-siip fault zones accommodating deformation fiems
The plain of Saiss is affected by tiny and diffdldé&/-SE fractures. This deformation is widespreadrdhe
plain and corresponds to a set of short segmemipaeed to the NE-SW band, which has longer andifech
segments. The fractures of the NW-SE band contmmlespermanent and semi-permanent rivers to thd sgut
the town of Meknes. Close to the TMA, this set ¢ systematically associated with drainage featureshe
depression of Fes, deformation appears to be lesmse and less widespread. The associated features
correspond to changes in the slope and with smaidts. The structural set was previously poorlycdiéed
because it corresponds to a pattern of widespraatlfing that can be observed at the outcrop $Cadeqgori et
al., 2011). The geophysical surveys did not desctitis in depth, probably because it correspondsiffose
features that are difficult to image with classigabphysical methods. However, an electrical sufi&sgalahoui
et al., 2002; Essahlaoui and El Ouali, 2003) displanomalies trending NW-SE at 100 and 1000 m én th
western part of the Saiss basin, fitting with tkisuctural trend. Thus, the NW-SE features deteatethe

surface are present at depth.

5.2- Deformation timing

A deformation timing can be advanced from geoldgex@uments and from the new observations
coming from this study. First of all, the two seffsstructures did not affect the volcanic flowsathtas late
Quaternary or the Pleistocene sediments; howeliey; to affect the Pliocene deposits, revealing thay

occurred at the end of the Pliocene. The relatv@rmlogy between the two fracture sets can bermated
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locally where the NW-SE fractures offset the NE-$&4tures. At the regional scale, the contact beatvibe
TMA and the Saiss basin trends NE-SW, and it isrofocally offset by NW-SE faults. Therefore, theVASE
features were generated after the NE-SW featurbesd faulted zones have been previously descrifsid (
Brahim et al.,, 2002; Piqué et al., 2002; Arboleyaak, 2004) and seem to control, at least paytiathe
depositional centres and deformation in these ase&e the Late Triassic (Jabour et al., 2004;dfride
Lamotte et al., 2009). They were interpreted asltiag from the reactivation of the Liassic fawstems during
the different Mio-Pleistocene events. During theteLdiocene, this fault set played a major role e t
generation of horsts and grabens. The larger limiste TMA, which was isolated from the Saiss badsina
major normal fault (Ait Brahim et al., 2002). Thievated topography of the TMA was acquired at thize
because no marine shales were described on theaplalinside the basin, the normal NE-SW faultsfined
several depositional centres with variable thickees The deformation period corresponds to a NW-SE
stretching. During the Pliocene, they were reattidaas steep thrusts probably with a strike-sli;mponent
(Bargach, et al., 2004; Charroud et al., 2007)sThiange in fault kinematics is consecutive totatian of the
regional stresses. This deformation is not stiti\active because many of the features were ségiéala flows

and travertines during the Middle to Late Pleistace

The diffuse deformation generated late NW-SE festuiThis deformation is recent and happened
during a short event. It partially controlled thesion of the TMA by generating short valleys ahd hew
setting of the rivers in the basin, especially adbthe town of Meknes. The deformation is assodiatgh a
NE-SW stretching and is compatible with the NW-8BENES trends of compression described by Bargaei et
(2004). The genesis of these feature sets favotmedocation of a new drainage pattern, which washéd
during a base level fall. This change in drainag@rganization corresponds to the palaeogeograpiinglof

the Pleistocene lake after a fast withdrawal corbfmtvith the base level fall.

5.3- Hydrogeological outcomes

This work determined the fracturing pattern of #hedy area in order to propose which structurdésset
the most efficient to drain water from the TMA tbet plain. We will investigate the possible struatur
pathways: the two fracture sets described befa tlae stratigraphic layering, which correspondsdazontal
or sub-horizontal drains located both in the TMAlan the Fes-Meknes basin (Fig. 1). The most sicgmift
difficulty is to extrapolate 2D surface data to @@ connected deep network. Due to the lack of bgsipal

surveys at the regional scale, we used indireatrosions.

The first-order field evidence of water circulatiooming from the TMA is the presence of many spsing
located at the junction between the TMA and thanpl#ig. 10), close to the unconformity between the
dolomitic karst and the Palaeozoic basement (Zakbjet al. 2001; Amraoui 2005). They are mainlthgeed
in two places: west of El-Hajeb and west of AintBifFig. 10). The springs around Ain Bittit arechted in the
area where the topographic transition between MA &nd plain is smooth compared to other placess @kea
is also characterized by recent deposits of trangethat are absent in other places on the northemer of the
TMA (Ennadifi, 1975). The superposition of the sigs on the fracturing map reveals that they ararigle
located in the continuation of the NW-SE featuréshe TMA, and not in the continuation of the NE-SW
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features. This result is in agreement with therpritation of Qarqori et al. (2012), who propodeat NW-SE

fractures are the main water drains.

The TMA is mainly composed of Liassic karst affectey NE-SW fault-driven corridors and NW-SE
widespread features. The two features affect theoglgic units at depth and could be drains for theulation
of water. These drains can favour both rainfalcpktions at depth, because their sub-vertical aliyl lateral
water connectivity at depth. This work points doattthe NW-SE structures drive the lateral conmégtiat
depth and favour karst development by increasiegctirbonate dissolution generating the karstic sateo
hypotheses are proposed to explain the low conrigctif the NE-SW features: 1) they either juxtapddocks
with contrasted porosity, or 2) they are sealedhwitty coming from the Miocene shales. Amraoui &0énd
Belhassan (2011) conducted a detailed analysiseohydrology of the deep aquifer both in the TMAldhe
plain. Based on a large piezometer dataset, thekera built a map of the depth of the water tairld deduced
a northward flow of the water (Fig. 10). They prepd flow lines for which the trends are perfectiynpatible
with the water circulations along the NW-SE feasupeth in the TMA and the plain of Saiss.

Figure 11 illustrates a model of water circulatiomm the TMA to the Neogene basin of Fes-Meknes
taking into account both the previously describgdrblogical data and the new structural pattermsteng
from this work. The precipitation occurring on tleéevated relief of the TMA percolate into the Liass
dolomites across a fracture drain. A Triassic dégyer above the unconformity with the basement ioasfthe
circulation into the carbonate layers. The nortlivgeneral dip of the stratigraphic layers of the A'Wtives a
northward migration of the water confined in thebomate layers. The northern margin of the TMAamfed
by a set of blocks of Mesozoic units limited bylfayChalouan et al., 2014). These blocks collapserd the
deepest parts of the basin. The vertical throwaliie normal faults is low enough to not disconribetwater
paths to the basin. In addition to this regiondtgra, the drainage is driven by NW-SE fractured ttonstitute a
widespread network both in the TMA and in the ba$ime combination of the regional faults trending-8W
and the NW-SE fracture set generates a complegrpatf blocks that are more or less disconnectgerming

on the fault throws.

6- Conclusions

This study proposes a model of structural relatigps between the Saiss basin and Tabular Middle
Atlas. It points out the efficiency of combining amalysis using both SPOT images and DEM to propose
structural map. Two fault sets were extracted: B-kvewn one trending NE-SW and a new one orierni&d-
SE, both affecting the TMA and the basin. The NE-SWictures correspond to faulted corridors in TA
and tiny flexures in the basin, initiated duringNW-SE extension occurring in the Late Miocene and
corresponding to reactivated Liassic faults. The -S® structures correspond to a diffuse and ubigsito
deformation that affected the whole study areasTdirection of deformation is clearly visible ontedlite
images after processing on the slope map of the Miiile it was somewhat identified in previous sésdon
the region. These fracture sets control the disemiwf carbonates in the TMA forming the karstwetk and
the development of the drainage pattern in thenplle examined the consequences of this strugbatéérn in

terms of hydrology, especially for the water contivity between the TMA and the basin. A compariseith
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hydrological data reveals that these NW-SE featw@sstitute the main connectivity for the deep-wate
circulations from the TMA to the basin. At leaste wropose that water pathways are connected viasdif
fracture porosity rather than by a localized drgaaystem. This study highlights the fact thatuagicombining

classical structural methods and hydrological dedg significantly constrain the hydrology of anaare
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Figure Captions.

Figure 1: Location of the study area. a) Location map wlith topography of northern Morocco, b) 3D view of
the study area using Google Earth (image data: BpbBigitalGlobe) with the main morpho-structural

units (red lines), c) N-S geological cross-sectbowing the different units.

Figure 2: Simplified geological map of the study area madiffrom a geological map (Ennadifi, 1975 and
Amraoui 2005).

Figure 3: Map of the study area with the data used in thidys The red squares identify the SPOT images with
the index number in the red tag. The relief mafhanbackground is taken from the SRTM database avith

pixel size of 90 m.
Figure 4: Mosaic of the SPOT images used in this study. & aldummarizes the main characteristics.

Figure 5: Extraction of the contours based on the convatutechniques carried out using a diagonal matrix
(Sobel filters). To better illustrate the procegsiwe only display two zooms of the two Sobel pesiay
operations. Upper image: zoom of the middle partthef Saiss plain showing a NE-SW lineament
highlighted by a N-S diagonal matrix. Middle imageoom of the NE-SW lineaments of the TMA

extracted with a NW-SE diagonal matrix.
Figure 6: Shaded images of the topography: a) light comiaomfthe north, b) light coming from the east.

Figure 7: Distribution of the slopes at different scalese®ujusted plane was calculated in window of vayyin
sizes (grey grid): a- 2.5 x2.5 km, b-7.5x7.5 kmeT&d lines indicate the trend and the relativeevalf the
slope. On the left side, we plot: i) the polar d&ags of the azimuth versus the plunge of the skopkii)

the rose diagrams of the slope directions (in e river orientations (in blue).

Figure 8: Topographic surface network. The ridges in yelknvd the channels in blue were extracted from the
DEM with the Landserf software using a method depet by Wood (2000) and Schneider and Wood
(2004). This processing technique well illustrates contrasted topography between the plain and the
TMA. It can be used to distinguish between sevdomhains in the plain with different ridge and chelnn

networks.

Figure 9: Structural map of the detected features on the fgth a shaded relief as the background. In ¢fie |
column, a half rose diagram of the fault orientati@he lower diagram in the left column displaye th

length distribution of the features.

Figure 10: Water pathways and fractures in the study area. cbimtour of the water table and the theoretical
water flows are taken from Amraoui (2005) and Bsftaa (2011). The deep water circulates toward the
northwest. The flow direction fits with the NW-SEatures both in the TMA and in the Saiss basin. The

spring locations come from the geological map anthfAmraoui (2005) and Belhassan (2011).

-11 -



In revision for Journal of African Earth Sciences

379 Figure 11: Schematic section of the TMA and Saiss plain shgvitre inferred hydrological relationships
380 between the three aquifers: the karst of the TN, superficial free aquifer and the deep confirguafar
381 of the plain. The water circulation coming from tkarst of the TMA is driven both by regional faults
382 trending NE-SW and by a widespread fracture tremtNiV-SE. The two structural sets generate a complex
383 pattern inside the basin making it difficult to imment the drilling.
384
385  Table 1 Main characteristics of the SPOT images.
Scene SPOT upper left| upper right lower left lower right | Image | Pixel Date
corner corner corner corner type | size
0161003-2| 5 N34°1'49" N33°53'34" N33°22'3" N33°30'16" | PAN | 5m | 2006-10-14
W4°57'41" | W4°19'18" 3 W4°29'7 W5°7'17"
0161003-1| 2 N033°57'32"| N033°51'31" | N033°25'56" | N033°19'57" | XS 20 m| 2007-10-21
W005°42'14"| W005°04'05" | W005°51'31" | W005°13'36"
0161003-3| 5 N33°58'40" | N33°50'25" N33°18'53" N33°27'6" PAN | 5m | 2006-10-14
W4°58'39" W4°20'17" W4°30'6" w5°8'14"
0161003-4| 4 N033°51'02"| N033°45'23" | N033°19'22" | N033°13'45" | Xl 20 m | 2007-02-28
WO005°17'04"| W004°38'24" | W00525'49" | W004°47'23"
0189121-1| 4 N034°00'46"| N033°54'46" | N033°29'10" | N033°2312" | Xl 20 m | 2006-01-18
W005°45'22"| W005°07'15" | W005°54'38" | W005°16'45"
0157076-1| 5 N34°34'13" | N34° 26'37" N33° 552" N34° 2'36" PAN | 5m | 2006-11-30
W5° 21'30" | W4° 43'28" W4° 52'48" W5° 30'36"
0157076-2| 5 N33°44'34" | N33° 36'59" N33° 523" N33° 12'56" HI 10 m | 2006-11-30
W5° 36'17" | W4° 58'37" W5° 7'48" W5° 45'16"
386
387
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Research Highlights:

- We mapped fracture pattern in Saiss basin and Middle-Atlas with SPOT images
and DEM.

- We pointed out a new fracture set trending NW-SE in addition to famous NE-SW
trend.

- The NE fractures control the water paths from the Middle-Atlas to the Saiss basin.

- We propose a model of water circulation from the TMA to the Saiss basin.



