N

N

Pleistocene cold climate groundwater silicification, Jbel
Ghassoul region, Missour Basin, Morocco
Médard Thiry, Milnes Antony, Mohamed Ben Brahim

» To cite this version:

Médard Thiry, Milnes Antony, Mohamed Ben Brahim. Pleistocene cold climate groundwater sili-
cification, Jbel Ghassoul region, Missour Basin, Morocco. Journal of the Geological Society, 2015,
10.1144/0016-76492014-033 .  hal-01236657

HAL Id: hal-01236657
https://minesparis-psl.hal.science/hal-01236657

Submitted on 2 Dec 2015

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://minesparis-psl.hal.science/hal-01236657
https://hal.archives-ouvertes.fr

Please cite this paper : Thiry M., Milnes A., BeraBimM., 2015, Pleistocene cold climate groundwater
silicification, Jbel Ghassoul region, Missour Bad#orocco.Journal of the Geological Society, 172/2,
p. 125-137.

DOI: 10.1144/0016-76492014-033, Published onlinevéinber 27, 2014

Pleistocene cold climate groundwater silicification , Jbel
Ghassoul region, Missour Basin, Morocco

Médard Thiry, Anthony Milne€, Mohamed Ben Brahifn

! Géosciences, Mines-Paris-Tech, 35 rue St Hon@&)¥ Fontainebleau, France,
medard.thiry@mines-paristech.fr

2 Department of Geology and Geophysics, The UnittetfiAdelaide, South Australia 5005.
8 University Mohammed Premier, BP 457, 60 000 Ould@arocco

Abstract

Surficial silicifications have been long considetede indicative of warm and dry climates. Here
we describe various forms of supergene silicifmaiin a Miocene lacustrine sequence in the Missour
Basin near Jbel Ghassoul (Morocco) in a landscajeaocentuated relief. The silicification is alnhos
exclusively limited to a 10 - 40 m wide zone frolne tedges of scarp and mesa landforms. This
distribution is interpreted to record the locatiavisere groundwaters which produced the silicifiati
discharged from a higher level paleolandscape.

The main component of the silica was imported daté significantly post-dates the deposition of
the sediments. This implies that significant volsnog silica-bearing solutions flowed through these
formations in response to an hydraulic gradienegated by relief. Silicification thus occurred omlger
uplift and incision of the sedimentary fill of tiviissour Basin. The zones of silicification of tHeel
Ghassoul sequence can be linked geomorphicalgromants of high level pediments that have been
dated in the literatures as early to middle Pleiste and interpreted to have been formed durirdy col
climates. Low temperatures in outcrops near thehdigye zones during cold periods is considerecta b
key factor in silica precipitation from groundwater
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Silicification in sediments that have not been debpried has long been considered to be
synsedimentary and indicative of warm and dry desaThis partly resulted from the fact that theyea
descriptions of silcretes in Australia and Afriedyere siliceous pans armour the landscapes (Passarg
1904; Lamplugh, 1907; Woolnough, 1927; Storz, 1928nkel and Kent, 1938), connected them to the
current climates in these countries. As a consempjesilcretes in ancient (especially Tertiary)
sedimentary sequences in other places around tHe were also considered to be an indicator of warm
and dry paleoclimates. However, we now know thatdilicification in landscapes in Australia and
Africa is ancient and has nothing to do with therent climates (Thinget al., 2006).

Questioning of these earlier interpretations sthwith the distinction between groundwater
silcretes, which need groundwater flows to impbe silica (Thiry and Milnes, 1991), and pedogenetic
silcretes, which are formed stu in soil and regolith environments and are moreeliprelated to warm
and dry climates (Thiry, 1997; 1999). In the P&asin some silcretes are clearly related to Ptiece
Quaternary landscapes (Thiyal., 1988) and thus to temperate or cold climates.

Many studies have been devoted to supergeneisiitidns in sandstones and carbonate rocks,
and to siliceous materials including flints ando@®id materials. However, it has not been utsual
examine the association of various types of sitiation in sedimentary sequences containing differe
lithologies. Here we describe various forms ofesgpne silicification with varied mineralogical and
micromorphological features in a relatively yourmmtinental lacustrine sequence in a landscape with
accentuated relief. These factors constrain anpregation of the morphology, origin, environmeft o
formation and age of these interesting features.

Geomorphological and paleoclimatic setting

The Missour Basin is an intra-mountain depresseiméated by Atlasic faults (Fig. 1;
Beauchampat al., 1996; Laville et al., 2007) and the uppermost pathe fill consists of middle
Miocene (Benammi & Jaeger, 1995) and younger Caoera Quaternary continental-lacustrine
sediments. It was primarily a molasse basin fnigghe Atlas Mountain belts and subsided durirgy th
Oligo-Miocene. After the Neogene, a generalized pm@ssional tectonic event generated further relief
the Atlas system and deformed the Oligo-Mioceneass® deposits (Beauchamp et al., 1996; Frizon de
Lamotte et al., 2009). A compressional tectoréggme has continued through the Quaternary to the
present day, as indicated by significant curreisinsieity (Medina and Cherkaoui, 1991; Sébrier et al
2006). Detailed analyses of stream morphology peevidence for the post-Miocene initiation ofeéli
(Babault et al., 2008) and for Late Quaternaryaeisin (Choubert, 1946; Raynal, 1961; Martin, 1981,
Lefévre, 1989; Beauchamp et al., 1996; Gomez £1896).

The Missour Basin sediments are now exposed indiss¢cted pediments that converge to the
Moulouya River (Raynal, 1961; Lefévre, 1989, 2008Y. 2), the extensive tributaries of which define
the current drainage basin. In the west, Jbel Ghageaks at 1439 m whereas the bed of the Moulouya
River to the southeast is at about 1000 m elevatiothe Missour area the higher level (older) P4-P
pediments are considered to be early to middles®legne in age (Moulouyen = Pretiglian and Elstgria
based on their association with the Acheulean stooléndustry (Lefévre, 1989).
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Figure 1 — Missour Basin setting. (A) Geologic sket  ch of the Missour Basin showing the distribution of
Miocene and younger sediments. The Moulouya Rivera  nd its tributaries define the modern drainage
basin which is "confined" to the north. (B) Aerial view of the mining site showing the N scarp and SE-
sloping and dissected upper surface of the Jbel Gha  ssoul landform abutting the Moulouya River
pediments. Numbers show main sampling sites (see Fi  g. 3).
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Figure 2 — Cross section of the Missour Basin (Moul  ouya River valley) showing dissected paleopediments
‘anchored’ to Jbel Ghassoul. P1-P2 late Pleistocene , P4 middle Pleistocene, P5 middle-early
Pleistocene (after Lefévre, 1989).

The Atlas Mountains were periglacial during Pleigtoe cold stages (Dresch and Raynal, 1953;
Awad, 1963; Martin, 1981; Couvreur, 1966; Hughealgt2004). Glaciers reached as low as 2000 m in
the High Atlas and 2100-2300 m in the Middle AtlaAsvad, 1963; Hughes et al. 2011). Rock glaciers,
commonly found in areas of discontinuous permafiste also been recognised down to 2100 m
elevation in the Middle Atlas (Awad, 1963). As wafl cryonival and ice-wedge structures that are
typical of periglacial environments, stratified diesbbedded scree, stone polygons and solifluction
features have been described in the Moulouya Riasin and bordering areas down to 1300 m elevation
(Raynal et al., 1986).

The regional snowline in the Middle Atlas during timain glacial phases of the Pleistocene is
estimated to have been at ca 2800 m elevation (A®&&8B). During the late Pleistocene the mean
minimum temperature of the coldest month was 0°€aa®00 m whereas today it is at ca. 1600 m
(Messerli and Winiger, 1992). The presence of lekiers in the Middle Atlas also suggests that
temperatures in the Pleistocene cold stages, wiesnvwtere active, were about 10°C lower than today
(Hughes et al. 2004). More broadly, in the Meditrean area, a temperature depression of at [#45t 1
in summer for the coldest Pleistocene cold stag& (M2, 420-480,000 years ago) has been suggested
(Hughes et al., 2007).

Thus, the extensive Pleistocene pediments in tissdir Basin are interpreted to have formed
under cold and dry climatic conditions with intereagelifraction (frost shattering and ice heaving)
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whereas erosion marked by linear gullies and alueirraces occurred during warmer and wetter
climates (Lefevret al., 1985; Lefevre, 1989).

The Jbel Ghassoul formation

The Jbel Ghassoul formation is composed of founmmadimentary units that were deposited in
the distal parts of the original molasse basin (R&y1961; Trauth, 1977; Duringetral., 1995) (Figs 2,
3).

(1) A thick, red, fluviatile, silty marl at the basgjconformably overlying Mesozoic bedrock.

(2) A white gypsum-rich unit overlying the red marl aiadmed mainly of powdery gypsum
interspersed with a few clay layers. This unitteims horizons with swallowtail- and fishtail-
twinned gypsum crystals that indicate evaporitgolanal paleoenvironments.

(3) A claystone unit composed of alternating marl aobbstone layers in which the Ghassoul clay
layers are more or less continuous and about T0 tam thick. The principal component of the
Ghassoul clay is Mg-rich smectite (Li-stevensitdjiah formed in pre-evaporitic, confined
palustrine environments (Trauth, 1977) and is minathderground galleries accessed from
erosional scarps.

(4) A dominantly dolomitic uppermost unit with thick assive dolostone beds that were deposited in
lacustrine and palustrine paleoenvironments.
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Figure 3 — Schematic section through dissected pale ~ opediment composed of Jbel Ghassoul formation
showing location of sampling sites. (1) "gogotte"-| ike silicification within disrupted zone of claysto ne
unit, (2) layered silicifications confined to clays tone unit, (3) nodular silicification in overlying
dolostone unit.

These sedimentary units show numerous facies chdraya the distal parts of the basin towards the
foothills of the Middle Atlas Mountains where coagleratic (colluvial and alluvial) facies prevaiigF
2; Duringeret al., 1995; Chahét al., 1999).

Secondary gypsum occurs in the gypsum unit, asage the claystone unit, as fibrous veins,
rosettes, and powdery gypsum in vertical fractares along bedding planes (Duringeal., 1995). This
gypsum may be of recent origin and related torkesion of the Jbel Ghassoul formation. Howewer, i
could also be of synsedimentary origin due to refhsalion of gypsum during periods of water table
lowering, or may have been derived from gypsumtiesdormed around evaporitic depressions.

Silicification is particularly abundant in the cktgne unit where it occurs in a variety of struetur
and morphologies including lenses and irregularesgized bodies, as well as nodules and millimetre-
centimetre-wide veins. In places, silicificatiorsi#een particularly intense and the volume ofasitian
exceed that of the|claystone host. Silicificati@s lalso developed above and below the claystomgruni
the upper part of the gypsum unit and in the uppstrdolostone unit where it occurs as nodules and
fractufe fillings.
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The distribution of silicification in the landscajseshown in Figure 4. It is confined to the edges
of outcrops in scarps and valleys cut into thersediary sequence, but does not extend for morelthan
to 20 m into the landforms, as demonstrated bymwhtens in mine galleries. The silicified horizons
occur 30-40 m above current base level definedhbyldcal modern drainage gully network and clearly
correlate with the paleopediments of early to médelkeistocene age (Lefévre , 1989; Fig. 2).
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Figure 4 — Disposition of silicified zones with reg
formation.

ard to current relief and morphology of the Jbel Gh assoul

Of particular note also is that the sedimentargtayg, particularly in the claystone unit, is
completely disrupted for some 10 to 20 m inwardstithe margins of scarps. The disintegration is
marked by sub-vertical dislocations more or legslifEl to the edges of mesas, collapse structurds a
brecciation. These zones of disruption are spetifutcrops of the claystone unit and do not oatur
the underlying and thus more recently incised redl.m

These dislocation structures may relate to thergépeocesses of breakup of the pediments and
scarp retreat. They could, for example, be caugezbliapse due to lateral wasting of the slopeseamh
near-surface dissolution of the underlying gypsumit ©n the other hand, many aspects of these
dislocations are comparable to cryogenic strucfusesh as frost shattering and ice wedging, further
deformed by differential frost heaving. Thus, ttaeg considered to be related to periglacial strestu
which have been observed regionally (Raynal, 186t))thus connect to the Pleistocene cold climates
considered to be responsible for the developmetiiteopiedmont landscape (Leféateal., 1985;

Lefévre, 1989, 2008). Periglacial structures haaenbobserved as low as 1300 m elevation approaching
the height of Jbel Ghassoul (Couvreur, 1966, 18&8;nalet al., 1986).

The extent of silicification in the upper partstioé Jbel Ghassoul formation is indicated by the
fact that the pediments downslope, especially énntlined areas, are completely covered by prehistori
artefacts and chips of siliceous material. Evidesfcan established prehistoric industry for theduation
of stone tools is also widespread over the paladiopmts between Jbel Ghassoul and the Moulouya
River.

Description of the silicified facies

Three sites representative of the silicified fatiase been sampled (Fig. 3).

1) ‘Gogotte’-like silicified masses, centimetres tonyalecimetres in size, are rounded, generally
light-coloured with a rough aspect, and contairrtuss and dark coloured zones and nodules in
places. They are confined to the disrupted arghfemted zones of the claystone unit and are
well exposed at the entrance to the mine galleries.

2) Layered silicifications with shiny fracture surfacand a brittle cortex are closely related to the
Ghassoul clay layers. They were sampled in themira in erosional channels behind
outcrops of the gypsum unit and display sedimenrtkeylayering.
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3) Nodular silicified zones, light or dark in colour@gcentimetres to decimetres in size, with a
flinty fracture, are arranged in layers or aligrsdoing fractures in dolostone beds. They were
sampled in the uppermost part of the claystoneamttin the base of the overlying lacustrine

dolostone unit.

‘Gogotte’ silicifications

‘Gogotte’-like silicified masses occur near thedasthe claystone unit in zones where the
primary stratigraphy has been significantly disagtand disrupted by abundant gypsum along sub-
vertical fractures more or less parallel to thegimar of the scarp or mesa landforms (Fig. 5). Térey
well exposed at the entrance to mine gallerieplktgist only for some tens of metres into the baidje

landform.
-
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00 Figure 5 — ‘Gogotte’-like silicified masses within the
disrupted and disturbed zone in outcrops of
claystone at the edges of mesa landforms.

Figure 6 — ‘Gogotte’-like silicified zones
within disrupted and disturbed zones
of the claystone unit. (A) Centimetric
‘gogottes’ within gypsum bearing
marls. (B) ‘Gogotte’ showing
successive silicified layers (indicative
of accretionary growth). (C) Section of
a ‘gogotte’ showing spindle-shaped
voids resulting from dissolution of
gypsum crystals.
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Although sedimentary structures can be wholly gigzd in these outcrops, the gogottes are
nevertheless aligned along superimposed horizpigaks cross cutting the disruption features (649.
The gogottes always have a regular rounded shapeften have superposed folds or envelopes, each
covering an earlier one (Fig. 6B). These envelopgisate that the silicification was a process of
accretion, by addition of centimetre-thick layerzones. Gypsum in these outcrop and near-outcrop
zones is mostly formed of large secondary crysthisse relationship with the silicification is
complicated. Some gypsum crystals have been slicibthers have been incorporated into the gogotte
structures (Fig. 6C) and thus clearly pre-datesthafication. However, gypsum is mobile in thetorop
zone and numerous gypsum crystals and rosetteseetttmgogottes and post-date the silicification.

Layered silicifications in the claystones

These silicifications are closely related to theestitic Ghassoul clay layers. They occur as
irregular and superimposed metre-sized massessettg gypseous marls and greenish clays (Figs 7,
8). The silicified masses almost always displagtayg inherited from the claystones (Fig. 8A) but
consist of decimetric masses enwrapped in laminagosed of brown clays and can be arranged in
specific layers (Fig. 8B). Some silicified horizoa® formed of corrugated laminae that resembigtile
deformation of clay layers. Others contain vacualéh centimetre-sized tubular or irregularly-shape
hollows, more or less interconnected, that clea$ult from dissolution.
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—  — — _— | Figure 7 — Layered silicified bodies in close
' relationship with Ghassoul clay layers.

Original layering of the deposits are mostly

=3 dolostone  F==] chalky dolomite and brownish clays
|:| layered flint -like silicifications scoria -like cortex preserved.

The layered silicifications are generally of dadkoair without visible grains, and have a lustrous
conchoidal fracture (Fig. 8C). They contain thimiaae, traces of roots and burrows, and a
pseudobreccia structure related to desiccationtsland pores are often coated with bluish chalogdd
pearly aspect. The silicified masses often hawéttéebcortex that is more or less powdery.

These silicifications are particularly plentifularethe outcrop at the scarp face but disappear
within of metres of the entrances to the minindegi@s. Waste rock heaps at the gallery entrances
contain only sparse silcrete fragments.

Figure 8 - Layered silicified masses in close
relationship with Ghassoul clay layers.
(A) Typical horizons of silicified masses.
(B) Onion-like, brittle, silicified laminae
around silicified zones. (C) Silicified mass
with dark shiny core speckled with beige
granules; the lower part is irregular and has a
dull lustre; the upper part has a porcellanite
lustre transitioning to brittle silica.

Silicified nodules in the dolostones

The lacustrine dolostones in the upper part ofitted Ghassoul formation contain silicified
nodules with a splintery to conchoidal fracture arfulack patina. These are plentiful at the bagbef
dolostone unit and less common towards the topir $ize varies from millimetre-sized chips to
decimetre-sized masses. They are amoeboid in sfrape? - 10 cm in thickness, and appear to be
aligned on sedimentary structures stretching arngthe stratification (Fig. 9A). Thinner, millinret
thick slabs of silica representing silica-infilledins and fractures sometimes form a network
interconnecting the amoeboid masses (Fig. 9B). &B#isifications are generally light coloured, hej
grey or bluish, and more or less translucent (#@). Sometimes they have a dull fracture and caontai
some residual carbonate in the form of nodulesattered micrite in the siliceous matrix.




Figure 9 - Nodular silicifications in the lacustrin e
dolostone unit. (A) Flint-like nodules with a
black patina. Note the irregular shape of the
nodules and the interconnecting network of
more or less continuous silicified joints.

(B) Silica veneers along a fracture.
(C) Silicified nodule with possible
dehydration cracks.

Mineralogy of the silicified materials

All the sampled silicified materials were analy$sdXRD. Although silica minerals are
dominant, there are also traces of dolomite andesiomes gypsum. In summary:

1)

2)

3)

4)

Quartz is the main mineral in all the silicified tedals. It has sharp and intense diffraction
lines (Fig. 10A) indicating good crystallinity. Athe gogottes have this type of quartz. On the
other hand, the layered silicifications in the skmnes have broadened diffraction lines
indicating quartz with numerous lattice defects arldw degree of crystallinity (Fig. 10B).
Moganite is a hydrated silica variety (Flordeal., 1984) and often accompanies quartz with
broadened diffraction lines in the layered silidfions. It is especially well developed in the
brittle silicified laminae in close association fvthe smectitic clay layers.

Opal-CT also occurs in the shiny and brittle sfikdd laminae associated with the Ghassoul
clay layers (Fig. 10C). Petrographic observatidimsasthat these materials contain botryoidal
lussatite in pore spaces.

A weak diffraction band sometimes occurs near A4big. 10C). This diffraction band
appears in most of the silicified samples that amnopal-CT. It is most probably related to the
(110) and Q20) reflections of residual clay mineral sheets witthia opal-CT. This may point
to the destruction of octahedral layers in theinagclay minerals, and transformation of the
tetrahedral layers into tridymite or cristobalirahedral layers, without total destruction of
the basic clay structure (Rayatal., 1992).
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Petrography of the silicified materials

Thin section studies differentiate the three typiesilicified facies in the Jbel Ghassoul formation
and provide details of their interrelationshipshie3e observations also provide the basis for estahg a
temporal sequence of silica deposition, transfoionand recrystallization.

The gogotte structures

The petrofabric of the gogottes is quite monotorang they are mostly composed of very fine
microcrystalline quartz. The only inclusions areefimthombs of dolomite 2 - 30 um in diameter (Fig.
11A). The microcrystalline quartz matrix has twetatict fabrics: (1) one in which there is no obséte
remnant of the primary (pre-silicified) materiaither in terms of the granularity of the microquadr
any impurity inclusions; (2) and the second in \ittigere is an inherited organisation indicated figron
nodular structures perceptible by their darknesstdumicro-inclusions and quartz grain size vasiasi
Some rare structures appear to be silicified shediments.




Figure 11 — Gogotte silicifications.
(A) Microcrystalline quartz with small
euhedral dolomite crystals; crossed polars.
(B & C) Microcrystalline quartz matrix and
pore filing of botryoidal silica composed of
palisade quartz overlain by sub-euhedral
quartz; B analysed light, C crossed polars.
(D) Microcrystalline matrix and petaloid
quartz, succeeded by a fringe of chalcedony
- towards the centres of the pores (v). Crossed
B8R LR polars.

Palisade/mosaic quartz sequences

“Classical” crystallization sequences (Fig. 11B C) occur in pores and voids in the gogottes.
These start as coatings on the walls and are hidalyaeposits formed of fan-like, elongated palesad
quartz that obviously result from the recrystatiiza of chalcedony, or even opal. The palisadetgua
which is either length-fast or length-slow, andet$ from one sample to another, is succeededlipy su
euhedral mosaic quartz in the centres of the pmregsids.

Petaloid quartz

The occurrence of petaloid (or petal-like) qua&ebey, 1980) is one of the characteristics of the
matrix of the gogotte silicifications. These arggaquartz crystals 100 - 250 um in length thaehav
developed in a radial fashion likened to the sprepdf a flower (Fig. 11D). The central seedingrgei
are often small, elongated quartz crystals moless oblique to the beams of the crystallaria (Eid>
and 12B). The enlargement of these small crystatsivindered by the growth of the crystals along the
beams of the crystallaria. The terminations ofléinge crystals are often euhedral and display drowt
lines. Some of these crystals are length-slow asplay a “cubic” habit (Fig. 12B).

Quartz with “pseudo-cubic” habit
Pseudo-cubic quartz crystals are large, displaggamd growth facets with angles close to 90°,
are lengtkslow, and have the c-axis oriented along the diatyoof the cubes (McBride & Folk, 1977;
Arbey, 1980). These crystals are remarkable beaafube crenulated growth zones that are sepatsted
1C

thin films that appear brownish in polarized ligimd hollowed out in reflected light (Fig. 12).dt i
difficult to determine if these films correspondsilid or fluid inclusions, or to amorphous silica.
Pseudo-cubic quartz habits are interpreted to bggymatic of sulphate-rich environments (Arbey,
1980).

Figure 12 — "Gogotte” silicifications. (A) Large
pseudo-cubic quartz crystals with common
orientation that have grown in a pore or void
from a palisade quartz base. Crossed polars.
(B) Pseudo-cubic terminations of petaloid

200pum quartz. Crossed polars.

Pseudo-cubic quartz crystals can be millimetreesimgores that may have resulted from
dissolution of gypsum crystals (Fig. 12A). A questarises as to the origin of these large quaytztat
domains of monocrystalline appearance. They devietwp the uneven edge of a pore space on which the
first silica precipitates are palisadic quartz.rarthis, some crystals of specific orientation depeb the
detriment of other orientations. Thus, the largmdims that show a single orientation and are of
monocrystalline appearance under the optical méaps are in fact polycrystalline domains, resulting
from the juxtaposition of several crystals of tiaeng orientation. It is possible that the developnoé
this particular orientation results from the infice of foreign ions, in this particular case sutpha
favouring the preferential development of particalystal faces (Merinet al., 1994; Bosbach &

Hochella, 1996; Takahasétial., 2004).

The layered silicifications

The layered silicifications are characterized byabondance of opal-CT and moganite. Weak
diffraction lines near 4.45 A, and sometimes 2.5@dint to silica tetrahedra in the opal-CT infestit
from tetrahedra in pre-existing clay minerals (Ragta@l., 1992). The powdery cortices of these silicified
horizons are distinguished by the absence of offa@l other paragenetic varieties of silica. This
suggests that these forms of silica were unstatgledad not survive dissolution or recrystallization

The layered silicifications also contain remnarftpranary sedimentary structures in places, for
example sedimentary layering and siliceous micraiggn fossils. In addition, zones of microcrystali
quartz have developed from recrystallisation ofdpal facies.
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Preserved sedimentary structures

The sedimentary layering preserved in these sdatibns is marked by alternations of sub-
millimetric laminae of brown opal (completely isopic under crossed polars) and lighter-coloured
laminae that show a weak length-slow birefringefiig. 13A & 13B). The birefringence in the lighter
coloured laminae is probably due to relict precurday minerals, as highlighted by XRD. Howeves it
not clear if the birefringent laminae are exclugiiermed of smectite or also contain some opafalt,
thin sections of these materials can be cut wittieeineed for artificial hardening because it apptzat
opal has ‘impregnated’ the clays. Other sampleg feawminae with lumpy brown opal and contain
numerous micro-pores filled with concretionary opal

Some samples contain siliceous micro-organismst probably radiolarians (Fig. 13C). Others
have millimetre-thick laminae composed completdlgiliceous tests cemented by brown opal. In most
samples, however, the siliceous tests are scati@@edatrix of opal or microcrystalline quartz.thre
microcrystalline quartz facies, the tests have breerystallized to microquartz and can be recoghize
only by a very weak difference in refringence (@grb due to remnant opal) when defocusing the
microscope.

Figure 13 — Layered silicifications. (A & B). The
lighter laminae contain clay minerals; the
dark laminae are formed of opal (opal-CT by
DRX). A= analysed light, B= crossed polars.
(C) Siliceous tests (possible radiolarians)
embedded in opal; crossed polars.

Silica-filled cracks

As distinct from the gogotte silicifications, crackillimetres to many centimetres in length have
developed in the horizons of layered silicificaBq(frig. 13). Nodular and pseudo-breciated facies
composed of opal often contain hair-like and cureetks infilled with diverse varieties of silicdhese
structures evoke clays that have undergone shenkagturbation and/or pedogenesis (Fig. 14A).
Frequently, the cracks are cross-cutting and ssaa@ephases of development and infilling can be
observed (Fig. 14B). In an initial analysis, themetry and the infillings of the cracks suggest thay
relate to an expanding system. However, it mayhbeshrinkage due to dehydration of a clayey matrix
could explain the arrangements.
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Figure 14 — Layered silicifications. (A) Micro-
nodular silicification in which the nodules are
formed of opal containing a scatter of very
fine microcrystalline quartz. The cracks are
infilled with diverse quartz varieties. Crossed
polars. (B) Silica-infilled fracture which shows
several stages of fracture development and
infilling. (C1) pseudo-chalcedonite, (C2)
length-slow chalcedonite, (op) opal matrix,
(uQ) microcrystalline quartz; analysed light.

Microcrystalline quartz matrix

In addition to opal, it is the microcrystalline gtzamatrix that characterizes the layered
silicifications. Domains of microcrystalline quaare homogeneous and show no particular structore.
the other hand, the transition between the opatlaadnicrocrystalline quartz matrices is alwaysgdular
and indented, and there are often remnants ofwiigh the microcrystalline quartz (Fig. 15A).
"Primary" structures such as the laminations aedthcks control the distribution of opal and
microcrystalline quartz. In some places therepial in and around the cracks (Fig. 15B); in otHaces
varieties of quartz occur within the cracks wittcrocrystalline quartz surrounding them.

The spatial relations between opal and microcys¢éadjuartz, as well as the "ghosts" of siliceous
microfossils within the microcrystalline quartz daims, indicate that microcrystalline quartz has
developed as a result of recrystallization of opal.

Silica deposits in pores and joints

The earliest silica precipitates in pores and vaigsgenerally mammillary-structured and micro-
laminated varieties of opal or fibrous silica witlw birefringence (pseudo-chalcedonite). These are
succeeded by micro-laminated chalcedony and fircdlBicedony sheaves, or even quartz, in the centres
of voids, to complete the sequence. In placbhbprs of opal and pseudo-chalcedonite are intexduipy
"better crystallized" silica, especially chessbeandzebraic-chalcedonite with closely juxtaposath-
slow and length-fast fibres (Fig. 16A & 16B). Thantact between the two silica varieties is irregalad
cuts across the ribbons of primary silica depo#iiss indicating recrystallization of the opal/pdeu
chalcedonite to chessboard-chalcedonite.

The largest pores or voids, more than a millimetréiameter, often result from the dissolution of
gypsum. These structures contain thick concretipaiica deposits with successive crosscutting
sequences. They are often composed of luteciengit-slow fibrous silica variety with characteiost
pseudo-rhombohedral herringbone chevron-patterigs 16C).




Figure 15 — Layered silicifications. The dark
domains are opal (opal-CT by XRD) and the
light domains microcrystalline quartz;
analysed light. (A) Recrystallization of opal to
quartz tends to blur micronodular structures
inherited from the former claystones.

(B) Recrystallization of opal to microquartz
does not affect opal deposits infilling the
cracks.

Figure 16 — Layered silicifications. (A & B) Silica
deposits in a pore; (C1) ribboned pseudo-
chalcedonite, (C2) chalcedonite sheaves in
the central part of the pore, (C3) twisted
chalcedonite derived from recrystallization of
pseudo-chalcedonite which cuts across the
ribbons (arrow), (op) opal matrix; A=analysed
light, B=crossed polars. (C) Successive silica
deposits in a large void; (C1) pseudo-
chalcedonite at the edge of the void, (L)
lutecite with characteristic chevron-pattern,
(C3) chalcedonite, (op) opal and
microcrystalline quartz matrix; crossed
polars.

Nodular silicifications

The silicified zones within with the dolostones aegontain opal. They are exclusively composed
of diverse varieties of quartz: fibrous quartz irihg pseudo-chalcedonite, chalcedonite and quartzi
microcrystalline quartz, isomorphic amoeboid quaate petaloid quartz. Two types of silicification
coexist: silica precipitates in voids, and epigenegplacements of the original dolomitic matrixtfwi
preservation of primary sedimentary structures.

Silicification of the original dolomitic matrix
Epigenetic silicification of the original doloston@atrix has produced mainly microcrystalline
quartz and small amoeboid or flame-like quartz tigsbut also small tangled silica spherulitesnMaf
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the petrographic fabrics are comparable to thoseritbed in other silicified carbonate rocks (Tharyd
Ben Brahim, 1997; Thiry and Ribet, 1999).

Microcrystalline and fine amoeboid quartz fabrios the most common. The crystal size of the
quartz seems to have been controlled by the priamtyonate fabric and its structures are presg(fvigd
17A & 17B).

Chalcedonite spherulites about 50 pm in diameser @place the primary dolomitic matrix (Fig.
17C). Their growth is centrifugal, towards the ddesand the outer shells are less refringenteyThay
coalesce and form interpenetrated contacts ofineeti sutures with triple junction points. Micrite
inclusions can remain within the spherulites.

Isometric and petaloid quartz, about 50 um in di@mealso develop within the micrite.
Sometimes these forms have micrite inclusions mesdhat follow the outlines of the quartz. Thenitec
zones retain spherulitic features and appear tdtesm the recrystallization of former chalcedieni
spherulites.

In places, subeuhedral quartz develops within tlegit@. These crystals display successive
growth zones formed alternatively of aureoles mfoiid quartz and aureoles of quartz with micrite
inclusions, similar to those described elsewherihonate rocks (Thiry and Ribet, 1999).

Figure 17 — Nodular silicifications. (A & B) Silica
varieties differentiated according to their
position in relation to pores; (p) pore, (LQ)
opal and microquartz around pores, (Q)
isometric quartz resulting from silicification
of original carbonate matrix; A= analysed
light, B=crossed polars. (C) Chalcedonite
spherulites within micritic matrix; (m)
dolomicrite. Analysed light. (D) Thick silica
deposits and concretions in a pore. Silica
deposits show successive overlapping
stages. The darkest spherulites are formed of
pseudo-chalcedonite which is overlain by
chessboard chalcedonite, and then quartzine
developed during the final stage of
silicification. The carbonate matrix has been
replaced by microquartz and larger quartz
crystals clouded by micro-inclusions of

00 pm calcite. Analysed light.




Silica deposits in pores

Silica deposits in pores and cracks in the dolastare not basically different from those found in
the layered silicifications. However, they are idigtiished by the absence of opal, although the
chessboard- or zebraic-chalcedonite that occursilggsesults from the recrystallization of opa, a
observed in the layered silicifications. As a gaheule, the precipitation sequences evolve framorly
crystallised towards better crystallized varietiésilica, generally chalcedonite or quartzine, amate
rarely isometric quartz crystals. The depositssaraetimes very thick, reaching 200 - 400 um (Fig.
17D).

The silica matrix appears mostly to be composediofocrystalline quartz and chalcedonite.
However, defocusing the microscope highlights stigdibsts" of juxtaposed concretionary features.
Importantly, there is a systematic connection betwalicification and zones of high porosity thatyn
be partly or totally infilled with silica deposit$he textures suggest a concomitant dissolution and
silicification process that preserves the primasbonate sedimentary structures.

Interpretation of micromorphological features

The gogotte silicifications

The arrangement of the gogotte silicifications ttrasscut the disruption and collapse structures
indicates that they formed after the disintegratibthe rocks in outcrop, and thus post-date thision
of the Moulouya Valley and exposure of the Jbel €3loal formation.

The development of tightly cemented lenses, witly \@wv residual porosity, is achieved by
concentric growth and develops by precipitatioswfcessive centimetric layers of silica, whichiare
sharp contact with the host rock. There is appBrat particular structure that promoted silica
precipitation in the centre of the gogottes. Therse of silica is external and has to be imponted i
solution, indicating considerable water flows thgbuhese zones. These water flows are not condeivab
under the current dry climate of the region andstinust relate to wetter periods in the past. The
horizontal arrangement of the gogottes suggestgtbn developed in relation to a water table.

The layered silicifications

The layered silicifications are confined to the stitie clay layers of the Ghassoul clay unit. Part
of the silica is of sedimentary origin and is intezt from the siliceous microfossil tests contaiméthin
the clay layers. But an important part of the aifiwobably results from alteration of the Mg-ridayc
minerals in the claystones. These are relativabtable due to the solubility of Mg in surface evat
Alteration of Mg-minerals by meteoric waters ofteads to leaching of Mg and thresitu preservation
of silica which forms a silcrete, such as duringthering of serpentinite (Nickel and Thornber, 1977
Nahon, 1979; Stanger, 1985; Skarpelis, 2006; Laeiasid Styles, 2013). This alteration correspoads t
relative accumulation of the silica derived frone ttlay minerals according to a mechanism similar to
that described in the acidic environments in wisitigification was widespread in central Australia
(Rayotet al., 1992; Thiryet al., 2006). The tetrahedral rings of the clay minstalctures would favour
formation of opal-CT tetrahedral rings by solidtstaansformation without destroying the entirgycla
mineral structure. The presence of XRD reflectinear 4,45 A, interpreted to indicate residual clay
mineral frameworks, is an additional argument fdiract relationship between the claystones and the
layered silicifications as a result of "decationiza" of the clay minerals.

In this sense, the numerous cracks in the layéliedications could have resulted from shrinkage
due to a loss of volume during the "decationizatwfithe clay minerals. The silicification of thiag
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minerals would involve mass loss, particularly Mdative to Si, and thus engender shrinkage cracks.
This represents a relative accumulation of silica.

Silica deposits within the pores and the crackstronghe other hand be due to silica importation
in water and represent absolute accumulationspiié@pitation sequence is always from "poorly"
crystallized phases (high solubility) towards "betcrystallized phases (which are less solublethnd
more stable).

Recrystallization of the "poorly" crystallized s#i phases (opal and pseudo-chalcedonite) is
common in the matrix in the layered silicificatioasd indicates a readjustment in keeping with water
flow through the formation. The silica precipitategores and cracks tend towards "better" crystall
phases.

Nodular silicifications

The sequences of crystallisation in the silicifiextiules in the dolostones range from crypto-
crystalline forms to well developed crystals andidgate a change of composition of incoming solwion
during silicification. In order to silicify carbotematerial, devoid of clays and quartz, all sitiees to be
imported. The silica precipitated in pores and sdfilis represents the outcome of throughflow afasil
bearing solutions. This explains the relations olekbetween porosity and silicification. The alzseaf
geotropism in the silica deposits, which are areahig a regular fashion around pores, points tat@mw
saturated regime.

The silica in solution was acquired from elsewharg] the most plausible hypothesis is that the

alteration of the Mg-rich clay minerals and siliosanicrofossil tests in the claystone unit is therse of
the silica.

Discussion

Although the various forms of silicification arefférent in appearance and arrangement, there are
many common characters that relate to the mecharasich conditions of development.

Origin of the silica and water flow

All of the silicifications are late with regard te deposition of the sediments. Those constrained
to the clayey horizons may possibly be ascribeshily diagenesis as a result of recrystallizatibn o
siliceous microfossils and alteration of smectiays. Those in the dolostones are obviously &dain
because silica infilled fractures could only depeddter hardening of the dolostones. Finally, the
gogottes, which occur within disintegrated rocks, @solutely late: they post-date the disruptibtihe
sedimentary layering relating to scarp retreat, fanghed in zones near the current outcrop.

The importation of silica implies that significardlumes of silica-bearing solutions have flowed
through these formations. This would have requéinedhydraulic gradient generated by a significant
landscape relief and incisions into the landschpedonstituted discharge zones. In addition, micro
karstic dissolution of the dolostones to generat®gity into which incoming silica was precipitategn
only occur via water flows.

Spatial disposition of the silicified zones
The connection with the current landscape and nadoply in which the Jbel Ghassoul formation
occurg is particularly spectacular for the gogstlieifications. The rounded siliceous lenses arareged
across the superficial disruption structures asdmpear quickly, within 10-20 m, beyond the enteanc
to the underground mining galleries. The layouwtnsilar for the layered silicifications which are
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plentiful and prominent in outcrops of the smectifiays and yet do not occur in the mine gallefidsere
is less information about the distribution of tredolar silicifications in the dolostones. Howevaese
are plentiful in the neighbourhood of the layeréidifications but become sparse and eventually
disappear higher in the sequence.

The silicified zones are almost exclusively limiteda 10 - 40 m wide zone from the edges of
outcrops in scarps (Fig. 4). Furthermore, they odowvn-dip of the Jbel Ghassoul formation and et th
base of scarps. They are absent or very rare ygdificularly on the NW side of Jbel Ghassoul firog
the Middle Atlas highlands from which the Jbeléparated by erosion. This distribution of the Sigd
zones is interpreted to record the locations ofl@wtof groundwaters that produced the silicificeti

Age of the silicifications

The age of the silicifications is difficult to ebtsh. Nevertheless, our observations lead to the

following suggestions.

1) The supply of silica to cracks and pores requiresigdwater flows that were only possible
after uplift and incision of the Jbel Ghassoul fation in order to create an hydraulic gradient.
This would mean a post-Miocene age as deducedregimnal geodynamics (Laville et al.,
2007; Babault et al., 2008).

2) The silicifications are above the present day lflozial base level and relate to the P4-P5
paleopediments (Fig. 2) of the Moulouya systeméled, 1989). The high pediment abutting
the scarps of Jbel Ghassoul is considered to hese & zone of outflow for groundwater
perched above the claystone unit. We envisage $umgdike the geomorpholagy in Figure
18 to provide the hydrological regime that would@mt for the groundwater source.
Correlation of the silicifications with the P4-P&diments points to an early td middle
Pleistocene age.

3) Linking the silicifications to early to middle P&ocene paleopediments that display frost-
shattering features points to cold climates prangih the Moroccan mountairs and
continental basins at the time (Raynal et al., 12&evre, 1989; Hughes et al,, 2011).

Middle Atlas
Jbel Hariga 1778 m
Jpliail SE
at.m | 2T i -
L] LT~ Jbel Ghassoul 1439 m
1500 ri = Oued
Moulouya
NS 3 5 km
10004 o~ @ Tl TS T T T~ c e e é
[ Mesozoic [ Miocene E= Quaternary pediments E=H presently eroded — = paleowatertable

@ fan-deltacomplex @) gypsum  (©) claystone unit  (B) lacustrine dolostone P4-p5| middle Pleistocene paleopediment

Figure 18 — Suggested reconstruction of P4-P5 lands  cape to account for the hydrological regime which
generated the groundwater source for the silicifica tion in seepage discharge zones. Disruption of the
hydrological regime and loss of the groundwater sou rce would have occurred when incision and erosion
separated Jbel Ghassoul from the Middle Atlas.
The mineral sequences

The variety of silica phases reflects the chemisfrthe solutions from which they precipitated
(Williams and Credar, 1985). All the silica depesit pores and cracks show similar mineral sucoassi
starting with crypto-crystalline forms and progiegsowards better developed crystals and, ultilpate
euhedral quartz. These mineral sequences reprms@vblution of the parent solutions from relatyvel
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concentrated and enriched in impurity ions towandse diluted solutions with less impurity ions (fhi
and Millot, 1987; Heaney, 1993). But at the sametit is important to recognise that the host risck
also involved in reaction with the incoming grouraders.

At first, when pores and cracks are not yet cobtedlilica precipitates, the incoming solutions
react and equilibrate with the host rock and pregjuely leach away cations and anions. In this
environment, where there is an abundance of impianits, "poorly"” crystalline silica will precipitat As
silica deposits increasingly cover the walls of ploees and cracks, the host rock is isolated fitoen t
solutions that flow through it, the concentrati@fismpurity ions are reduced and more highly crijisia
silica precipitates (Thiry, 1997; Thiry and Ben Bira, 1997). So, the changing mineralogical sequence
in the pores is also related to a spatial anddaserguence that develops along the flow pathef th
groundwater silica solutions (Fig. 19). The incogsolution is expected to have had a compositiah t
was in equilibrium with the final precipitates dfia (euhedral quartz) in the pores, namely tHat o
relatively dilute fresh waters. This explains whe silica deposits develop systematically towardsem
crystalline and less soluble phases, rather thentuthte in crystallinity as would be expected & th
composition of the incoming solutions directly catfied the nature of the precipitates.

time

20 pm ) 2-20m
y
solution
outflow
P\ euhedral quartz Il fiorous / microcrystaline quartz B opal

Figure 19 — Development of mineralogical sequence a  long the drainage path of incoming siliceous
groundwater solutions. Contact with the host rock ( dolostone or clay) tends to load solutions with
impurity ions and thus initiate precipitation of po orly crystallized silica. It is only when incoming
solutions are isolated from the host rock by initia | silica deposits that better crystallized forms ar e
precipitated.

Geochemistry and precipitation mechanisms

Silicification as a result of groundwater flow inves three successive mechanisms: (1) Si goes
into solution; (2) Si is transported, and (3) Subdity is lowered and precipitation is initiated’here is
always silica available for solution in sedimentfrgmations, ranging from the varieties of silicegent
and/or the alteration of silicate minerals, in martar clay minerals. The groundwaters of temperate
regions have silica contents near 15-20 mg/L inl&giwm with clay minerals common in the aquifers
but supersaturated with regard to equilibrium wjittartz (Davies, 1964; Hem, 1985).

The precipitation of silica is governed by satunatin relation to the various silica phases. The
kinetics of precipitation are slow to very slow goaned with those of the other common supergene
minerals (for example, gypsum and calcite) (Las&§85). The precipitation of silica in acutely ltizad
zones, as in gogottes and nodules, implies a stvosbarp gradient of supersaturation imposed by
particular local conditions. Three mechanisms aaervisaged.

1) Silica concentration by evaporation of the solutionl subsequent precipitation is the “classical’
precipitation mechanism called on to explain supialffsilicification. This cannot apply to the
Jbel Ghassoul situation. Firstly, there would neellave been evaporation of considerable
volumes of water to explain the silica mass balaand this could not have occurred beneath
even a limited thickness of rock/soil cover. Setlpngroundwater flowing through the Jbel
Ghassoul formation would have been rapidly satdratealcite and gypsum in preference to
silica, which has low dissolution kinetics, and gegtion of such waters would inevitably have
led to precipitation of calcite and gypsum, whi@smot been observed.
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2)  Zones of precipitation would correspond to spe@fizironments that "catalyse" the precipitation
of silica and/or the crystalline growth of quarthere is little information about the details of
quartz crystallogenesis at low temperature. Spteely, there may be an important role of some
trace elements or specific organic compounds (Metali, 1989; Bennett, 1991; Coddy, 1991).
This could occur in the outcrop zone near the pofigroundwater discharge. The mixing of
groundwater with surface water could initiate ppéetion of silica mediated by organic or other
compounds, but this must happen without dilutiothefincoming solution.

3) Temperature acts in a very significant way on aisolubility (Rimstidt, 1997; Williamst al.,

1985). Quartz solubility decreases with the temipeesaccording to an exponential law (Fig. 20):
it is more than halved by cooling the solution fr@tto 12.5 °C, and also from12.5 to 0°C. These
temperatures are in the range that exists betweesaubsoil and the landsurface in cold climates.
Thus, in cold periods, the silica in groundwateympeecipitate if the water cools significantly by
getting closer to the landsurface. Various formsilida, including opal, may precipitate along a
sharp boundary between cold subsoil and groundwateoling is rapid and the supersaturation
high.
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Figure 20— Vatiations in quartz and chalcedonite so  lubility with temperature (Bethke, 2002). The solub ility
of quartz falls to more than half its value between 12.5and 0TC.

Silical precipitation by cooling a solution is th@st probable mechanism to explain silicification
at or near the point of discharge of groundwaternfthe early to middle Pleistocene paleolandseape
the Jbel Ghassoul region. Moreover, this mechafusmsilica deposition is completely independent of
the nature of the host rock, which is a specifatdee of the Jbel Ghassoul silicifications.

Conclusion

The similarity of silicification phenomena in thanous sedimentary facies of the Jbel Ghassoul
formation in this location is remarkable and potatspecific mechanisms including: (1) importat@n
silica via groundwater flow, (2) dilute groundwasedutions as evidenced by euhedral quartz crystals
forming the final stage of precipitation sequen¢8sprecipitation fronts with very strong gradignand
(4) the confinement of silicification to groundwatischarge zones. These silicifications are caatga
to groundwater silcretes described in the ParijbasAustralia and on the Hamada plateaux in Moo
(Thiry and Milnes, 1991; Thiry and Ribet, 1999; ijhand Ben Brahim, 1997; Thiry, 1999). They imply
important water flows to provide the silica and stalntial landscape relief to provide an hydraulic
gradient that drives the water flows.

The silicification of lacustrine carbonate rockgénerally interpreted to be an indicator of a
warm and dry climate (Fersmann, 1926; Kaiser, 1928z, 1928; Radier, 1959; Millet al., 1959;
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Nashet al., 1994). This is also the case for the silicificas that affect the wide calcareous plateaus of
the dry landscapes of North Africa (Auzel and @aiX, 1949; Alimen and Deicha, 1958). However,
micromorphological analyses reveal that the sitiations of the Jbel Ghassoul formation are post-
sedimentary and their geomorphological dispositimvides a basis for linking their formation to @ol
climates of the early to middle Pleistocene. Otilgified materials in the Atlas piedmont (Hamatla
Guir) show similar features and have also beempgntéed as post-sedimentary silicifications prordote
by groundwater flows (Thiry and Ben Brahim, 1997).

These studies show that caution is advisable whsigraing a palaeoclimatic interpretation to
silicification features. The problem is of broatkirest and is not only restricted to the Atlas piedt
formations. In the Paris basin, the silicificatioihFontainebleau sandstones, which was assignad ity
climate (Alimen, 1936), turned out to be connedtedroundwater flows under a temperate/cold climate
in landscapes incised during the Quaternary (Tétigt., 1988). By dating calcite crystals included in
the silicified sandstone pans, it has been postitdssign the silicification specifically to trest glacial
stages of the Quaternary (Thial., 2013). Similarly, the silicification of lacuste carbonate rocks in
the Paris basin that had been interpreted previ@sssynsedimentary and concomitant with deposition
turned out to be related to groundwater outflow®vaing uplift of the sequence (Thiry and Ribet,989.
Such silicifications due to near-surface groundwet®ling is suspected for many silicification faags
in Tertiary sequences, and even in older outcr@pfiirmations (such as Cretaceous sandstones) that
experienced periglacial conditions during Pleistectmes in France and elsewhere in Europe anchNort
America. Cold stages are major factors in shagingscapes in Europe and North America and thus
silicifications here may be markers of landscapésion.

On the other hand, the case is very different fmesus duricrusts with pedological characters
(illuviation features, geotropic profile) that amell described from Australia and the Paris ba$hirfy,
1999; Thiryet al., 2006). These were formed during warm palaeatiswith contrasted wet and dry
seasons. Silicifications formed via acidificatiofitlve groundwater (sulphide oxidation and ferraysire
another type, but correspond to climates with lawmfall (Thiry et al., 1995; Thiryet al., 2006).

In all cases, the documentation and interpretaifanicromorphological features in relation to
field occurrences of silicified materials is crd@ad provides the key to unravelling their origind
environment of formation.
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