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ABSTRACT

Longstanding debates concerning the origin of theskkess Emsian carbonate mounds exposed at
Hamar Laghdad Ridge in the eastern Anti-Atlas ofddco centre around the processes that
induced precipitation of carbonate mud and theguuedion of the steep morphologies. Although in
the last years an origin related to hydrothermabsemed to be more likely, to date the Kess Kess
are still considered unusual or controversial aptosits, and their origin remains relevant to
geoscientists.

This study combines in updated research reviewnmition from previous work and from results
from detailed field observations and new analytiesllts to define a consistent framework and
some new insight of current knowledge about thgimmf the Emsian mounds. We obtain a
complete minero-petrographic and palaeobiologieth det and a detailed geochemical
characterization of the different lithologies aadiés of the Hamar Laghdad stratigraphic
succession, including Kess Kess mounds, and we a@adhe results with the data from Maider
Basin mounds (Anti-Atlas, Morocco). Our data paat and support the hydrothermal model
proposed for the genesis and development of the Kess mounds. The mechanisms linked to the
mounds formation and growth are discussed in gte bf the new finding of fluid-sediment
interaction within a scenario driven by late magmétids circulation.

Conical mounds and other fluids related morpholegiere also reported from Crommelin crater
area (Arabia Terra, Mars). These mounds consisheter-sized conical buildups hosted in the
Equatorial Layered Deposits (ELDs) deposed durimggional groundwater fluid upwelling. The
geometries and the geological conditions that miggwe controlled the development of such
morphologies were discussed. According to our newa dhe morphological and stratigraphical
characteristics of the mounds in the area of thentmelin crater are most consistent with a
formation by fluids advection.

Then we compare terrestrial and Martian data amdnee the geological settings of hydrothermal
mound occurrences on Earth in order to describenpial target areas for hydrothermal structures

on Mars.



RIASSUNTO

Dal momento in cui sono stati descritti per la @inolta imoundconici affioranti nello Hamar
Laghdad (Anti-Atlante, Marocco) e chiamati informgnte Kess Kess, hanno ricevuto
interpretazioni discordanti. Ad oggi, sebbene semssodata una dipendenza dalla circolazione di
fluidi idrotermali, la loro origine rimane problem@a e sono pertanto definiti solo ambiguamente
depositi divent

Questo progetto ha come obiettivo principale quéilmrnire nuove evidenze della genesi dei Kess
Kess e della loro interazione con fluidi idrotermal questo scopo € stata prodotta una dettagliata
descrizione minero-petrografica, paleobiologicaeediimica di tutta la successione stratigrafica
corrispondente ai Kess Kess (Merzane Group e SehBbassel Group). | dati cosi ottenuti sono
stati confrontati con i dati provenienti d@oundanaloghi ai Kess Kess affioranti nel Maider Basin
per il quale e stata proposta un’origine non legat&rotermalismo. | dati in nostro possesso hanno
confermato l'influenza di fluidi idrotermali duranta formazione dei Kess Kess e, come previsto il
fattore che controlla la circolazione di fluidi 'aiterno dei sedimenti dello Hamar Laghdad é
risultato essere un corpo vulcanico alla base delbwessione stratigrafica.

In una seconda fase della ricerca sono stati d&sdduni moundconici scoperti di recente sulla
superficie marziana nell'area del cratere Cromm@irabia Terra, Marte). Questi corpi conici sono
stati individuati all'interno dei cosi detiquatorial Layered Deposi{&€LDs) per i quali da tempo e
stata suggerita un’origine legata a risalita didilul risultati ottenuti dalla descrizione di dagtio

dei mounde delle altre morfologie confermano la risalitafididi localizzata nelle depressioni
costituite dai crateri da impatto come Crommeline§ta risalita di fluidi oltre ad avere generato i
mounde le altre morfologie descritte ha influenzatogieometria dei sedimenti all'interno dei
crateri.

Il confronto framoundterrestri e marziani e lo studio di dettaglio drfcolari contesti geologici
sulla Terra hanno permesso di ipotizzare potenarake affette da idrotermalismo e risalita di fiuid

su Marte.






CHAPTER 1

1. GENERAL INTRODUCTION

PREMISE

Mounds are peculiar geological bodies widespreathéngeological record and described
from different setting and environments from Pat#éozo Recent. Many of these geological bodies
were generated under environmental conditions wheeminerals precipitation was microbially
mediated by communities of prokariotes. The mutakdtionship between mounds and life could,
therefore, be directly documented by the microbighatures within rocks or could be indirectly
inferred through the chemo-physical paleoenvirorsalgrarameters preserved in the rocks.

The carbonate mud mounds were defined by Ridin@Zp@s"“carbonate mud-dominated
deposits with topographic relief and few or no stedolites, thrombolites or in place skeletons”
The term mound, organic mound, or carbonate moaiilhdg the gaps between original definitions
of reef and banks, became widely employed durireg1870s for many deposits, particularly of
Palaeozoic age. The first formal definition of mduwas by Toomey and Finks (1969): “an
organic carbonate buildup, commonly of relativelyadl size, devoid of obvious bedding features,
and containing a biota different from the usuakylted surrounding sediments”. According to this
definition carbonate mud mounds are rarely devoidssils, but these have often been regarded as
too scarce to unequivocally account for mounds &iom (Riding, 2002). The mud mounds
development and its resistance to the water tunicele@re due to genetic factors that triggered the
early lithification of the carbonate. For exampl® particular environmental conditions,
precipitation of authigenic minerals, such as nbabcarbonates, can be accounted for the early
lithification of the sediments. This syndepositibhtnification preserved precious environmental
informations that could be investigated with geaaiwal tools.

The subject of this study is a family of Devoniarlmnate conical mounds cropping out in
the Eastern Anti-Atlas, Morocco. These mounds, kmowthe geological literature to as Kess Kess,
have fueled a long and lively debate on their gisreasd on the relationships with fluids advection.
In a recent past, a large amount of energy was insi@ geological study of these mounds that are
characterized by a unique morphology and exceaitierposure. Despite the significant literature
produced since the early 50s, however, only atetie of the last century a hydrothermal-related
genesis was proposed (Belka, 1998; Mounji et a@98). Documented evidences of this
hydrothermal origin, however, were still fragmegtaand a complete genetic scenario was still
lacking. Because of the presumed relationship wikthane, and other fluids advection, and

microbial activities, the Kess Kess mounds seenaBld for the study of some early life processes.
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GENERAL INTRODUCTION

In addition, they have a potential primary intertest the astrobiological research for two main
reasons: 1) their genetic link with methane andrbtyetrmal processes; 2) the recent discovery on
Mars of conical mounds that, in several respebts; tan be compared with the Kess Kess mounds.
The purposes of this thesis are (1) to describétenian Kess Kess conical mounds and
provide a detailed genetic model of these Morogoannds to answer questions that are still open,
and (2) to use this model to improve the understenaf how certain conical mounds developed on
Mars and what these mounds could potentially tlbn Early Mars habitability. The study of the
Kess Kess mounds is thoroughly discussed in Chaptewhere these mounds have been
characterized from a geological, paleontological] geochemical point of view. For comparative
purposes with the Kess Kess mounds, Chapter 3 sfissuthe Devonian mounds of the Maider
Basin (Eastern Anti-Atlas) from a paleontologicabigpaleoecological point of view. Chapter 4 is
then devoted to further geochemical investigationboth the Kess Kess and Maider mounds.
Finally, Chapter 5 is devoted to a martian fiel&cohical mounds to propose a plausible solution to

their fluids circulation, even by comparison wittetMoroccan mounds.

1.1. MOROCCAN CARBONATE MOUNDS

The main topic of this study is the genesis ofElaely Devonian Kess Kess conical mounds
cropping out in the Tafilalt region (Fig. 1.1) imet Eastern Anti-Atlas of Morocco. In this regioe th
Devonian limestones were exhumed along kilometeg ledges with a East-West orientation. The
study area is one of these ridges, the Hamar LabRidge, located 20 km East of the city of
Erfoud.

The long debate on the origin of the Kess Kessaadmnounds includes hypotheses centred
on simple biogenic accumulation up to hydrothernvanting. Convincing, more recent
investigations on the origin and development ofs¢éhanounds, however, consolidated the
hypothesis that processes triggered by hydrotheffoals influenced their development, and
significantly contributed to their early lithificah (Belka, 1998; Mounji et al., 1998). New insight
coming from field survey and intense analysis (qmtisented in this thesis) have emphasized the

role of an Early Devonian volcanic body which actedsource for the late magmatic fluids that

composed ofin situ basaltic breccia partially affected by neomorpheplacements. Minero-

petrographic analyses and stable isotope invesiigatassociated with detailed geological and
paleobiological field observations, suggest thatrduthe micrite deposition, which is an important
component of these mounds, a fluid mixing, domiddag low-temperature hydrothermal fluids and

sea-water, occurred. The deposition of neomorplmerals, including different phases of silica and
2



CHAPTER 1

goethite, idiotopic to hypidiotopic dolomite, andrpcular faunal associations could also be related
to fluids mixing during the mounds development.fifml a solution to the question of the genesis
of the Kess Kess mounds needs a multidisciplinggr@ach to solve several unsolved problems.
With this aim, in samples collected during a dethifield survey, performed in order to produce a
comprehensive geological picture, paleontologicaiheralogical and stable isotope (carbon and
oxygen) analyses were used to determine if thes$adentified on the field could be put in relation

with geochemical signatures and/or paleontologisabciations (Chapter 2).
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Figure 1.1. A) Map of north-western Africa showing he study area (box) detailed in B. B) Distributionof the

Middle Devonian outcrops in the Tafilalt and Mader palaeogeograpy systems. The Kess Kess mounds cropi
out at the Hamar Laghdad ridge (red star) are hostd in the Tafilalt platform whereas the Maider mounds are

hosted in the Maider basin (white stars). Modifiedrom Michard, 1976; Kaufmann, 1997.

In a second phase of the research, the Middle Danararbonate mounds of the Maider
Basin (Fig. 1.1) were compared with the Kess Kessinds (Chapter 3). Hollard (1974) was the
first to mention the three mound occurrences ofdde el Mrakib, Guelb el Maharch, and Jebel el
Oftal in the Maider Basin (Fig. 1.1), with shape&es and facies that are fairly similar to the
carbonate mounds of the Hamar Laghdad. Previowesiigations (Wendt, 1993; Kaufmann et al.,

1997; 1998a, b) recognized the mud mound natutieeoMaider buildups, which consist essentially
3
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of microspar. Even for these buildups, however,ejenand early lithification factors are still a

matter of debate. In Chapter 3 is discussed thergésetting of the mounds in the Maider Basin
with a close examination of Aferdou el Mrakib moumhich is mostly interpreted as an organic
reef. A paleontological and geochemical characion of this mound allowed a comparison with
the Kess Kess faunal association and geochemiggrprints.

A number of representative samples from those s$asisspected to be influenced by fluids
circulation, from both Kess Kess and Maider moundsie analyzed using advanced analytical
techniques. This process provided a detailed geoiclaé and petrographic data set for each of the
selected facies (Chapter 4).

As previously stated, despite the broad literaturéhese two groups of Devonian mounds,
the question of their genesis and the paleoecabggconstruction of the Hamar Laghdad were still
waiting for a convincing solution. Despite fluid ciasions (Belka, 1998) and the isotopic
composition of the micrite (Mouniji et al., 1998)demsed a hydrothermally-related origin, several
problems are still unsolved and centred on: i)ibie$ abiotic control of carbonate precipitatioi; i
origin of the thermal flux; iii) nature of the plinmg system. During my PhD | have tried to
address to these scientific problems. Summariging,puzzle of the Kess Kess genesis has also
been addressed through the aid of analytical imstnis looking for hydrothermally-related
minerals, anomalous elements and describing thiegical niches that existed during the mounds

development.

1.2. MOROCCAN CONICAL MOUNDS: POTENTIAL TERRESTRIAL
ANALOGUES FOR MOUNDS OBSERVED ON MARS

Since the first man looked at the stars with ardifie eye the main questions were: could
have life existed outside our planet? Are we alonthe Universe? Despite these atavic questions
only recently the scientific community started noestigate the problem of extraterrestrial lifehwit
proper scientific tools. The new science of astlayy encompasses wide interests spanning from
detection of exobiological life to the study of lgdife on Earth, both considered the end-members
for the understanding of the life phenomena to teagerrestrial scale. Indeed, if the knowledge of
extraterrestrial environments (and, perhaps, @) li¢ a scientific challenge of our generation, the
increase in knowledge of the terrestrial extremé@renments can help significantly in this effort
and, also, to determine the possibility of planetabitability.

Planetary habitability is the measure of a plamdemptial to develop and sustain life. As the
existence of life beyond Earth is currently undertaplanetary habitability is largely an
extrapolation of conditions similar to those of lgaEarth and the characteristics that appear

4
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favorable to life flourishing. NASA has defined tipeincipal habitability criteria asektended
regions of liquid water, conditions favorable féretassembly of complex organic molecules, and
energy sources to sustain metabolisAccording to the Earth experience these thregltmns are
always present in the so-called extreme environsaeptoviding nutrients, energy and suitable
substrates for microbial life the extreme environteecould resemble the early Earth conditions
and should be suitable for detecting life signat@mevironments in the early Earth, such as seeps,
black smokers, hydrothermal vents, etc., gave flgbase to the first primordial life. For these
reasons some of the astrobiological scientific momity addressed their attention to the geological
products of ancient systems that may have had aiaeships with extreme environmental
conditions.

Nowadays it is known that Mars was a dynamic planih lots of volcanic activity,
tectonic displacements and hydrothermalism. Thegeardic conditions gave rise to different
geological conditions comparable with some theem& environments of the early Earth, with
abundant water (and other fluids) circulation. gt therefore, useful a comparative approach
between certain terrestrial environments and thoseMars, which approximate at least some
features becausein’ the absence of field-based data, terrestrial laga provide the basis for
deciphering the geologic history of extraterredtrsairfaces and inferring the conditions through
which they forrh(Skinner and Mazzini, 2009).

Especially in the last decade the efficiency of $heellites and rovers on Mars allowed the
production of impressive imaging and compositiaethbases which made possible the preparation
of a detailed geological cartography. From thesdalieses suitable morphologies and
compositional data have made possible a comparighnsome terrestrial geological bodies. This
body of information from the planetary research lemabled to take into account of new
extraordinary details on morphology, stratigrapdnyd soil and atmosphere composition, giving rise
to questions such as for example: i) is it reaskenditat similar morphologies correspond to a
similar genesis?; ii) how rocks could preserve $ifgnatures on Mars?; and, ultimately, iii) how
Earth analogues could help us to define Mars hiaibitig?

Although it is possible infer a large amount ofoimhation from imaging and spectroscopy
databases, the geological fundamental informatiom fthe field survey is still lacking. A possible
alternative can then be represented by the teakge&ological record. Through them hypotheses
can be imagined to fill at least some of the gapMartian knowledge. Thanks to comparative
analyses between terrestrial and martian bodieiseamaents that could preserve life signatures can
properly be described with a substantial improvenmethe use of the most suitale abalytica tools.
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1.3. CHAPTERS SUMMARIES

Chapter 2. This chapter is part of the paper in preparatidow hydrothermal phenomena
have influenced the development and preservatidgheoKess Kess Devonian mounds (Anti-Atlas,
Morocco)”. The purpose of this chapter is to disctiee mechanisms that allowed the mounds to
originate and develop, to keep their peculiar molpdpy, and to address the still open questions
about the biotic control on carbonate depositiod #me fluids provenience. These goals were
achieved through the integration of detailed grapphic and sedimentologic data collected during
field surveys with the different sets of analytidaka produced.

Chapter 3. The data reported in this chapter derived fromed#d fsurvey in the Maider
Basin. In the Maider Basin a family of Middle Devam mounds that resemble the Kess Kess for
their shape, lithology and faunal assemblage has besestigated. For comparative purposes with
the Kess Kess mounds, the faunal association oAtelou el Mrakib mound has been reported.
Part of this work was published in the paper:

Franchi, F., Shemm-Gregory, M., Klug, C., 2012. @&wnspeciedvdelinia Andronov, 1961 from
the Moroccan Givetian and its palaeoecological gaddeobiogeographical implications. Bulletin of
Geosciences 87 (1), 1-11.

Chapter 4. The analytical work carried at the Department eblGgy of the University of
Johannesburg is reported in this chapter with esiphan the geochemical composition of the
limestones and element abundances. The mais punasst elucidate the type of water circulation
through the sediments. For this purpose, XRD, XBHPA, SEM-EDS and ICP-MS analyses on
21 selected samples from the Kess Kess mounds asaimgles from the Maider mounds (for
comparative purposes) have been carried out.

Chapter 5. This chapter reports the part of planetary geofoggyormed during my PhD and
is part of the paper in preparation “Water relat@drphologies within layered deposits in
Crommelin crater area (Arabia Terra, Mars)”. Morjglgical and stratigraphic correlations were
carried out on the deposits of the Crommelin andgdf Craters (Arabia Terra) where flow
structures and conical mound settled on top of Egisz Layered Deposits (ELDs) have been
described. The morphologies described within th®&lwere compared with similar morphologies
occurring elsewhere on Mars lowlands within a gawater flow upwelling scenario. The Firsoff
conical mounds were then compared with the Kess Kasunds, interpreted as their potential
terrestrial analogues. The assumed affinity betwiberwater upwelling and the Firsoff landforms,

and the derived astrobiological significance, aseussed in this chapter.
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EVIDENCES OF HYDROTHERMAL ACTIVITY IN THE KESS KES®#OUNDS

2. INFLUENCE OF HYDROTHERMAL PROCESSES IN THE
DEVELOPMENT AND PRESERVATION OF THE DEVONIAN

KESS KESS MOUNDS (ANTI-ATLAS, MOROCCO) "

2.1. INTRODUCTION

Carbonate mounds known in the geological recordhffroterozoic to Present (Wilson,
1975; Flajs et al., 1995; Monty et al., 1995; Foulaed Henriet, 2009) consist of “bioherms that
lack frameworks” $ensuKopaska-Merkel and Haywick, 2001), and are “mudid@ted deposits
with topographic relief and few or no stromatoljtfsrombolites or in place skeletons” (Riding,
2002). They represent uniqgue organo-sedimentariebddund in different environmental settings
from freshwater lakes to continental margins oraiglatform environments, from shallow- to
deep-water marine slopes (Monty et al., 1995; Kkadderkel and Haywick, 2001; Flugel, 2004).
Despite their fine-grained composition and the abseof a rigid framework of invertebrate
skeletons, mounds can develop into large structuithsa high angle of accumulation (e.g., Riding,
2002; De Mol et al., 2005; Teichert et al., 2005uBbert and Henriet, 2009). Size and shape of
carbonate mounds range from less than one metemtdkilometres across (giant mounds) relief
features with an ovoid to circular base (e.g., Magital. 1995; Foubert and Henriet 2009). Veins
and fractures, stromatactoid (Bathurst, 1980), aefftischer, 1964), biodetrital and fenestral
fabrics, clotted and peloidal (microbial) microfadsr are among the most commonly observed
features associated to carbonate mounds (e.g.,yMoral., 1995). Since Proterozoic mounds were
essentially produced by microbes and benthic iebedtes; biodetrital and microbial-induced
processes dominated Phanerozoic and Cenozoic numnsdructions. Therefore, microbes are an
important bio-component of the mounds and may edpeesent a primary contribution to the deep-
water mound formation (Pratt, 1995), especially whwey are associated to chemosynthetic-based
in situ production of (mound) carbonates around hydrothekmats or cold seeps at the sea floor
(e.g., Campbell, 2006).

Carbonate mounds are well known in north-westernicaf(Fig. 2.1) where Paleozoic
successions outcrop in Morocco and Algeria (e.gentl¥ et al., 1993; Aitken et al., 2002; Barbieri
et al., 2004). Among the most spectacularly expasationate mounds are the conical clusters,

“This chapter consists of a paper by Fulvio FrarBaibara Cavalazzi, Catherine Pierre, Roberto Bearbilafluence

of hydrothermal processes in the genesis and dewelot of the Devonian Kess Kess mounds (Anti-Aflégrocco)”

submitted to Sedimentary Geology in January 2013.
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informally called Kess Kess, cropping out at thentda Laghdad Ridge, 16 Km south east of the
town of Erfoud, in the Tafilalt region, Eastern AAtlas, Morocco (Figs. 2.1 and 2.2). According
to their conodont contents (Brachert et al., 1989%en et al., 2002), these carbonates mounds are
Early Devonian (Emsian) in age (Fig. 2.2C). Howe\ke isolated Hollard Mound (Peckmann et
al., 1999) and few other smaller mounds (OlempskhBetka, 2010) located in the eastern part of
the Hamar Laghdad ridge, have a more recent ageg bated to the Middle Devonian (Eifelian
and Givetian-Frasnian, respectively) (Fig. 2.2B).

In contrast to the origin proposed for the Holl&dund that is interpreted as a seafloor
paleo-cold seep active in Eifelian age (Peckmarad.efi999; 2005; Cavalazzi, 2007; Cavalazzi et
al., 2007, 2012), the controversy surrounds theothgsis proposed of the origin of the Emsian
Kess Kess mounds. Since carbonate Kess Kess comicahds were first described in the
geological record (Mechinkoff in Roch, 1934), thgenesis has been tentatively attributed to
tectonic (folding) processes (Menchikoff in RocB34), a biogenic origin by comparison with the
modern South Pacific atolls (e.g., Alem et al., &96&endrot, 1973), or coupled hydrodynamic
accumulation-early lithification processes (Brathet al., 1992). The discovery of the first
chemosynthetic carbon fixation-based communitissaliery (Lonsdale, 1977) suggested another
explanation for mound formation and growth. Basadle temperature values obtained from the
fluid inclusions, the rare earth elements (REES) stable isotopes compositions, and the presence
of thermophilic faunas, an origin related to hytestmal processes was more recently suggested to
explain the formation of the Emsian mound micrBetka, 1998; Mounji et al., 1998; Aitken et al.,
2002; Berkowski, 2004, 2006, 2008; Betka and Beraw2005; Olempska and Betka, 2010;
Berkowski and Klug, 2012). Therefore, the muddyttiaenic carbonate) sediments of the mounds
were supposed to be locally produced and lithifieating an early stage of the hydrothermal
activity driven by late-magmatic fluids related tioe Early Devonian submarine calc-alkaline
volcanic activity (Betka, 1998; Mouniji et al., 199&pparently, owing to the lack of unambiguous
geochemical and sedimentological evidences, to thaterigin of the Moroccan Emsian mounds
(related to fluids venting?)is still debated.

The new data set discussed in this work will previdew evidences about the extant
processes during the deposition of the whole Hdraghdad succession allowing to clarify the role
of hydrothermal fluids in the Kess Kess growth. €idering the model proposed by Belka (1998)
for the Kess Kess development, hydrothermal flgielspage driven by volcanic rocks, we studied
the whole succession focusing on the mineralogyhefvolcanic rocks and the terminal part of the

Seheb el Rhassel Group where the Kess Kess moumdextumed. During these study
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sedimentological and geochemical evidences of wasmter circulation throughout the Hamar

Laghdad were found in agreement with the proposedietn

2.2. GEOLOGICAL SETTING

2.2.1. Regional geology

Paleozoic deposits in the eastern Anti-Atlas of dboo were part of the continental shelf
sequence that developed in the north-western mafgiGondwana during Late Precambrian to
Early Carboniferous (Piqué and Michard, 1989). Ehekeposits were tentatively placed at
approximatively 50° to 60°-70° south palaeolatituade the southern margin of the Paleo-Tethys
(Tait et al., 1995; Stampfli and Borel, 2002). Ttlesure of the western Paleo-Tethys and the
consequent clockwise Gondwana rotation during tegdDian resulted in a gradual formation of
several intra-cratonic, non-folded basins thatudel the Maider and Tafilalt Platforms-Basins
systems (Wendt, 1985) (Fig. 2.1).

After the deposition of the Early Devonian (Lochkan) Scyphocrinitesbeds, due to
tectonic and volcanic events, the Early Devoniateg@anorphology of the Tafilalt Platform
changed. A submarine calc-alkaline volcanic agtitis created the topographic rise leading to the
formation of a carbonate succession on top of wthehKess Kess mounds (Fig. 2.2D) developed
during the Early Devonian (Betka, 1998). Hollar®81 a, b) has divided the Devonian deposits of
the Hamar Laghdad Ridge in the following groupsrtfrthe base to the top): Merzane, Seheb el
Rhassel, Amerboh, Bou Tchrafine and Achguig Gro(kigs. 2.2B-C and E). The Kess Kess
mounds are located in the upper part of the SehkebRlassel Group (Figs. 2.2D-
E).
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Figure 2. 1. Simplified geological map of north-wesirn Africa. A) Rif, Meseta and Atlas structural domains
dominate the physiography of north-western Africa. The eastern part of Anti-Atlas domain includes the
Devonain Tafilalt and Maider palaeogeographic unitgbroken line). The study area (box) is detailed irB. B)
Distribution of the Tafilalt and Maider platform-ba sin system. The Kess Kess mounds cropping out ateth
Hamar Laghdad ridge (star) are hosted in the Tafilét platform. Modified from Michard (1976), Kaufmann
(1997).

2.2.2. Stratigraphy of the Hamar Laghdad

The Lochkovian part of Merzane Group at the HamagHdad Ridge is dominated by a
partially exposed dome-shaped belt (Fig. 2.3A) @tanic rocks (maximum exposed thickness of
approximately 35 m) overlying reddish, crudely lagScyphocrinite®eds with abundant crinoids
lying in life position, locally showing gypsum cttas These volcanic rocks consist of volcanic
breccias that occur in decimeter to meter thicksbefl mm-sized pyroclasts (more details in
paragraph 4.2). A Late Lochkovian-Early Pragiantdsa(Fig. 2.2C) characterizes the Merzane
Group-Seheb el Rhassel Group unconformity.

The maximum thickness of the Seheb el Rhassel Gfapprox. 100 m) occurs in the

central area of Hamar Laghdad Ridge where the ndgvolcanic deposits of the Merzane Group
11
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are thicker. The Seheb el Rhassel Group mostlyistsnsf wackestone with different amounts of
auloporid, trilobite and crinoid remains with logahbundant tentaculites (refer to representatives
of the Class Tentaculita, Béek, 1964). However, the Seheb el Rhassel Grouprostrata are
shallow marine carbonates with episodic brachiopodachellabeds and meter thick strata of
crinoidal packstone, whereas lenses of crinoidakgi@mne become more common in its middle-
upper part. The Emsian mounds only occur to the texs meters of the unit (Figs. 2.2C, E).
Limestones of the infra-mounds deposits show azbatal parallel stratification that is locally
truncated by characteristic reddish clastic lay@entimeters to decimeters thick) typified by
pisolites, cm-sized carbonate pebbles, and angegtentage of well-rounded clasts and pebbles of
quartz.

At the Hamar Laghdad ridge the contact between sehBhassel Group and the Amerboh
Group is marked by a substantial decrease initttibn upward. The grey limestones of the Seheb
el Rhassel Group pass up into marlstone of the Aate6Group, nodular limestones and bituminous
limestone of the Bou Tchrafine and Achguig Groupgg. 2.2B-C, E). The dark, bituminous
limestones represent the lower Kellwasser memhbg Brasnian-early Fammenian) (Fig. 2.2C).

These regional framework is the result of an inten&eld surveys and field observations,
integrated with the broad literature the on botle@atological and geological aspects of Hamar
Laghdad (for review see Alberti, 1981; Wendt et &B84; Brachert et al., 1992; Betka, 1998;
Aitken et al., 2002).

Figure 2. 2. (Next page) Schematic geological mapastratigraphy of the Hamar Laghdad ridge area, noth-
eastern Anti-Atlas, Morocco. A) Hamar Laghdad ridge (boxed area) is part of the Devonian outcrop in ta
Tafilat platform palaeogeographic unit (modified from Aitken et al. 2002). B) Satellite image showinthe
distribution of the described lithostratigraphic units cropping out at the Hamar Laghdad ridge. Colorsin the
map correspond to the lithostratigraphic units in C C) Lithotratigraphic subdivision of the Hamar Laghdad
ridge showing the stratigraphic position of the Kes Kess mounds (arrow) within the Seheb el Rhassel@ip
(modified from Belka 1998; Aitken et al. 2002). DPanoramic view of the Hamar Laghdad ridge (seen frm
west) showing several Kess Kess mounds. E) Panoramiew of few mounds (arrows) at the top of the Selv

el Rhassel Group at the Hamar Laghdad ridge (seemdm west).
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Figure 2. 3. Outcrop view and photomicrographs of te basaltic breccias of the Merzane Group below thBeheb
el Rhassel Group (broken white line) A) Dome-shaped outcrop of volcanic breccias (black bken line). In the
boxed area a closer view of the volcanic brecciaB) Rounded pyroclasts cemented by calcite. In the boderea a
closer view of the vesicular pyroclasts. Vesiclesra filled by phyllosislicates. C) Pyroclasts of the volcanic
breccias cemented by isopachous radiaxial calcited) and blocky calcite (bc).D) Detail of a vesicular pyroclast

and euhedral olivine crystal (white arrow).E) Acicular clinochlore (arrow) and quartz cements.
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2.3. MATERIAL AND METHODS

Field observations and sample collections were gotedl on May 2010 and February 2011
at the Hamar Lahgdad Ridge, eastern Anti-Atlas, ddoo (Figs. 2.1 and 2.2). Forty-seven Early
Devonian, Emsian mounds and related infra-moundslepwere observed, described and more
than 250 samples were collected from differenttigiraphic levels. Samples were processed for
mineralogical, petrographic and geochemical analysend paleontological and microfacies
observations. The petrographic- and microfaciegdaanalyses were performed through 130
uncovered thin sections (45x60 msurface area, 3@m foil thickness) with transmitted- and
reflected-light microscopy at Dipartimento di Sa@erBiologiche, Geologiche e Ambientali of the
Universita di Bologna (Italy)In situ, non-destructive analyses were performed withube of a
WITec alpha300R Confocal Raman microscope (DepartimieGeology and SPECTRAU facilities
of the University of Johannesburg, South Africajdentify the distribution of mineral phases and
carbonaceous materials within the samples. Ramatysas were recorded and treated using
WITecProject2.06® software, and compared with exiee spectra from the RRUFF Data-Base
using the Crystal Sleuth free software (Laetsch Bodins, 2006; White, 2009; Cavalazzi et al.,
2012). Cathodoluminescence petrography was condlugteng a CITL 8220 MKS3 optical
equipment (operating conditions: 17 kV beam voltage 400uA beam current) at Dipartimento di
Scienze della Terra of the Universita di Torinalfj.

45 representative samples powdered and analyzedibg a Philips PW 1480, CuKX-ray
and a PANanalytical X-PetPro X-ray diffractometand an PANanalytical Magix PRO X-ray
Fluorescent Spectrometer for mineralogical and etem distributions analyses, respectively
(Dipartimento di Scienze Biologiche, Geologiche enlfientali of the Universita di Bologna;
Department of Geology and SPECTRAU facilities oé tbniversity of Johannesburg, South
Africa).

Morphological description and chemical (elementa)nposition of microscopic features
were obtained by scanning electron microscope (S&b&grvations and energy dispersive X-ray
spectrometer (EDS) analyses. SEM-EDS investigatiesi®e performed on etched (60 seconds in
aqueous solutions with 1% HCI concentration) and-eiehed freshly broken samples and thin
sections by using a Jeol 5600 SEM-EDS (operatimglitions: 15 and 25 kV accelerating voltage,
and 15 and 20 mm working distance) equipped witrelaetron back-scattering CENTAURUS
system at Department of Geology and SPECTRAU fasliof the University of Johannesburg
(South Africa).
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Preliminary §°C and 5'°0 stable isotopes analyses were performed at theniytical
Limited laboratories (Crewe, UK) on bulk carbonatdgro-drilled and micro-milled (drill tip size:
2 mm and 200-100 um, respectively) specific carbmphases from polished slab surfaces and thin
sections were then analyses at the LOCEAN laboratdniversité Pierre et Marie Curie (Paris).
The CQ gas extracted from the carbonates by attack wibd@hosphoric acid at 90°C was
analyzed with a Dual Inlet —Isotopic Ratio Mass @pmmeter (Isoprime-GV Instruments). The
analytical precision of carbon and oxygen data ®#&4%., and referred to the VPDB standard
(Vienna Pee Dee Belemnite). The oxygen stable potwalues were computed referred to
VSMOW (Vienna Standard Mean Ocean Water) in accuréawith O’'Neil et al. (1969) and
Friedmann and O’Neill (1977), and the paleo-tempees reported in °C.

Figure 2. 4. (Next page) Transmitted light photomicographs of Merzane Group volcanic
breccia. Numbers correspond to spectra in B. B) Repsentative Raman spectra of the volcanic
breccia characterized by clinochlore bands (200, 35 581 cm?) within the vesicles filling (1)

and olivine replacements, quartz bands (128, 20868 cni') within the cements (2), calcite
bands (283, 712, 1088 c) within bright cements (3) and anatase bands (1898, 514, 638

cm ) around the vesicles and within the non-pleochroiglass (4).
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2.4. RESULTS

2.4.1. Merzane Group

Volcanic dome-shaped deposits have been observeldeirtentral-eastern part (31° 22’
51.73"N; 4° 2’ 29.22"W) of the Hamar Laghdad rid@egs. 2.2B and 2.3). They occur as layered
meter-thick breccia of well-rounded millimetric eahic fragments (Fig. 2.3B). These fragments,
pyroclastsconsist of devitrified primary glass with spreadhedral olivine phenocrysts (Fig. 2.3C)
and vesicles (former amygdales) (Figs. 2.3B-C) aegpdl and filled by neomorphic fibrous
phyllosilicate, clinochlore ((MgAl)(AISi3)O1(OH)g) (Figs. 2.3B-C,E and 2.4). Titanium dioxides,
anatase (T0), with fibrous radiaxial calcite and blocky caéciFig. 2.3D), locally dissolved and
replaced by quartz, cement the pyroclasts (FigdB-B and 2.4). This volcanic rocks are thus
ascribed to low-Si olivine-rich basalt breccia.

A system of decimeter-wide fractures filled by d&lccements and debris crosscut the
basaltic breccia belt. The veins continue beyorel Nterzan-Seheb el Rhassel Group boundary

increasing their thickness.

Figure 2. 5. Field views of the Emsian Kess Kess camate mounds. A) Cross section of a mound (31°
22’ 37.29"N, 4°2’ 35.91"W) showing the strong asymastry of the flanks (slopes angles in white) and a
crude internal stratification truncated in the core facies (man for scale). B) The black and white

banded limestones filling a vein (hammer for scalgjross cutting the the Emsian mound.
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2.4.2. Seheb el Rhassel Group

2.4.2.1.Conical mounds

The Emsian Kess Kess mounds are typically 20-3@madtigh with a 40-55 meters circular
to sub-elliptical base (Fig. 2.5A). All mounds shawvell-defined conical shape characterized by
steep flanks with exception of two elongated mouedated in the center (31° 22' 48.71"N-4° 3'
29.91"W; 31° 22' 41.07"N-4° 3' 21.97"W) and in tkastern part (31° 22' 55.51"N-4° 2' 3.15"W;
31° 22' 50.33"N-4° 1' 53.62"W) of the Hamar Laghd&dy. 2.2B), respectively. A common feature
of the Emsian mounds is a distinct asymmetry oir thenks (Fig. 2.5A): the basin-ward flanks of
the mounds constantly reach an angle (up to 7@bHenithan the opposite up-slope flanks (up to
35°) (Fig. 2.5A). The mounds are commonly well esgubin outcrop, however, only few dissected
mounds reveal their (internal) three-dimensionattgpa (Fig. 2.5A). Their internal coarse
stratification with meter-sized strata follows thund shape (Fig. 2.5A). Massive stromatactis-
bearing limestones with mono-specific macro-invardge guilds of trilobitesScutellumsp.) and
brachiopods, and metric zebra structures alsoyyth#é rarely exposed core facies of the mounds.
Stromatactis and zebra structures as observeeifietla, may represent more than the 50% of the
whole rock of the Kess Kess Emsian mourads4.1.3, Fig. 2.9A).

The Kess Kess mounds and the infra-mound depasitsrass-cutted by a system of veins
(Fig. 2.5B) and neptunian dikesepisuBates and Jackson, 1980). The veins attain arageer
thickness of 50 centimeters, and are filled by gatinens of black and white isopachous radiaxial
marine calcite cements and carbonate debris (Fa@R)2The veins are thinner (5 cm) in the lower
part of the Seheb el Rhassel Group close to thedner Group, whereas they seem to disappear
few meters after the transition to the Amerboh @sou he neptunian dikes, formerly fissures filled
with submarine sediments, are filled by marine cadtes debris with the same or younger age, of

their host rocks.

2.4.2.2 Mineralogy and Petrography

Carbonates from Seheb el Rhassel Group includegribunds investigated by using optical
and Raman microscopy, XRF and XRD diffraction, SEMS analysis resulted characterized by
low-Mg calcite, dolomite, trace of terrigenous mmets, Fe-rich minerals such as pyrite, goethite
and small amounts of carbonaceous material. Howedark red sediments were observed
associated to meter sized chimney-like structures. 2.6A) outcropping in the upper part of the
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Seheb el Rhassel Group closed to the cliff of thenbr Laghdad. The chimney-like structures are
characterized in their inner part by massive depafsgjoethite a-Fe**O(OH), and quartz pebbles,
whereas the edge is made of Fe-rich carbonates 2F@\). Under optical microscope, goethite
occurs in acicular, botryoidal and rod-shaped atgs{Figs. 2.6B-D). Fe-rich carbonates are
characterized by zoned euhedral dolomite crystals imequigranular idiotopic to hypidiotopic
fabric (Fig. 2.6E), whereas late blocky and syrdbgalcite cements fill the pore spaces (Fig. 2.6F)
whereas fibrous radiaxial calcite and fine-graimedtrix are lacking (Fig. 2.6E). The dolomite
crystals are typified by Fe enrichment along theretton surfaces. These Fe-rich carbonates result
cross cutted by millimetric veins filled with augfeinic quartz cements (Fig. 2.6F).
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Figure 2. 6. Field view and photomicrographs of the dpmost part of the Seheb el Rhassel Group in
correspondence of a chimney-like structure (A) fikd by dark red rocks (arrows). B-D) Acicular crystds,
botryoids and rodshaped goethite (arrow) of goethé deposits, respectively. E) Crinoidal grainstoneetnented
by hypidiotopic inequigranular dolomite. F) Net of millimetric veins and cavities filled by mega- and rcro-

guartz showing turbid peloid-like fabric (box).
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2.4.2.3.Facies descriptions

Appreciable variation in lithofacies exists throogh the Seheb el Rhassel Group, which
consists mostly of fossiliferous limestones, congabsf mottled micrite/microsparite with variable
amounts of skeletal debris and carbonate cemeatticiarly crinoidal packstone/grainstone and
brachiopoddumachellastrata occur in the lower part of the Group, whsrthe upper part of the
Group, characterized by mounds occurrences, isrhied by fossiliferous wackestone and coral
floatstone. Despite the whole Seheb el RhasselgGiwoaomposed of limestones with high amount
of bioclasts the mounds lack a rigid biogenic framek and are matrix supported.

Fenestral fabrics (Fig. 2.7) are widespread throughthe Seheb el Rhassel Group,
especially in absence of skeletal remains within
the Kess Kess mounds. Based on the shape of the
spar-filled voids, two different types of laminoid-
fenestral fabrics can be recognized: LF-A type
(Fig. 2.7A) and LF-B1 type (Fig. 2.7Bpdnsu
Tebbutt et al., 1965; Mduller-Jungbluth and
Toshek, 1969).

Clotted micrite (Fig. 2.8) is also a
common feature throughout the Seheb el Rhassel
limestone, often within dark micrite and near the
veins.

The stromatactis cavities of the Seheb el
Rhassel are common features within the micrite
and wackestone of the Kess Kess mud mounds
(Fig. 2.9A). Stromatactis infill consists of seVera
generations of isopachous, radiaxial, fibrous
calcite and blocky calcite toward the center of the
cavities (Figs. 2.9B, C). The floor of these

cavities usually consists of laminated, fine-

grained carbonates with peloidal micrite and silt-

Figure 2. 7. Photomicrographs of the
fenestral fabrics within the Seheb el Rhassel ~ Sized carbonate particles; sometimes the floor is

micrite (mc). A) LF-A type fenestrae made up of laminated micrite with densely packed
(broken line). B) LF-Bl tvpe fenestra¢ triobite remains (Fig. 2.10). The stromatactis

cavities of the Kess Kess mound limestones are aortyrfew centimeters wide (Figs. 2.9A-C),
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however, meter-sized cavities are also observeg. (EiLOA). Stromatactis and, near fractures,
layered micrite often occurs as the product ofitherbedding between black organic matter-rich

levels and grey micrite.

layers of dark to grey micrite (average
thickness: 1-2 cm) and white calcite
cement (average thickness: 0.5-1 cm) (Fig.
2.9D) where biota remains rarely occur.
They are observed in the inner core of the NN
Kess Kess mounds (where erosion ® -
removed the external strata of the Figure 2. 8. Photomicrograph of clotted micrite from
mounds). the upper part of the Seheb el Rhassel Group.

A number of microfacies have been recognized asdrdeed in the Seheb el Rhassel Group
from bottom to top (Figs. 2.10-2.15):
- crinoidal packstone-grainstonenicrofacies is organized in decimeter-sized noryngitaded
horizons (Fig. 2.11A) of micrite and fragments obopgy preserved crinoids ossicles (e.g.,
dissolution effects, microborings) (Fig. 2.11B).r&gpaces result filled with late diagenetic sparry
calcite and syntaxial calcite overgrowing the cighplates (Figs. 2.11B-C). This facies is observed
to the lower part of the Seheb el Rhassel Grougreds is less representative of the upper part of
the Group where crinoidal packstone occurs in disnaous meters-sized lens.
- brachiopod lumachellanicrofacies include shells and shell-fragmentspfiferids @pousiniella
sp., Spinellasp., Spirinella sp.), atrypids Atrypa sp.,Desquamatissp.), orthids $chizophoriasp.,
Isorthis sp.), athyrids Athyris sp.), and the widespread rhynchonellid€ararotoechia
marocanensis(Fig. 2.12). Brachiopods occur at the bottom eewltral part of the Seheb el Rhassel
Group, and are observed in the core facies of tloenais. In the lower part of the Group
brachiopods are arranged in densely padkethchellalike strata ofSchizophoriasp, Atrypa sp.
(Desquamatip Spinella sp. disarticulated shells. Articulated shells tdforthis sp. and
Chamarotoechia marocanensise observed to the upper part of the Seheb edeh&roup. They

are organized in densely packed lens (Fig. 2.1#4%),meters long and normally several decimeters
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thick, or scattered in the core facies of the maund
Chamarotoechia marocanensis the most common
brachiopod species at the Seheb el Rhassel Group.

- fossiliferous wackestomaicrofacies (Fig. 2.14A) is the
most common at the Kess Kess mounds, and result
characterized by mottled micrite and microspariiéhw
variable amount of bioclasts of especially aulog®ri
(e.g. Bairnbridgia sp.), crinoid plates, trilobites
fragments, rare brachiopod and (articulated and
disarticulated) ostracod valves, whereas tentasukire
concentrated in their upper part. Sparry calcitmems
are observed in association of auloporid remaing. (F
2.14B), whereas syntaxial calcite cements overdgitev
crinoid ossicles (Fig. 2.11C), Fenestral fabric aludted
micrite is also a common feature of this microfacend
are abundant where the bioclasts are rare.

- coral floatstonemicrofacies are easily recognizable in
outcrops and thin sections (Figs. 2.13B and 2.14Bg
coral assemblages of the Seheb el Rhassel Grolyglénc
tabulate corals such as auloporids (eGdadochonus,
Aulocystis and Bairnbridgia), thamnoporids and
favositids, and rugose solitary corals (e.qg.
Hamarophyllum and Laccophyllun). Corals are
commonly scattered in the limestone as bioclagtd, a
when in life position they form meter-size circular

colonies ¢f. 5.1). However abundant corals were

observed they do not generate any rigid framework.

Figure 2. 9. Stromatactis and zebra fabrics within he Emsian Kess Kess mounds. A) Stromatactis bearing
limestone in the inner exposed part of a mound (3122" 31.72"N; 4° 2’ 48.98"W). The flat base of the
stromatactis cavities result parallel to the moundstrata (deep direction on the right side of the figre). B)
Typical stromatactis structure with a flat floor and an irregular roof. The filling material result of organic
matter-rich radiaxial fibrous calcite (thin black | ayer) and blocky calcite (white part). C) Photomicrgraphs of
a stromatactis structure filled by marine radiaxial calcite (rd) and blocky calcite (bc) late cementD) Non
fossiliferous zebra (banded) fabric in the core fdes of a Emsian Kess Kess mound (31° 22' 27.80"N? 2’
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- scutellid trilobites floatstone-rudstone
microfacies (Fig. 2.10) is uniquely observed
associated to core facies of the mounds, anc
easily recognizable due to characteristic
weathered and eroded pattern (Fig. 2.10A).
These microfacies consists of a densely packe
assemblage of trilobite remainSdutellumsp.,
Pusch 1833) organized in small lenses or mete
dome-shaped deposits (Fig. 2.10A). The

scutellid remains usually consist of mm- to a
few cm-sized pygidia. Rarely, complete
exuviae are observed. The scutellid-reach
limestone show a bimodal fabric (Fig. 2.10B):
the lower part consists of floatstone to rudstone
with less than 10% of cement, and the upper

part consists of a highly washed rudstone with

less than 10% of micrite. The elongated
trilobite remains are preferentially oriented B
approx. parallel to the cavities base and the
concavities of the bioclasts, in the cement-rich P
rudstone, present eroded and discordan "
geopetal filling (Fig. 2.10C). In both these
facies, cements are fibrous radiaxial marine
calcite. Blocky calcite cements fill in the major &8
voids. XRF, SEM-EDX and Raman analyses of &

this facies (Fig. 2.15) revealed the presence o

Figure 2. 10. Scutellum sp. within the scutellid tibbites floatstone-rudstone microfacies within theEmsian
Kess Kess mounds. A) Outcrop view of a stromataciicavity (thin broken line) linked with a vertical
conduit/vein (heavy broken line) and filled by bimaal limestone. B) Polished slab of a sample from the
stromatactoid filling (box in A). The bottom part of the sample (grey) is a trilobite floatstone, inlie topmost
part (white) micrite is lacking (rudstone). C) Trilobite rudstone (locally cementstone) with geopetahicrite

(g) cemented by fibrous radiaxial calcite (rd) andblocky calcite (bc).
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patchy microcrystalline quartz replacement of bile’s cuticles (Figs. 2.15B-D). Particularly
Ly ' : "

. P A =

Pt ) / Raman analyses of the trilobites hosting

carbonates revealed the presence of
carbonaceous matter within the fibrous
radiaxial calcite (Fig. 2.15D) and goethite
coupled with quartz within the micrite that fills
in the shell (Fig. 2.15D).

- tentaculites packstonemicrofacies (Fig.
2.14C) is characterized by dense accumulation
of well-preserved tentaculites with subordinate
trilobite fragments and crinoid ossicles.
Although thin and elongated tentaculites
usually do not show any orientation, a slightly
oriented pattern can be locally observed (Fig.
2.14C). This facies is mud dominated and
cements are rare. Tentaculites become
abundant toward the top of the Seheb el

Rhassel Group and tentaculites packstone

facies represent the upper part of the Group

succession, and result in meter-thick,
weathered layers draping the mud buildups.
These layers are thinner in the infra-mounds
facies.

- ostracod packstonenicrofacies consists of

densely packed, large and disarticulated
ostracod valves and crinoid plates, with less
than 50% of micrite. This microfacies is

DE A ! & N observed fill in some neptunian dikes cutting

u ous an soiated to their apical parinfd&a and Betka (2010) assigned the ostracod

Figure 2. 11. Outcrop view and photomicrographs ofhie crinoidal grainstone microfacies within the Emsn
Kess Kess mounds. A) Outcrop view of the crinoidgbackstone organized in normally graded (fining-upwad)
layers (black arrows) in the western part of theHamar Laghdad ridge (31° 22' 42.23"; 4° 4’ 4.63" W). B
Crinoidal grainstone cemented by syntaxial calcite.The crinoidal ossicles showing microborings and

dissolution effects (arrows). C) Syntaxial calciteements overgrownin poorly preserved (fragmented)rmoid
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mass occurrence to a new taxbiamaroconcha kornickeand limit this ostracod-bearing facies to

the Eifelian (Middle Devonian) time postdating tess Kess mounds.
A I

E .

F .
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———
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Figure 2. 12. Brachiopods, Lower Devonian, Seheb Bhassel Group. A) Desquamatia sp. ventral view from
the lumachella strata at the bottom of the Group. B Atrypa sp. dorsal view from the lumachella strataat
the bottom of the Group. C) Athyris sp. ventral viev from a lumachella lens in the upper part of the Goup.
D) Isorthis sp. ventral view from the upper part ofthe Group scattered in the limestones near a mound-
F) Camarotoecha marocanensis dorsal and anterior wes, ripsectively, from a lumachella lens in the upgr

part of the Group.
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Figure 2. 13. Outcrop views of macro-invertebratesafties
of Seheb el Rhassel Group. A) Close up of a densely
packed brachiopod (Chamarotoechia marocanensis) lsn
in the middle and upper part of the Seheb el Rhaske
Group within the brachiopod lumachella microfacies.B)
Dense accumulation of centimeter-size solitary ruge
corals cropping out in the coral floatstone microfaies of
the upper part of the Seheb el Rhassel Group

characterized.

Figure 2. 14. Photomicrographs of the different Sehelel
Rhassel Group microfacies. Fossiliferous wackestone
microfacies with (A) auloporid corals (top of the fgure),
crinodal ossicles (bottom right) and transversal sgion of
tentaculitoid (arrow), and (B) blocky calcite cemenaround the
auloporids remains. C) Tentaculites packstone micrfacies

dominated by equatorial shells sections.
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Figure 2. 15 Photomicrographs, SEM/EDS analyses ariRaman spectra of the trilobites rudstone facies (sae

as figure 10). A) Transmitted light -photomicrograph of a trilobite shell filled by micrite (mc) and eemented
by radiaxial isopachous calcite (rd). The arrow paits to a thin mineral crusts. B) Back scattered etdron

(BEI) micrograph of the inner part of the trilobite shell (box in A) and EDS spectra of the trilobiteshell

(white cross) showing the presence of Si. C) Partifar of the trilobite carbonate (Ca) shell (box inB) showing

the patchy distribution of the silica (Si). D) Repesentative Raman spectra of the fossiliferous hostck and

the mineral phases detected in the sample (referretb numbers in A). The (1) fibrous radiaxial calcie

(Raman bands: 283, 712, 1088 ci}) is characterized by D1 (~1350 ci) and G2 (~1600 crit) bands of first

order carbonaceous matter. The spectra in correspatence of the trilobite shell (2) is characterized alcite

(broken grey line) and quartz bands (128, 208, 466m™). The dark material filling the shell cavity (3) s

characterized by quartz (broken grey line) and godtite bands (244, 300, 398, 480, 533, 684, 1118 jm
Raman spectra were compared with reference spectrdrom RRUFF DataBase by Mazzetti and
Thistlethwaite (2002), Laetsch and Downs (2006), Vite (2009) Demoulin et al. (2010).
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2.4.2.4 Carbonate cements

Several paragenetic cement phases were obserieg file voids and cavities of the Kess
Kess mounds that include (Fig. 2.16) radiaxial dilg calcite, luminescent and non-luminescent
scalenohedral calcite, non-ferroan moderately-l@s@ent blocky calcite, and ferroan non-
luminescent blocky calcite. In addition, a spaygtaxial calcite has been reported associatedeto th
major cavities and overgrowing crinoid ossiclefs ¢rinoidal packstone/grainstone).

Radiaxial fibrous calcite cemenvas observed to form an isopachous crust dis@taround
bioclasts (Fig. 2.10C), walls of primary cavitiexlsstromatactis (often showing a botryoidal fabric)
and filling the veins. Multiple generations of btaand white radiaxial calcite cements fill the \&in
generating a characteristic banded pattern (FigB)2.Because the high number of the micro-
inclusions of dolomite microcrystal and fluids, i@&dal cements under transmitted light microscope
appear turbid (Fig. 2.16A) and exhibits a typicahdulose extinction (cross nicols).
Cathodoluminescence observations of these radidikiedus calcite cements show a dull- to
mottled-luminescence (Fig. 2.16B).

Scalenohedral calcite cementsder cathodoluminescence microscopy show shadp an
well-preserved dog tooth-shaped crystals (Fig. B)1€athodoluminescence observations allow to
discern two generations of scalenohedral cemerits. fifst generation of scalenohedral cement
forms a non-luminescent and discontinuous, butigters, thin layer at the top of dull-luminescent
radiaxial calcite cements (Fig. 2.16B). Locally,stthon-luminescent layer shows poikilitic
inclusions (Fig. 2.16B). The second generationcafenohedral calcite cements is characterized by
banded-luminescent calcite developed in opticaltioaity on top of an isopachous crusts
represented by the first generation of scalenohegraent (Fig. 2.16B). A fine-banded fabric due
to the alternation of bright- and dull-luminesceitijd inclusion-free, cements characterizes this
second generation of scalenohedral cement.

Blocky calcitewith radiaxial fibrous and subordinate scalenobkdalcite cements, fill most
of the pore spaces (with the exception of the w&itling) of the carbonate of the Sehebel Rhassel
Group. The crystal size of the blocky calcite usualcreases toward the center of the voids in
association with syntaxial overgrowths (Fig. 2.16AWwo generations of blocky calcite were
recognized (Fig. 2.16B). The first generation af tllocky calcite is in continuity with the bright-
luminescent scalenohedral banded calcite, and stsnsi non-ferroan, bright-luminescent (blocky)
crystals (Fig. 2.16B). The second generation teptasent the youngest carbonate cement phase in

the Emsian Kess Kess mounds, consists of ferraam|uminescent blocky crystals.
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Syntaxial calcite cement exclusively observed around the crinoidal @atathin the
crinoids grainstone where they also represents riae 50% of the carbonate cements (Figs.
2.11B-C), and occluding the central parts of tirgdat voids (Fig. 2.16A). Commonly syntaxial
calcite is observed to cement the washed graingtebi@% of cements), and potentially represents

an end product of the fluid circulation during tiagenesis.

Figure 2. 16. Seheb el Rhassel limestone cementsatgraphy. A) Transmitted light photomicrographs of an
isopachous level of fibrous radiaxial calcite (rd)followed by coarse-grained blocky calcite (bl). B)
Cathodoluminescence photomicrographs of the sameroents in A showing detailed cements sequence: dulb
mottled-luminescent radiaxial calcite (rd), non- luninescent scalenohedral cement (g¢ bright- to banded-
luminescent scalenohedral calcite (g moderately-luminescent blocky cement (B} and non-luminescent

blocky cement (b}).
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2.4.2.5.Stable isotopes composition

C and O stable isotope compositions were obtaimech f1) bulk analyses of selected
carbonate facies, and 2) specific carbonate phases cements including micrite, euhedral
dolomite, radiaxial and blocky calcite of the maspresentative microfacies of the Seheb el
Rhassel Group including the Emsian Kess Kess mo{figs2.17).

The 5'°C and5'®0 values of bulk carbonates were obtained from $esnpf the following
facies (described above): brachiogathachella micrite mound core facies and infra-mound area,
reddish pisolites facies, scutellid floatstone poawate filling the veins, and Fe-rich carbonaterfro
the chimney-like structures. Samples from brachiblponachellafacies of the lenses within the
mound core facies arldmachellalike strata are characterized by very 16WO values ( -8.28%o
VPDB and -5.17%. VPDB) , and°C values of -3.84 %, and -2.86%. VPDB, respectivéjcrite
from the mound core facies displays a highly deplé’°0O value (-10.33%. VPDB), whereas
micrite from the infra-mounds facies prese#it¥ values of -2.81%. and -9.91%. VPDB. Micrite
from mound and infra-mound facies have averdid€ value of 0.00 = 1%. VPDB (Fig. 2.17B).
Pisolites laminae and fine grained matrix from teedish pisolites facies show a different isotopic
compositional trend compared to the other infra-musulithologies with lows*?0 values (down to
-9.06%0 VPDB) and an averagé>C value of -6.00%V PDB (Fig. 2.17A). Micrite fronhe
scutellid floatstone display&°O values ranging between -9.85 %o and -4.92 %o VPaR|5°C
values ranging between -1.18 %0 and +1.10 %, VPDRe &bhedral dolomite crystals from the Fe-
rich facies near the chimney-like structures sb&i® value of -9.4 % PDB and averagféC value
of -3.4 %o VPDB.

C and O stable isotope analyses obtained from fspearbonate phases and cements such
as micrite, radiaxial fibrous calcite, blocky cécand dolomite idiomorphic cements from mounds
and infra-mounds limestones, scutellid floatstone @eins filling show that micrite has low&fo
values than the cement phases, whereas their a&ra@gvalue is 0 %. VPDB, and tH*C values
of the dark carbonates filling veins are commordygative.

The §*0 values of micrite range between -11.34%. and %45PDB (Fig. 2.17B); the
83C values are negative (down to -16.74%. PDB) bu, dkierage value of micrite was -7.00%o
VPDB, and the lowest values were obtained fromdagk micrite near the vein structures (Fig.
2.17A). Radiaxial fibrous calcite cements haves¥® value of -3.50%. VPDB, and a large range
of 8°C values ( -16.53%o to +1.47% VPDB) where the mospleted values come from the
cements within the veins filling (Fig. 2.17A). Exding the outsiders from the veins filling the

average radiaxial calcite cemeBt&C value in the Seheb el Rhassel Group is near®%. values
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of the blocky calcite cements range between -6.&r#%b-0.64%. VPDB, whereas théi°C values
range between -12.53%0 and +2.10%. VPDB, with an ayewalue of -2.05%. VPBD. The most
negative blocky calcite value (-12.53%. VPDB) wadedted in dark limestone near the veins
structures (Fig. 2.17A). The euhedral dolomite &igsare characterized by I&t?O values (down
to -9.41%o0) and™*C depleted as -3.4%o. VPDB (Fig. 2.17B).
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Figure 2. 17. Seheb el Rhassel Group limestone ispim composition $**C and $'¢0) compared with mean
oceanic Devonian water isotopic composition (staniA). A) Isotopic values of several carbonate phaseand
facies. The black arrow is the normal trend of theisotopic composition during the increasing of buri
condition characterized by a shift of the oxygen tdower values (Hurley and Lohmann, 1989). B) Micrie,
calcite cements and dolomite isotopic composition¥ertical lines correspond to the temperatures (fra 10°
to 40°C) from the equation proposed by Friedman an@®'Neil (1977) for $*°0 normalized to SMOW.
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2.5. INTERPRETATIONS AND DISCUSSIONS

The set of data collected in this study supporhyarothermal fluid origin fro the Emsian
Kess Kess mounds at the Hamar Laghdad ridge, gmuttreew information showing how the
hydrothermal fluids could have acted as a genatitof and influenced their preservation. The new
analytical results are here combined with fieldevlzation and previous researches to define a more
consistent framework, and bring new insight of eatrknowledge of the Emsian Kess Kess
mounds.

Detailed facies and microfacies analyses reved tlaspite the diverse and abundant
biogenic remains, frame-building organisms for anse observed in morphologically similar
Aferdou el Mrakib Devonian mound (Franchi et aD12) located in the Maider basin (Fig. 2.1),
are here absent. According to Fagerstrom’s (19%&pry about the “reef-building guilds”
taxonomic composition, the fauna observed at tHeelBel Rhassel Group including the Emsian
Kess Kess mounds do not include constructor suchbiader or baffler organisms (e.g.,
stromatoporoids, sponges). For instance, BetkaBamkowski (2005) report the only occurrence of
well preserved macro-invertebrates in life positdmtumented at the Emsian Kess Kess mounds
around vent source-like structures. However, tinesero-invertebrates, thermophilic rugosae corals
were observed do not generate any rigid frameweéspite, brachiopodsmachellaand crinoidal
packstone-grainstone facies (below the moundd)eabbttom of the Seheb el Rhassel Group have
been observed, no evidence of diffuse mass transparther high-energy sedimentary processes
related to the mounds have been documented dueid) dbservations. Also, the big amount of
bioclastic components of the Seheb el Rhassel fones show no current or wave-driven
sedimentary structures, and/or physical evidentaswould explain the abrupt shape of the Kess
Kess mounds and their preservation (Mounji etl®198). Therefore an origin related to mechanical
or hydrodynamic (biodetrital) accumulation of thméstones (Brachert et al., 1992) it does not
explain the preservation of Kess Kess steep moogfes under such hydrodynamic pressure (e.g.
Mounji et al., 1998), hence it cannot be taken attoount. Therefore, a hydrothermal activity, with
consequent fluid-mixing scenario, driving the muadl lithification could explains the Kess Kess
mound steep geometry (Aitken, 1995; Betka, 1998uMioet al., 1998). The hydrothermal fluids
migrated through fractures and fissures of rockeyMi et al., 1998) and pore of sediments to the
sediment-water interface and disperse into submar@pping sediments drastically changing their
chemical composition and temperature as consequdribe mixing with the cold seawater in the
pore space of the shallow buried sediments (Maranw Hattori, 1999; Nakaseama et al., 2008;

Brand et al., 2010). Thorough this migration quamments, goethite and a hydrothermal vent-
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related secondary minerals, clinochlore (e.g. $&yfet al., 2011; Dekov et al., 2008) and anatase
(Dekov et al., 2009), were deposed in the faciesrehhe flow circulated (Figs. 2.4 and 2.15).
Clinochlore was reported associated to hydrothemmainds as secondary product of diffuse fluid
discharge through the sediment at low temperatl56<200 °C) around the conduits (Dekov et al.
2008). Anatase was reported as secondary prodingidobthermal venting from the Eolo Seamount
in the Tyrrhenian sea associated to irregular g@dainuartz (Dekov et al. 2009). Hence, presence of
such pervasive hydrothermal fluids in the muddyirsedts may catalyzed the diagenesis resulting
in fast and extensive diagenetic processes witlsemurent good preservation of the morphologies
and geochemical signatures (Walter et al., 200imil& mechanisms could explain the Emsian
Kess Kess mounds morphologies and the reasonaipesed hydrothermal origin of the genesis of
the Emsian Kess Kess mounds can be also suppoytdtedescribed stratigraphic setting of the
Hamar Laghdad ridge. The platform on which the démm of the Seheb el Rhassel limestones
occurred is the likely result of the positive maofgy generated by a submarine alkaline basaltic
event with emplacement of low-Si olivine-rich badakeccia. The shape of the pyroclasts (Fig. 2.3)
suggests any transport and/or burial compressiocegses, thus they are iarsitu basaltic breccia
supporting the early Devonian volcanism and theseqonent heat source (Mounji et al., 1998).
Hence, a late magmatic fluid circulation considetieel engine of the hydrotermalism that
make in place the Emsian Kess Kess mounds replaweary volcanic glass and olivine crystals
with secondary hydrothermal minerals such as aeanad clinochlore (Fig. 2.4) and cemented the
pyroclasts with neomorphic quartz, marine fibroadiaxial calcite and blocky calcite (Fig. 2.3).
Then through the upward migration the fluids Siied the trilobites cuticles within the mounds and

formed chimney-like structures near the Hamar Laghdiff.

2.5.1. Facies analyses of the Seheb el Rhassel Group

From the facies analysis of the Seheb el Rhasseipglimestones emerged a deepening-
upward trend of the sedimentations. At the bottdnthe Seheb el Rhassel Group were observed
horizons characterized by normal gradation (finupyvard) that may be referred to a significant
currents regime or storm events with mass trangpedr the lower storm wave base). These facies,
characterized by densely packed, coarse and red/tmkelasts (crinoidal packstone/grainstone and
brachiopoddumachellg, gradually disappear toward the top of the Grdipthe upper part of the
Seheb el Rhassel Group the facies became mud-dizui(fassiliferous wackestone) and in the last

tenth of meters, where the Kess Kess mounds o@migculites abundances within the fossil record
35



EVIDENCES OF HYDROTHERMAL ACTIVITY IN THE KESS KES®#OUNDS

increased substantially (tentaculites packston&gaieng a deepening-upward trend (see Aitken et
al., 2002 for a review). Indeed the Kess Kess apezl in deep-water setting below the photic zone
as suggested by lack of calcareous algae (Betkal.et1998) and abundance of stromatactis
structures within the Kess Kess mounds associatea dquite-water environment below the fair-
weather wave base (Bourque et al., 1986) or neastthrm wave base (Kaufmann, 1996).

Within the mounds, in the upper part of the SeHd®hassel Group, occurrences of densely
packed scutellid trilobites (trilobites floatstonedstone) were described. These anomalous facies,
condensed inside meter-sized stromatactoid cayvgiggested a relation between the development
of Kess Kess and the bloom of these macro-inveatebrGcutellumsp.) that elsewhere in the
Seheb el Rhassel Group represent a small amouttieobioclasts scattered in the sediments.
Presence of dikes and veins branching off the vedilthese stromatactoid cavities also suggested a
synsedimentary fluids circulation that gave ris@ toeculiar paleo-niche and probably washed over
the micrite from the trilobites grainstone (Figsl@B-C). The irregular pattern of geopetal
structures and the float-like fabric (Fig. 2.10Butd be due to circulation of fluids through thedo
sediments suddenly followed by early lithificatieta fibrous radiaxial cements (Flugel, 2004).
During these reworking process: goethite was depedgtin the geopetal micrite, the bioclasts
were encrusted by quartz and the LMC of the trikxdishells was partially replaced by patchy
quartz (Figs. 2.15).

The Seheb el Rhassel Group cement stratigraphgctefh progressive, marine-phreatic to
shallow-burial process because the cement sequéoes not exhibit any break or corrosion
surface, which might be expected under the infleeoic meteoric water during early diagenesis.
Analogue preserved cements succession revealinggessive marine-to- burial transition was
described in the Maider basin Middle Devonian maufiaufmann, 1997). The transition between
the pristine radiaxial calcite and the scalenohebaamded-luminescent calcite (through the non-
luminescent scalenohedral calcite) seems relatddiial progression and the consequent change
(instability) of pore water chemical parametersdieg to the alternation of bright- and dull-
luminescent calcite (banded pattern). Dull-lumimes® represents intermediate Mn and Fe
contents and moderate diagenesis, and pristinernteraee supposed to be non luminescent with
low Mn and Fe contents (Brand et al., 2010) presgrgristine geochemistry. The non-luminescent
Fe-rich blocky calcite, as the latest diagenetiodpct, suggests a precipitation under strongly
negative redox conditions in the presence of fexrioms, which acted as luminescence inhibitors
(Aitken et al., 2002 and references therein). Ties@nce of thick crusts of pristine radiaxial filxso
cement in all the primary cavities (including stitarctis) is a consequence of the early lithifiaatio

due to early marine cementation, and the preservati this phase excludes dissolution and
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diagenetic overprinting (e.g., Mounji et al., 1998jowever, low recrystallization grade was
observed associated to specific facies, formally Fe-rich carbonates associated to the chimney-
like structures, characterized by zoned euhedrébnaite crystals. Contrary to the described
paragenetic sequence this facies lacks micriteratidxial fibrous calcite cements and idiotopic to
hypidiotopic dolomite cements the bioclasts. Howevlee bioclasts were not affected by
dolomitization or pressure-solution(Fig. 2.6E). Teod the center of the major voids the sequence
continues the normal marine-to-burial trend witlodidy calcite cements and locally syntaxial

calcite.

2.5.2. Goethite and quartz of the Seheb el Rhassel Grag@n evidence of hydrothermalism

Raman, XRD and XRF analyses reveal a homogeneoungasition of the carbonates of the
Seheb el Rhassel Group including the Emsian moutidd, result made of low-Mg calcite.
However, Fe-rich facies dominated by goethite, guand dolomite mineral phases have been
described associated to chimney-like structureg. (£i6). Whereas goethite and quartz have been
also observed associated to the trilobites floatsfmackstone facies within the mounds (Figs. 2.15).

Iron (Fe) and Fe-minerals including goethite areraant in marine sedimentary systems
(Taylor and Konhauser, 2011). Presence of Fe ininmasystem can be related to different
geological processes including submarine volcarltakations, and accumulate in (Phanerozoic)
ocean seafloor sediments in its ferric form (Felhoethite at the ocean sea-floor is known to
directly precipitate from low-temperature hydrotiet exhalation (Puteanus et al., 1991). The iron
in the hydrothermal fluids can precipitates duehi® oxic nature of Earth’s (Phanerozoic) ocean,
and form ferric oxhydroxide that transform in gotthas ageing process (lizasa et al., 1998).
Subaerial and marine chimney structures are pecafichydrothermal systems and have been
described from active systems (e.g., Dekov e2808) and in the geological record (e.g., Chen et
al., 2009). Therefore, the goethitic chimney-likeustures of the Seheb el Rhassel Group could
represent together with the Emsian Kess Kess moamdsvidence of the submarine hydrothermal
venting related to the Merzane Group volcanic @gtiAdditionally, goethite deposits within the
Kess Kess carbonate mounds have been commonlyvebdsassociated tS8cutellumsp. shells of
the trilobite floatstone/rudstone facies (Fig. 3.1Beposition of goethite within this facies is
probably due to local chemical (oxic) micro-conalitidriven by fluid injection along the fractures

that characterize the stromatactoid cavities whwzdrilobites floatstone/rudstone was described.
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Stability of goethite is constrained to particutdiemo-physical conditions depending from
temperature and pressure (Garrels and Christ, 1B&yes et al. 2003). Despite goethite (
Fe**O(OH)) minerals are commonly instable under budahditions, and convert in hematite
(FeO3) at 80°-100°C (e.g., Lowe and Byerly, 2003), ocences of stable goethite have been
reported from hydrothermal systems with temperatyréo ~130°C at 1bar and ~175°C at 1kbar
(Garrels and Christ, 1967; Reyes et al. 2003).

Within the Seheb el Rhassel limestones goethiteigitation may be associated to the late
stage of mound growth and/or before the burial eli@gis, or related to post-diagenetic processes.
Indeed the presence of ferroan non-luminescerkiploements in the Seheb el Rhassel limestones
as end product of the diagenesis, suggests redooimdjtions for pore waters of mound limestones,
therefore adverse condition for goethite precitatduring the diagenesis. Thus the goethite
deposits associated to chimney-like structuresdcdnd formed in a hydrothermally-dominated
environment as also suggested by their peculiarshaghed morphologies (Fig. 2.6D). These
goethite rod-shaped morphologies are similar todhes interpreted as microbial morphologies
(lizasa et al., 1998, pag. 9, Fig. 5), describadnfrthe Coriolis Troughs (southwestern Pacific)
hydrothermal sulfide-bearing deposits. lizasa et(H98) consider the goethite rods at Coriolis
Troughs a primary hydrothermal signature. Bacteriatliation is considered as a primary factor of
ferrous mineral precipitation (see Southam, 20X2afeecent review) that could have catalyzed the
formation of goethite in hydrothermal systems asutieented in the Coriolis Troughs (lisaza et al.,
1998), and in the Teahitia-Mehitia and Macdonaltdpmt areas (Puteanus et al., 1991).

Discrete occurrences of Si-minerals have been wedewithin the lower part of the Hamar
Laghdad ridge in the Merzane Group (Lochkov@yphocrinitesand low-Si basaltic breccia), and
in the Seheb el Rhassel Group (Figs. 2.3, 2.4 abbl).2Pyroclasts of the volcanic breccia of the
Merzane Group are locally cemented by turbid cegraemed quartz (Figs. 2.3 and 2.4), anatase
and clinochlore (Fig. 2.4). Whereas the Si-mingyhbse in the Seheb el Rhassel Group was
neomorphic quartz associated to the chimney-likactires (Fig. 2.6F), and small amount of
neomorphic quartz associated to scutellids of tiebttes floatstone/rudstone of the mound core
facies (Figs. 2.10 and 2.15). Here, quartz phaseusts and locally replaces the low-Mg calcite of
trilobite cuticles (Fig. 2.15). Fossilized trilobittypically shown a mineralized exoskeleton
composed by calcium carbonate, specifically low-dadrite (LMC) (Wilmot and Fallik, 1989; Lee
et al., 2012). Although the LMC of trilobite cutd is a stable carbonate phase (Richter and
Fuchtbauer, 1978), alteration processes can beaadoy highly reactive pore fluids (Wilmot and
Fallik, 1989) such as hydrothermal fluids. Recentjyartz replacing trilobite eyes from the Bou
Tchrafine Group at the Hamar Laghdad ridge have bés® described (Klug et al., 2009; Lee et al.,
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2012). Klug et al. (2009) reported the presencpanfially silicified trilobite exoskeleton within a
Givetian red cliff among the Kess Kess mounds, and propose for thelmagenetic in origin.
Although the authors mentioned a possible relatothin silicified trilobite and the pervasive
Devonian hydrothermal activity at the Hamar Laghdadie, an hydrothermal-related origin of
these Si-minerals was not considered due to thigelihoccurrence of silicified trilobites.

Silica deposits and silicification are the most coom processes associated to hydrothermal
alteration of volcanic rock (Ellis and McMahon, 197 Therefore, the presence of partially
silicified trilobites and neomorphic quartz asstethto the Kess Kess mounds and chimney-like
structures could be probably explained by a peveaBievonian hydrothermal activity at the Hamar
Laghdad Ridge driven by alkaline basaltic volcanigbirculation of Si-rich fluids related to
volcanism of the Merzane Group replaced LMC ofttilebites of the triblobite floatstone/rudstone

facies and then deposed the sediments relatee twhimney-like structures.

2.5.3. Carbon and oxygen Stable isotope composition

Although the late magmatic fluids circulation irethlamar Laghdad appears to be a prime
candidate for the Kess Kess genesis, accordingre sauthors (Joachimski and Buggisch, 1999)
there are several discrepancy of the geochemidal @&. C and O stable isotopes) reported in
literature (e.g. Belka, 1998; Mouniji et al., 1998)d the proposed hydrothermal venting. For a
better understanding of the Kess Kess relation Wwittrothermal fluids the carbon and oxygen
stable isotope compositions obtained from the desdrdifferent carbonate and cement phases of
the Seheb el Rhassel Group were discussed and cesnpéth the data from literature from the
same area (Belka, 1998; Mouniji et al., 1998; Jaaski and Buggisch, 1999; Aitken et al., 2002).

Paleotemperature reconstruction of the studied &méimestones were referred to the
standard values of the Devonian oceanic water enhidle latitudes (Fig. 2.17). TR&*C and
880 standard values of the Devonian oceanic wattreamiddle latitudes were +2,5 (+1) %o and
~ -5,0 (¥1) % PDB, respectively (Hurley and Lohmari®89). Assuming that 1) the oxygen
isotopic composition of ocean water similar to #i®ve standard values, and 2) the temperature
increase during burial diagenesis with consequeptetion of primans*°0 values §°C constant)
(Hurley and Lohman, 1989):

1) The average'®0O values of micrite result negative compare to aligsbtained from
calcitic cements (Fig. 2.17) and the progressivplafion of §'%0 values due the increase of

temperatures during the burial was inverted inSkaeb el Rhassel limestones. Indeed the cements
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880 composition is closer to the marine standard thanmicrite5'¥0 composition (Fig. 2.17).
During a normal marine diagenesis, the standardposition (Devonian oceanic water at the
middle latitudes) affected by a burial diagenesisprised between 0 and 2 km, that however is far
deeper than the burial reached by the Seheb ekBh@soup (Guido et al., 2012), shows values of
880 = -5,7 %0 and™*C = 0,5 %o (Ali, 1995).

2) The 80 micrite values negative as -10%. PDB suggest pitegion from fluids with
temperatures higher than ambient seawater. Expeetederature (Friedmann and O’Neil, 1977)
for fluids flowing through the Seheb el Rhassel @prancluded the Emsian Kess Kess mounds are
constrained in a slightly precise range of 40-466@patible with 36-56°C proposed by Mouniji et
al. (1998). Although the temperatures obtainedcameservative compared to 120°C obtained by
Betka (1998) from fluid inclusions coming from theund buildups, they can easily suggest a low-
hydrothermal fluids circulation. Probably, temperat of 120°C should correspond to a
approximate5'®0 value of -24 %0 PDB (Friedmann and O’Neil, 1977his discrepancy may be
due to the fast mixing of the hot fluids with cotdteanic water with consequent reducing of
temperature registered in the sediments.

3) A 5'%0 negative trend can be observed through the Selh@hassel Group micrite with
the more negative values in correspondence of #ss IKess mounds and less depleted values from
the infra-mounds micrite and from the samples ctdié at the bottom of the Group. Particularly the
micrite within the brachiopodiimachellalens near the mounds core facies (upper part f th
Group) is slightly depleted respect to the bracbhagtumachellaat the bottom of the Group.

4) Slightly depleted'®0 stable isotope data that document the presenceetifane-rich
fluids in the Hamar Laghdad mounds were reportechfthe Middle Devonian Hollard Mound and
from veins filling in the Emsian limestone of thelgb el Rhassel Group (Mounji et al., 1998;
Peckmann et al., 1999, 2005; Buggish and Krummp2Q@avalazzi et al., 2007; this study). The
moderate depletion reported in this work from tlees filling could be due to mixing of different
fluids during the seepage and/or microbial seleationsumption of the methane in the deeper strata
in correspondence of the sulfate reduction sur{&esz=burgh, 1980; Devol et al., 1984) before the
formation of the authigenic carbonates. Otherwie=@Q source may not be attributable directly
to the methane but resulting from the oxidatiosedimentary organic material by sulfate reducing
bacteria with &°C of approx. -20 %o (Ritger et al., 1987) which arebably responsible of the
general low depleted values in the Kess Kess liomest Moreover thé'*C values could be
influenced by the water temperature, in fact, aggeated by Canet et al. (2005), under hot water
seepage the GQlegassing cause'¥C enrichment and consequent increas&i values with loss
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of methane and/or organic geochemical signatures.gfadual increase of temperature and loss of

CO, may have been fed by the cyclic warm fluid cirtiola during deposition of the limestones.

The 80 values of micrite sampled from the Kess Kess rdstis more depleted than those
from underlying strata and thus probably dependsfdirect precipitation of the micrite from
heated fluids that reached the surface during meweyelopment. However, at the stratigraphic
level of the mounds, there is a pronounced excursidess negativé'®O values moving from the

mounds to the infra-mounds area that localizedlth@ advection in the mounds occurrence.

2.6. CONCLUSIONS

The Emsian Kess Kess mounds developed at the the @eheb el Rhassel Group that is a
~100 meter thick succession of fossiliferous lirnass developed above the basaltic breccia dome-
shaped belt generated during the Lochkovian sulmmarolcanic activity in an epicontinetal sea
associated to the Tafilat Platform/Basin systemggF2.1 and 2.2). The effect of the late volcanism
(late magmatic fluid circulation) in this area uhced the mineralogy and morphologies of Hamar
Laghdad stratigraphic succession including the K&sss mounds catalyzing their early
lithification.

The describedh situ volcanic rocks (basaltic breccia) fuelled a cytieating flux and low-
temperature hydrothermal fluids circulation. Theditothermal (vent-related) secondary minerals
observed at different stratigraphic levels of tledé&b el Rhassel Group are new evidence of a low-
temperature hydrothermal fluids circulation at tHamar Laghdad ridge. These fluids flowing
through the Hamar Laghdad succession i) alter tbleamic breccia where pyroclasts occur
cemented by quartz and in association with clinmehland anatase, ii) induce a discrete
silicification supported by the presence of siledf trilobite cuticles within stromatactis,
additionally, trace of goethite were observed witthese silicified trilobite, and iii) gave rise to
chimney-like structures dominated by goethite daxk deposits associated with neomorphic quartz
and Fe-rich limestone.

In this frame, our stable isotopic data, especitily remarkable shift of the micrité?0
composition toward negative values, support therdtpegrmal (vent-related) hypothesis for the
origin of the Emsian Kess Kess mounds. In factJaggoal constrains of the Hamar Laghdad ridge,

such as the shallow burial reached, suggest tai@edhe deep burial diagenesis in order to justify
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the low 8'%0. Therefore, the l0w$'°0 values of micrite of the Emsian Kess Kess mouwals be
explained as evidence of to precipitation from l@mperature hydrothermal fluids.

The distribution of the temperature values extrafgal from the Seheb el Rhassel Group
5'%0 values indicates that during the deposition ef phimary micrite the water temperature was
far above the mean oceanic temperature at thased@aiand depth (40°-45°C). There is no burial
diagenesis trend (increment of the temperature thigtburial) and the calcite cement preséit®
values compatible with equilibrium with the Devamiaean oceanic water.

The plumbing system varied during the geologicatdry of Hamar Laghdad,; it resulted in
fractures and veins connected with large cavitikedfby trilobites floatstone/rudstone within the
Kess Kess mounds, to meter-sized rounded chimmeystructures in the upper part of the Group,
to the veins and neptunian dikes system that pighadstdate the Kess Kess development. These
evidences delineate a scenario of intermittent dtye@rmalism during the Early and middle
Devonian.

The occurrence in different stratigraphic levelsetondary hydrothermal products such as
low-Si olivine-rich basaltic breccia cemented byadgm and associated to clinochlore and anatase,
levels in the Seheb el Rhassel Group (Emsian) ana Bhrafine Group (Eifelian) of silicified
trilobite locally associated to small amount of thite, several generations of mounds in the
Emsian (the Kess Kess) up to the Frasnian (venit$) faunal associations adapted to particular
environmental conditions (scutellid trilobites, ¥®rostracods and thermophilic corals), goethite
dominated chimney-like structures with quartz andeslral dolomite, point out to an evolving low-

temperature hydrothermalism connected to the mauiodmation.
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3. COMPARATIVE STUDY OF THE BRACHIOPOD FAUNAS
OF MAIDER MIDDLE DEVONIAN MOUNDS

3.1. INTRODUCTION

The occurrence of many Devonian mounds in the Tuh@asin (Dumestre & llling 1967),
in the Sebkha Azzel Matti (Wenet al 1997), and in the Moroccan eastern Anti-Atlagve|
documented in literature, particularly the Anti-#gl Tafilalt (see Tab. 2.1), and Maider Basin
(Wendt 1993; Kaufmann 1995, 1996, 1997, 1998dnkjhapter 2 we faced the geological problem
of the Kess Kess conical mounds; here we introdbheeMaider basin mounds to complete the
outline of the Devonian conical mounds in the Aftias. This research, based mainly on field
survey results and palaeontological studies, akbtecompare two conical clusters characterized
by a controversial origin.

The Maider Basin (Fig. 3.1) offers one of the mspressive outcrops of Devonian
mounds. Hollard (1974) was the first who mentioed 4 mud mounds at Jebel el Oftal, the
solitary mud mound at Guelb el Maharch, and thé neeund named Aferdou el Mrakib in the
Maider Basin (Fig. 3.2). Because of their shapeldnology, these mounds are very similar to the
Kess Kess mounds of Hamar Laghdad (Chapter 2). Evengh they have been studied for
decades, the origin of the carbonate buildups @Maider Basin is still under debate and detailed
descriptions of strategic taxe,g brachiopods, could provide new palaeoecologies diseful for
inferring their genesis and compare it with the K&&ss genesis. The data discussed here came
from a field survey in the Maider basin aimed tdlezd limestone samples from the carbonate
mounds buildups to make the comparison with theskésss limestones. The field work gave new
insights about the Maider mounds structures allow@dcompare sedimentological features
occurring in both regions as neptunian dikes arndsvelhe micro facies described in chapter 2
were described even from the Maider mounds.

During the field survey, aimed to collect sampléshe Maider basin faunal association, a
new species of brachiopods was discovered. Onleoffiain purposes of this work is to provide a
detailed description of this taxdwdelinia pulchrasp. nov., which is part of the Aferdou el Mrakib
reef guild. The other specimens collected durirgy field survey in February 2011 belong to the

orders Spiriferida, Orthida, and Athyridida. Onlyfew strophomenids were found in another

* This chapter consists of a paper by FranchiSRemm-Gregory, M., Klug, C., 2012. A new spedtieielinia
Andronov, 1961 from the Moroccan Givetian and #fapoecological and palaeobiogeographical impbecati Bulletin
of Geosciences 87 (1), 1-11.
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mound locality. Ivdelinia pulchra sp. nov. occurs in various situations: it can bentb in
monospecific shell beds (see Klagal, 2009), locally, associated with abundant speosra the
gypidulid Devonogypawhich reaches almost 80 mm shell length) in lowedsity associations
together with some other brachiopods, and sometiinean be found in free association with the

variable fauna of the Aferdou el Mrakib reef mound.
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Figure 3. 1. Simplified geological map of north-westn Africa. A) Rif, Meseta and Atlas structural domains
dominate the physiography of north-western Africa.The eastern part of Anti-Atlas domain includes the
Devonain Tafilalt and Maider palaeogeographic unitgbroken line). The study area (box) is detailed irB. B)
Distribution of the Tafilalt and Maider platform-ba sin system. The Kess Kess mounds cropping out ateth
Hamar Laghdad ridge (star) are hosted in the Tafildt platform. Modified from Michard (1976), Kaufmann

(1997).

3.2. GEOLOGICAL SETTING

Maider platform/basin system is one of the systamalting from the clockwise Gondwana
rotation (see paragraph 2.1.1) during the Devo(Wdendt, 1985). This platform/basin system was
generated by early Variscan tensional stresseshenpassive continental margin of northwest
Gondwana (Wendt,1985; 1988).
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The Maider region is situated south of Msissi (Bid.), where the Devonian strata crop out
in a 50 km wide amphitheater-like structure. Theboaate buildups lie on top of a 200-300 m
thick Middle Devonian succession of argillaceowssfliferous limestones (Hollard, 1974; Wendt,
1993). During the Late Devonian, the Maider Basas \Wiilled by a succession of approx. 800 m of
shales and sandstones, which correspond to just sams of meters of cephalopod limestone in the
Maider Platform (Wendt, 1991). Afterwards, Upper vDaan/Lower Carboniferous marine

siliciclastic deposits levelled both the platforndahe basin.

3.3. CARBONATE BUILDUPS: previous works

The long lasting debate on the origin of the cadberuildups of the Maider Basin roots in
two main problems: their genesis and the contrdheir stratigraphic position. Kaufmann (1998a)
suggested a microbial origin for the carbonatethefMaider Basin mud mounds, in spite of the
microbial structures only being preserved in stri@utids fabrics as happened for the Kess Kess
mounds, and concluded that changes of the physieotical parameters of the water would have
allowed the microbial communities to fix the CaC@®3their biofiims (Chafetz and Bucrynski,
1992; Monty, 1995) consolidating the steep flankshe carbonates buildups. This hypothesis is
also supported by high accumulation rates of thenddacies, greater than in the off-mound facies,
purity of mound carbonates (95% CaCO3), and homagen calcite mineralogy (Kaufmann,
1996), which suggests an authigenic origin.

The scattered occurrence of the carbonate buildapshardly be explained by the presence
of cold seeps and/or hot vents on the sea flegy, Belka 1998). Geochemical data do not support
this suggestion unequivocally. Methane seepagesairsupported by th€C-values of the mound
carbonates which suggest normal marine conditi@m the *®0-values do not indicate a
sufficiently elevated temperature to suggest anylrdthermal activity (Kaufmann, 1997).
Nevertheless, Aferdou el Mrakib and Guelb el Mahatarbonate buildups appear to be aligned
with a Precambrian E-W trending strike-slip fauistem (Kaufmann 1998a) that could be a
preferential way for deep fluids. It cannot be exidd, therefore, that the development of the
carbonate buildups was initiated with a low tempem hydrothermal water seepage and
subsequent benthic fauna colonization. Mixing wifie normal sea water might also explain the
near-normal isotopic values.

In literature Aferdou el Mrakib mound is the onlpeowith a certain genesis related to
biogenic accumulatiore(g. Kaufmann et al., 1997) and is interpreted as ameeind, particularly
in its last growing phase.

52



CHAPTER 3

Kaufmann (1996, 1997) established the age of theldiacarbonate buildups by the study
of conodont faunal associations formerly describgdBelkaet al (1997). The oldest build-ups
described here are, according to the above memwtianthors, the mounds number 1 to 3 at Jebel el
Otfal, which were dated as earbostatus costatugone (early Eifelian); mound number 4 is
younger and spans throughout #eckelianusup to the lowerensensizone (late Eifelian). The
solitary mound at Guelb el Maharch was stratigreglly positioned in the earlyarcusconodont
zone (early Givetian) and the reef mound at AferdbMrakib ranges from theemiansatuso the

earlyvarcusconodont zone (early Givetian).

3.3.1. Jebel el Oftal

The oldest carbonate buildups of the Maider Basintle 4 Eifelian mounds of Jebel el
Oftal. Only one of these mounds (the number 2 inufikenn, 1998) reaches the dimension of
Guelb el Maharch, with a diameter of 120-150 m d4Adm high (Fig. 3.2 A). Also this mound
shows asymmetric flanks, with a steeper southwesfiank (ca. 40°) representing the closest
analogue of the Kess Kess mounds in the Maidembdsie other 3 mounds are smaller, not
properly cone shaped and partially covered by Qoatg sediments. Less abundant corals and
brachiopods specimens characterize these mourgteathin the Jebel el Oftal carbonate buildups
appears trilobites assigned to the genus Phacaps gccurrences in Aferdou el Mrakib buildups)
and assembrages of scutellid trilobites analogdebe scutellid rudstone described in the Kess
Kess. In this facies scutellid remains are lesk@acnd the lithofacies is a wackestone. The
carbonate buildups are composed by stromatactisingearinoidal wakestone. There are no

evidences for the presence of dikes in the Jeli@ftal buildups.

3.3.2. Guelb el Maharch

The early Givetian Guelb el Maharch buildup emerges the southeastern margin of the
plain for 45 m (Fig. 3.2 B). The exposed base hdsmmeter of approx. 120 m. The shape of this
mound is asymmetric (the same characteristic o6K&=ss conical mound) with a steeper eastern
flank (approx. 45°). The faunal assemblage of ¢higller carbonate buildup is impoverished and
dominated by echinoderms (crinoids) and tabulat@lsoauloporid). Except for the absence of
trilobites and for the less abundance of tentagsilithis association corresponds to Kess Kess
fauna. This assemblage is attributable to deepe¢erwenvironment (Wendt, 1993; Kaufmann,
1995). From a lithological point of view Guelb elalarch is composed by a stromatactis bearing

wakestone. Many dikes, filled by dark to violet nte and cements with lithoclasts and iron

53



MAIDER BASIN DEVONIAN MOUNDS

pebbles, cut the flanks of this solitary mound. aann (1997) suggests that this fractures system

was opened during late Givetian and filled by thekdsediment overlaying the carbonate buildup.

Figure 3.2. The carbonate buildups. A) mound numbe® at the Jebel el Oftal, the largest in this localy, approx.
40 meters high. B) Guelb el Maharch solitary moundseen from W, approx. 40 meters high. C) Aferdou el
Mrakib reef mound seen from NE, 100-120 meters high

3.3.3. Aferdou el Mrakib

The Aferdou el Mrakib mound with its approx. 900dmmeter and 100-120 m altitude is
the largest mound of the Anti-Atlas (Fig. 3.2C).eTAferdou el Mrakib fauna is enriched in
macroscopic organismal remains compared to the dfiagder Basin carbonate buildups; a broad
description of the faunal assemblage from this @aabe buildup was provided by Kaufmann
(1998b).
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The entire buildup is made up of stromatactis-lmgarivackestones, floatstones, and
rudstones. Bioclasts are mainly crinoids, corald anbordinate brachiopods. The concordance
between the bottom of the stromatactis structured the strata dip seem to suggest a
synsedimentary origin for these cavities. Nepturdétes filled by dark to violet micrite and a
variety of cements cut across the Aferdou el Mrdkiddup. The topmost southeastern part of the
buildup is pervasively dolomitized and fossils atdictures, therefore, have been obliterated or at
least were overprinted by dolomitization. Whereagha Aferdou el Mrakib mound the fossil
remains are more abundant than in other buildugheoMaider Basin, the taxonomic composition
seems to be the same in all the studied placespfdgaominance of stromatoporoids and rugose
corals as well as the absence of calcareous gftgae suggests a moderately shallow environment

below the euphotic zone (Kaufmann, 1995; 1996).

3.4. MATERIALS AND METHODS

Samples of limestones were collected in the Malwsin in February 2011. All studied
brachiopods were collected in February and MarchilZ@om the Aferdou el Mrakib reef mound
along the Maider Basin (Fig. 3.1). Further inforimas on the localities are provided by Wendt
(1993) and Kaufmann (1995, 1996, 1997, 1998a, lng. fewbrachiopods specimens described here
are deposited at the Museo Geologico Giovanni diapef the University of Bologna (Bologna,
Italy) with the serial numbers MGGC 21835-21844e@mens are preserved as shell material and
coated with magnesium oxide prior to photographihg.the present paper the brachiopod
taxonomy systematics follows the reviséckatise on Invertebrate Paleontolo@Blodgettet al
2002).

Petrographic and palaeontological investigationshef samples collected during the field
survey were performed on 20 thin sections. XRD ARF analyses on the bulk limestone were
performed at the SPECTRAU facilities (University &dhannesburg). Further description of the

geochemical composition of the sample collectetthénMaider basin will be reported in chapter 4.

3.5. RESULTS

In the next paragraphs will be reported the resaftghe field survey with particular
emphasis for the Aferdou el Mrakib mound palaeagiial association. This mound was chosen

for its dissimilarity with the other mounds of tM&ider region and for its abundant reef fauna. The
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mineralogical and geochemical consideration abogitstudied samples will be reported in chapter
4.

3.5.1. Faunal association

The Aferdou el Mrakib rocks are dominated ibysitu and detrital crinoids, tentaculitids
(tentaculites, styliolinids and rare nowakiids)bukate corals such as auloporid3ainbridgia
Cladochonus, Remesia, Aulocyktis striatoporoids Rachystriatopory,  thamnoporids
(Thamnopory, favositids Platyaxunm), heliolitids (Heliolites large mamelons up to almost one
meter), rugose corals, both solitalef{iophyllum, Cystiphylloides, Acanthophyllum, Meeg and
colonial Hexagonaria Phillipsastreg. The Aferdou el Mrakib mound also yields one loé most
abundant brachiopod guilds of the Maider Basin whaonsists of pentameriddvdelinia,
Devonogypga spiriferids Atrypa DesquamatiaPlanatrypg Carinating), orthids Schizophorig
athyrids, and leptaenid strophomenids.

Despite of the abundance of situ frame builders (stromatoporoids, tabulate and regos
corals), framestones and boundstones (as desdmp&tiright 1992) are lacking in this buildup.
Several stromatoporoid&\¢tinostroma only appear to locally bind other bioclasts. Awtog to
Fagerstrom’s (1991) theory of reef guilds, the Atar el Mrakib fauna is compatible with a

constructor guild and a baffler guild.

3.5.2. Systematic palaeontology of Ivdeliania

Andronov (1961) established the genlwlelinia with the type species. ivdelensis
(Khodalevich, 1951) from the Ural Mountains andlunied 4 European and 32 Russian species,
most of which he established in this monographrrigie(1966), however, considerkdlelinia only
as a subgenus dbypidula Hall, 1867 and argued that splitting of ribs is r@otgeneric-level
character because it is only recognizable in ashdtimens. Jux (1969) followed Biernat (1966) in
his study of the German Devonian gypidulids and éaid (1972) regardetideliniaas a genus,
redescribed the type species, and figured detaieil sections. Malygina & Sapelnikov (1973)
and Sapelnikov (1985) described further taxa framwér Devonian and Eifelian strata of the Ural
Mountains and Central Asia. Brice (1982) subdividieel genus into two subgenera with material
from Arctic Canada based on the presence and absdEna ventral median septum. Blodgett &
Boucot (1999) reported the first species from Atasind proposed its relationship lalelinia
species from the Urals. Even though a lot of taxaicovork has been done so far on this genus, the
systematic description of North African materiahieh was first mentioned in literature almost two
decades ago is still lacking until now. Systematiformation about the described taxon are

summarized below.
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Order Pentamerida Schuchert & Cooper, 1931

Suborder Pentameridina Schuchert & Cooper, 1931

Superfamily Gypiduloidea Schuchert & LeVene, 1929

Family Gypidulidae Schuchert & LeVene, 1929

Subfamily Ivdeliniinae Sapelnikov, 1985

Genuslvdelinia Andronov, 1961

Subgenuslvdelinia (lvdelinia) Andronov, 1961

Type species. — Gypidula ivdelenshsodalevich, 1951, p. 22

Diagnosis. — Ivdeliniawith strongly raised costae or plicae and with raadseptum. [After
Blodgettet al.(2002), p. 1014.]

Stratigraphic and geographic occurrenceLechkovian to Givetian (lower Lower to upper
Middle Devonian); Ural Mountains, Central Asia, 8ila, Uzbekistan, Alaska (USA), Arctic
Canada, Europe (Germany, Belgium, Czech Republmjth Africa.

Ivdelinia pulchrasp. nov. Fig. 3.3)

1998blvdeliniasp. Kaufmann, pl. 13, fig. 11.

Derivation of name +rom the Latin worgbulcher, pulchra, pulchrurns beautiful.

Holotype —Articulated, but broken, specimen showing the sgbtaoh stored in the Museo
Geologico Giovanni Capellini, Bologna, Italy, undee inventory number MGGC 21842a.
Type horizon and locality £ens of gray to dark gray crinoidal wackestone ltatStone

with abundant organic matter. Lower Givetian, neastern flank of Aferdou el Mrakib reef
mound, Maider Basin, Anti-Atlas, Morocco.

Material —2 articulated specimens, 8 external ventral val¥esagment of internal ventral
valve (MGGC 21835-21844).

Stratigraphic _and geographic distribution £ower Givetian (probablyhemiansatus

conodont zone); Maider Basin, Morocco.

Diagnosis —Large lvdelinia with 3 to 5 plications on fold which show furrows the
anterior third of valve. Fold bordering plicatioalsnost parallel and higher than fold. Sulcus tongue
clearly developed with straight anterior margin.

Description —Shells medium to large-size, strongly ventribiconte planoventriconvex.
Hinge line strophic. Almost entire shell covered fljcations which are diminishing on flanks
toward the lateral ends. Plications split by fursaw the anterior third of valve. Sulcus moderately
broad, sulcus bordering plications coarser thacapbns of fold and sulcus and usually higher

elevated than fold. Fold flat to U-shaped in cresstion. Sulcus tongue clearly developed, box-like
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in anterior view, and with straight anterior margiborsal valve always wider than long. Ventral
median septum clearly developed, high, and longchimg to at least half of shell length.
Spondylium gypiduloid (see Blodgedt al 2002, fig. 621.12). Microornamentation not prgsel
Discussion. -A vast number of taxa divdelinia are described, especially from the Ural
Mountains (Russia), some of which can probablydjected as already stated by Biernat (1966). It
is beyond the scope of this work, to revise allcggee oflvdelinia, especially because we could not
study the type or topotype material of these taXeerefore, we discuss the new species only from
literature data and external morphology of illustdhspecimens. If no other indication is provided,
the compared taxa are from Lower Devonian—Eifeltirata of the Ural Mountaindvdelinia
pulchra sp. nov. differs froml. ivdelensis(Khodalevich, 1951) in wider forms, and fewer and
broader ribs on flanksvdelinia acutolobatgSandberger and Sandberger, 1850-1856) including it
cf.-forms from the Ural Mountains, the Holy Cros®ihtains (Poland), and Germany has smooth
flanks or flanks covered with one or two weak pimas and only one plication in the sulcus and
only 2 plications on the fold, which also represéstbordering plicationslvdelinia sp. cf. .
multiplicata (Roemer, 1854) figured by Biernat (1966, pl. 2sfi@—4) has many more and finer
plications tharl. pulchra while the specimens &f multiplicatafigured by Andronov (1961, pl. 3,
figs. 11-17) show a smaller sulcus tongue and waly short furrows in the anterior part of the
plications.Ivdelinia pseudoivdelensi&hodalevich, 1951) is probably a juvenile formasfother
Ivdelinia species, but the specimen figured in Andronov (19614, figs. 24—27) shows very short
furrows in the plications and coarser sulcus bondermplications thanl. pulchra Ivdelinia
geniculatisAndronov, 1961 is wider, smaller, and has moreaplons on the fold than our new
specieslvdelinia menneriAndronov, 1961 has many more and finer plicatidngrchangalskii
Andronov, 1961 also has finer plications and a momasverse outline than pulchra Ivdelinia
krestovnikoviAndronov, 1961 has fewer and coarser ribs thapulchra and broader fold and
sulcus bordering plications/delinia milradowitchiAndronov, 1961 has a posteriorly smooth shell,
its fold is almost inconspicuous, but shows a eoanedian furrow, whereas the complete external
surface inl. pulchra is covered by plications with furrows of equal sitedelinia uralensis
Andronov, 1961 has in general plications of theeaime ad. pulchra however, the median costa
of the sulcus is remarkably coarse, but specimemsmaller than in the new species. Flankk in
egorovi Andronov, 1961 are smooth and its fold is not Upsthin cross-section. Furthermore,
specimens are smaller thanlinpulchra. Ivdelinia savtschencéindronov, 1961 differs from the
new species in having smaller and more transvepeximens with fewer plications. The
representatives df petropavlowskiensigindronov, 1961 show coarser plications on the fotd

larger furrows on the plications than linpulchra Ivdelinia antiquaAndronov, 1961 has smaller
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forms with a less distinct sulcus tongue and coapdieations than the new specidgdelinia
motovilichaensiAndronov, 1961 has a higher elevated fold and highieations than. pulchra
Ivdelinia intimaAndronov, 1961 and. pulchrashow plications of the same size. Nevertheless,
intima has a subcircular, rather than transverse outlkelarger furrows on its plications than the
new speciedvdelinia planosellaAndronov, 1961 is questionably regarded as a spefi@delinia
because the furrows on the plications are not keisin the figured specimen (Andronov, 1961, pl.
7, figs. 16—18). This taxon has finer plicationarth pulchra Ivdelinia aperaAndronov, 1961 has
coarser plications than the new species and amspocuous fold. The dorsal valvesloplanosella
andl. asperaare not illustrated. The plications bfcrassicostaAndronov, 1961 are more distinct
and coarser than in pulchra Ivdelinia rossicaAndronov, 1961 differs fronh. pulchrain having
finer costae and a more transverse and smallerinspes. In contrast td. pulchra |I.
moldawanzewAndronov, 1961 is smaller with a thinner fold amvér plications on the flanks.
Ivdelinia moldawanzewibrm alpha Khodalevich & Breivel, 1959, differs inathe new species also
in smaller intercalated plications on the fold andthe sulcus. The plications in soswaensis
Andronov, 1961 are sharper and specimens of tkimtare smaller and show a broader sulcus than
I. pulchra Representatives df trivialis Andronov, 1961,l. pulchellis Andronov, 1961, and.
kelleri Andronov, 1961 are very similar to each other dhdra forms smaller thah pulchra, with
fewer plications on the fold and mostly possesery ypronounced median plication in the sulcus.
Ivdelinia sarytchevAndronov, 1961 is smaller and has a broader swadsa broader fold than
pulchra Ivdelinia ataeviAndronov, 1961 is quite similar to pulchra but differs from the new
species in being smaller, having a deeper sulaus$,lager furrows on the plicationb/delinia
sphaericaAndronov, 1961 is subcircular instead of transvessealler, and shows a less elevated
fold, and larger furrows on the plications tharpulchra Ivdelinia simplexAndronov, 1961).
maslovi Andronov, 1961, and. karjavini Andronov, 1961 are all smaller and have coarser
plications with no or shorter furrows tharpulchra Ivdelinia procerula(Barrande, 1879) from the
Barrandian region (Czech Republic) and the HolysSmdlountains is much smaller, has a circular
outline, and fewer but overall coarser costae wigtarly preserved furrows. The flanks are smooth
or covered anteriorly by very weak and broad costile fine, short, but well developed furrows.
Ivdelinia madmonicé&apelnikov & Kartaschova, 2003 is more compactaitd more ribs in the
sulcus, furthermore, the furrows on the ribs arerteln than inl. pulchra Ivdelinia praeivdelensis
Sapelnikovin Sapelnikov and Mizens, 2005 shows smaller and roongpact forms with a coarser
median furrow on the fold than the new speciedelinia lahuseni(Tschernyschew, 1885) shows

smaller forms with higher and angular plicationarthnl. pulchra lvdelinia dissectdMalygina &
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Sapelnikov, 1973, has a smooth fold with an angaet deep median furrow, a high and angular
median plication in the fold and finer plications s flanks than the bordering plications of the
fold and sulcus, whereas linpulchra the fold and sulcus show numerous plicationsctviaire less
deep and elevated. Furthermore, the plicationshenfald, sulcus, and flanks are of equal size.
Brice (1982) described grennellensiBrice, 1982 from the Arctic Canadian Islands. Tépecies
has a shorter ventral median septum, a more configiaat and 4 ribs on the fold. The furrows on
the costae are almost invisible in her monograpt, the illustrated representatives of Li & Jones
(2002) show more costae on flanks, a shorter sulmougue, and weaker furrows on the costae.
Ivdelinia pseudoivdelensi{&hodaievich, 1951) has smaller and more transvens#is with costae
of unequal size, wheredspulchrahas less transverse shells, larger specimens,cataecof equal
size. The subspecids rectangularis quadruplicatgTorley, 1934) from Germany shows most
similarities tol. pulchra, but this subspecies is smaller and has a mavaglir transverse ornament
than the new species. Besides the morphologicirdiices described herein, no taxorvaelinia

has been reported from Givetian strata so far.
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Figure 3. 3. Ivdelinia pulchra sp. nov. A-D) MGGC 2837. Ventral (A), dorsal (B), oblique posterodorsalC),
and oblique posterior (D) views of ventral valve; ote the spondylium (B) and the ventral median septu (C). E-
H) MGGC 21838. Posterior (E), oblique posterior (F)yentral (G), and oblique anterolateral (H) views dventral
external valve. |, J) MGGC21843. Ventral (I) and olique anterolateral (F) views of ventral external vive. K)
MGGC 21839. Ventral view of ventral external valve;note furrows on ribs. L) MGGC28144. Anterior view of
articulated shell; note furrows on ribs and marginof sulcus tongue. M, N) MGGC21840. Oblique posterateral
(M) and ventral (N) views of ventral external valve note ventral median septum. O) MGGC 21835. Oblige
posterior view of ventral external valve. P, Q) MGGC21836. Posterior (P) and lateral (Q) views of veral
external valve. R, T) MGGC 21842a, b. Holotype. Latral (R, S) and dorsal views of articulated specinme note
spondylium, ventral median septum, and outline of drsal valve. A—Q from Aferdou el Mrakib, north-eastern
flank, southern Maider Basin, Anti-Atlas, Morocco, leg. F. Franchi, February 2011. R—T from Aferdou El
Mrakib, northwestern flank, southern Maider, Anti-A tlas, Morocco, leg. C. Klug, March 2011. All specimns are

Early Givetian age andoriginal size (1.0x).
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3.6. PALAEOBIOGEOGRAPHICAL AND PALAEOECOLOGICAL
IMPLICATIONS

The origin of lvdelinia lies without doubt in the Ural Mountains, where ithieighest
diversity has been described from Eifelian str@atside Central Asia and the Ural Mountains, the
first Ivdelinia appeared during the Emsian, and this agrees wéte@by-step loss of the Early
Devonian endemism with a faunal migration pathwhgsn Asia to Central Europe and North
Africa (e.g, Schemm-Gregory and Jansen, 2008; Schemm-Gre@f9a, b). Within the
phylogenetic relationships of taxa lefielinia shown by morphological similarities of tiedelinia
faunas, a geographical relationship between Eurapé North Africa can be confirmed.
Additionally, as already proposed by Blodgett & Bot1(1999) and Blodgedt al (2002), a closer
relationship of SW Alaska to the Urals than to @enadian Arctic Islands appears plausible. Even
though a single species ofdelinia occurs in the Canadian Arctic Islands, suggestinfguaal
migration, the subgenusdelinella Brice, 1982 seems to be endemic for this regiore 3ecies
Ivdelinia (lvdelinellg) salairica Gratsianova, 1998 would be the first taxon witHims tsubgenus
from Emsian strata; due to the lack of plication®wly faint plications on the dorsal valve and the
lack of the median septum we attribute this tax@iCarinagypaJohnson and Ludvigsen (1972)
(personal communication R.B. Blodgett, 2011).

Gypidulid brachiopods are restricted to distincvimnmental palaeohabitats. Jux (1969)
reported that gypidulids are abundant in the tuticicand fine grained sandstone and marly
limestone facies, gypidulid coquinas were also tbimnear shore plattenkalk facies. With a faunal
assemblage made up of tabulate and rugose cotalpida, and rhynchonellids, the studied mud
mounds of the Maider Basin seem to represent aldeipalaeoenvironment fovdelinia. During
ontogeny, ivdelinids probably reduced their pedarel were dependent on a fine-grained substrate
in which they were partly embedded umbonally inabke position. Furthermore, living in clusters
also guarantees shelter from being transportedibrgats.

On Aferdou el Mrakib, mass-occurrences are remaek@hg. 3.4), wherdvdelinia co-occur with
large Devonogypawhich apparently shared the same palaeoecologgcalirements. The patchy
distribution across the bottom strata of AferdouMebkib indicates a more or less allochthonous
state of these occurrences. Apparently, they forhitde forest-like or colony-like aggregations
during the early stage of the reef growth. Theseliopod mass-occurrences, as well as the crinoid
remains, acted as a substrate for the colonizatyahe reef builder communities. The abundance of
bioclastic remains, especially crinoids, within tembedding dark rock, was already described

elsewhere in the shallow platform facies in TafilBhsin and Maider Basin, suggesting that the
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colonies bloomed in a quite turbulent environmeonbnfpatible with Gypidulid ecology)
characterized by currents and not properly in #ef buildups. Conversely in the other Anti-Atlas
analogue basins, where no reef buildups were destii. pulchradoes not occur, which shows
that this taxon is strongly related with reef depehent. Furthermore, we must consider that during
Givetian age the Maider Basin was situated at raitidjh latitude (Tait et al., 1995; Stampfli &
Borel 2002) and water temperature must have beearlthan in present day tropical platforms.
Anyway the high latitude is comparable with the Igratitudes throughout the Devonian, where

Ivdeliniafirst occurred.

Figure 3. 4. Mass-occurrence oflvdelinia pulchra sp. nov. and Devonogypasp. on Aferdou el Mrakib,

northeastern flank.
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3.7. CONCLUSION

From a petrographic, sedimentological and paladogical point of view Mider mounds
are analogues of the Kess Kess, anyway this wotkned several differences between the two
mounds families.

Despite we described almost the same faunal asagmlthere are different abundance of
framebuilders in the two mounds family. Particylahe Kess Kess lack of framebuilders and reef
faunal associations which instead were describech flhe Aferdou el Mrakib carbonate mound.
Contrariwise the faunal association of the otheunas in Maider basin is absolutely confrontable
with the Kess Kess fauna: abundance of aulopor@fals and trilobites fragments and lack of
framebuilders and buffler organisms.

The new early Givetian ivdelinid speciebidelinia pulchra represents the youngest
Ivdelinia species described to date. It exhibits a charatiennorphology of fold and sulcus, as
well as number of ribs that enable an easy ideatifin and, therefore, it might be a useful
stratigraphic tool for the lower Givetian deposas the Maider Basinlvdelinia pulchrais
suggested to have migrated near the Eifelian/Gadboundary interval from today’s Central Asia
to Europe and North Africa. Mono specific assemesagfDevonogypasp. andivdelinia pulchra
are related to particular adaptation to an enviremnctharacterized by high nutrient supply, turbid
water and low temperatures in a high latitude oratonic shallow sea during the early stage of reef

development.
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4. GEOCHEMICAL CHARACTERIZATION OF THE
TAFILALT AND MAIDER CONICAL MOUNDS (MOROCCO)

4.1. INTRODUCTION

The previous chapters reported data from the feldveys at the Hamar Laghdad Ridge,
coupled with the analytical data from Seheb el Rbébassroup and Merzane Group samples
(Chapter 2), and Maider basin (Chapter 3). In thiapter the complete database obtained from a
broad set of analyses carried on samples from thends clusters of the Hamar Laghdad ridge and
the Maider basin is reported for comparison.

From a sedimentological and genetic point of viae ¢arbonate conical mounds of Hamar
Laghdad Ridge and Maider basin have still unclspeets despite it seems clear the interaction
between both the investigated clusters of moundk lgmrothermal fluids. Geochemistry gives
powerful tools to help to elucidate the origin ahé paleo-environmental fingerprints preserved
within the fossiliferous limestones of these mourtdisre data coming from a broad set of analyses
(XRD, XRF, SEM-EDS, EMPA and Raman microscopy) ieafron 21 samples from the Hamar
Laghdad Ridge and 4 samples from Maider mounds vegrerted. These analyses provided new
insights about geochemical composition of the limess especially referred to the presence of
secondary minerals phases deposed due to hydrahdd advection. Althought the Maider
mounds are younger (Middle Devonian) than the Keasss mounds (Early Devonian), both mound
clusters developed along northern Gondwana marng@picontinental sea, probably within analog
geochemical and environmental conditions. Thenrapasison between these two mound clustes
would give new insights about the main subject luk tthesys, the Kess Kess genesis and
development.

The purpose is to complete the Kess Kess geochkefracaework given in chapter 2, and

compare it with several strategic samples froma@gsimounds in Maider basin.

4.2. MATERIALS AND METHODS

The studied samples were collected from the Kesss Keounds and from several conical
mounds in the Maider Basin (Figs. 2.1 and 3.1)rdutwo field surveys in May 2010 and February
2011. A comprehensive description of this moundgluding geometry, stratigraphy and
geographical position, was given in chapters 2 andable 4.1 summarizes the lithology and

micro-facies of each samples analyzed and all teyses carried on the samples. For each
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samples a minimum of two thin sections (4,4x 6,9 surface area, 3(Am foil thickness) were
prepared. A thin section of each samples was cégbtthcoated in order to be analyzed with a
scanning electron microscopy and a microprobe. dating was preferred for the micro-
morphologies observations, and C-coating was pexfefor all the sets of analyses (except for
Raman microscopy: uncoated thin sections). Onehiok-tpolished and planar slabs were sub-
sampled in order to obtain 24 mm diameter diskshfgh resolution scanning electron microscopy
(SEM), (EDS) analyses, and Electron MicroProbe psed (EMPA).

The X-ray diffraction (XRD) data obtained from thmowdered (bulk) samples were
collected using a Philips PW 1480 X-ray diffractderein a @ configuration (Culk radiation,
A=1.54 A). The spectra were modified and interpretsidg a tool for XRD analysis in the FullProf
Suite (www.ill.eu/sites/fullprof/). Major and min@lement concentrations were determined by X-
ray fluorescence using a PANanalytical Magix PR@a¥(-Fluorescent Spectrometer on pressed
pellets of bulk samples.

Scanning electron microscope (SEM) observationgwenducted using a Jeol 5600 SEM
(working conditions: 15 and 25 KeV acceleratingtage, 15 and 20 mm working distance)
equipped with an electron back-scattering CENTAURYyStem and an energy dispersive X-ray
spectrometer (EDS). SEM observations were perforareétched (aqueous solutions of 1% HCI
for 60 seconds), un-etched polished and freshlkdsrasample surfaces. The SEM and X-ray
energy dispersive spectrometer (EDS) observatishigh included imaging and elements analyses,
were conducted on C-coated samples, using acdalgnabltages between 2.5 and 20 kV. SEM
observations of micro-morphologies were performedia-coated, etched thin sections and freshly
broken samples.

EMPA analyses were carried using a Cameca SX ¥iflreh microprobe equipped with a
SUN workstation and Peak Sight software for insgotncontrol and data evaluation. Beam
conditions were 15 kV, 6 nA, and 20 um for enemgyrent, and diameter, respectively. Mg was
calibrated on MgO, Al on almandine, Si on diopsifliepn SrS@ Ca on CaCg) Ba on BaS@ Mn
on rhodonite, Fe on E@;, and Zn on ZnS. Elements were measured on theiinks except for Sr
and Ba which were measured on La line.

In situ, non-destructive analyses o the different minerale performed by using a WiTec
alpha300. The spectral range of the spectrometdiO@s - 4400A cm'. Raman spectra were
collected using a 100x Nikon objective (N.a.: Gy a frequency doubled Nd: YAG (532 nm) Ar-
ion 20-mW monochromatic laser source. Beam cergeand Raman spectra calibration were

performed daily before spectral acquisition usirfgj atandard (111) with a characteristic Si Raman
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peak at 520.4 ci. The optimum power for in situ analyses of differeninerals was determined
experimentally. Raman analyses were recorded @atett using WiTecProject2 D8oftware, and
compared with reference spectra from Mazzetti ahigtiethwaite (2002), the RRUFF Data-Base
(Laetsch and Downs, 2006; White, 2009; Demoulial ¢22010).

All these sets of analyses were performed at tHeCIRRAU facilities, Faculty of Science,

University of Johannesburg, during a visiting pdr{dlov. 2011-Feb. 2012).
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OXYDES CONCENTRATION (%)

SAMPLE XRD

CaO MgO Al,O, SiO; Fe,03 | Na;O | P,0s SO, Cl K,0 TiO, | MnO Sr TOT
KK1 CALCITE 72,400 0,843 1,680 | 2,180 0,502 << 0,059 | 0,055 | 0,030 | 0,000 << 0,059 | 0,018 | 77,8
KK 2 CALCITE 70,620 0,694 1,962 | 2,859 0,747 | 0,119 | 0,040 | 0,044 << 0,310 | 0,100 | 0,082 | 0,029 | 776
KK 3* CALCITE 68,600 1,030 1,060 | 3,090 0,475 | 0,181 | 0,042 | 0,045 | 0,034 | 0,137 << 0,117 | 0,065 | 74,8
KK 4* CAL+QZ 72,300 0,669 | 0,764 1,800 0,510 << 0,024 | 0,042 | 0,033 | 0,118 << 0,055 | 76,3
KK & CAL+QZ 72,950 0,717 | 0,362 1,359 0,304 << 0,050 | 0,041 | 0,037 | 0,068 0,057 | 0,023 | 76,0
KK 6 CALCITE 74,960 0,858 | 0,189 | 0,341 0,145 << 0,088 | 0,024 | 0,024 | 0,038 0,057 | 0,028 | 76,8
KK 7 - 73,330 1,487 | 0,163 | 0,280 0,303 << 0,060 | 0,073 << 0,031 << 0,051 758
KK 8 - 73,310 0,572 1,310 1,778 0,422 << 0,020 | 0,089 | 0,022 | 0,247 << 0,081 | 0,062 | 78,0
KK 9 CAL+QZ 64,760 0,458 1,823 | 7,574 0,831 0,041 | 0,032 | 0,072 0,282 | 0,126 0,013 | 76,0
KK 10 CALCITE 69,550 0,788 | 2,881 3,957 0,648 | 0,062 | 0,044 | 0,079 0,587 | 0,145 | 0,079 | 0,025 | 78,8
KK 11 QUARTZ 0,739 0,115 | 0,128 | 95,000 0,158 << 0,073 0,020 0,000 96,3
KK 12 GOETHITE 0,313 0,000 | 0,141 1,250 85,180 0,131 | 0,043 0,000 87,4
KK 13 CAL+DOL+QZ | 51,200 2,580 | 3,870 | 9,820 13,100 0,208 | 0,221 | 0,054 | 0,032 | 0,133 | 0,227 | 0,035 | 81,5
KK 14 CALCITE 66,400 1,460 | 2,840 | 3,140 6,190 0,087 | 0,169 0,147 | 0,144 | 0,219 | 0,022 | 80,9
KK 156 - 58,300 | 12,700 | 0,710 1,790 0,762 0,080 | 0,044 | 0,066 | 0,083 0,339 | 0,009 | 749
KK 16 CAL+DOL+QZ | 56,500 8,910 1,850 | 6,720 0,824 << 0,028 | 0,316 | 0,000 | 0,219 | 0,079 | 0,000 | 0,043 | 759
KK 17* CAL+DOL 49,400 << 1,390 1,990 5,110 << 0,041 | 0,089 | 0,050 | 0,164 << 0,355 | 0,016 | 58,6
KK 18" CAL+HEMAT | 46,900 0,908 | 0,642 1,620 32,000 0,340 | 0,125 | 0,027 0,130 | 0,025 | 826
KK 19 - 67,500 0,558 1,590 | 5,960 0,649 0,042 | 0,148 | 0,000 | 0,221 | 0,098 | 0,000 | 0,022 | 76,8
KK 20# CAL+QZ 71,100 0,731 1,210 | 4,060 0,550 << 0,052 | 0,071 << 0,258 << 0,298 78,4
KK 21# - 75,200 0,600 | 0,190 | 0,486 0,370 0,087 | 0,034 | 0,030 | 0,031 0,104 | 0,029 | 77,2
KK 22# CAL+QZ 67,900 0,770 | 2,790 | 4,400 1,230 | 0,048 | 0,071 | 0,066 | 0,000 | 0,455 | 0,132 | 0,082 | 0,023 | 78,0
KK 23# CALCITE - - - - - - - - - - - - - -
KK 24# - - - - - - - - - - - - - - -
KK 25# CALCITE 74,500 0,531 0,515 | 0,718 0,306 << 0,029 | 0,045 | 0,027 | 0,084 0,212 | 0,058 | 77,0

Table 4. 1. XRD and XRF analyses results from the pcessed samples. * Samples from Maider mounds. #iith

sections.
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4.3. RESULTS

The different lithotypes were investigated at thieroscopic to sub-microscopic scale by
using different analytical tools in order to obtagn comprehensive bulk ankh situ petro-
mineralogico characterization (Tab. 4.1). Thus & fet of mineralogical, chemical and
geochemical characteristics were acquired for tfierdnt carbonates cement phases of the samples
from the mounds o the Hamar Laghdad Ridge and Mdidsin (Figs. 4.1-4.9). Data from the
analyses carried on a sample from oolitic ironstonear the Hollard Mound (Bou Tchrafine

Group) was also reported.

4.3.1. XRD and XRF
4.3.1.1.Hamar Laghdad samples

The XRD analyses carried on bulk (powdered) sampigbned that the Hamar Laghdad
limestones are dominated by lo-Mg carbonate. Cdeogbntent, normalized with the total amount
of oxides detected with XRF analyses on bulk limees samples, ranges between 97,4% and
62,8%. During the first set of bulk analyses selveamples revealed slight contents of quartz and
dolomite. Increasing the detail of field survey amdalytical techniques set we detected rocks
composed of pure goethite or quartz (Fig. 4.1) @ased to the chimney-like structure described in
figure 2.6. Within these lithologies Ca-oxide conites less than 1%.

XFR analyses confirm the XRD data showing a dominda-composition with small
amounts of Mg, Al and Si (Tab. 4.1). XRF analysesfecmed high abundance of Fe- and Si-
minerals bearing rock and variations in dolomitateat toward the top of the succession (Tab. 4.1)
near the Hamar Laghdad cliff where chimney-likeictires were describedf(2.4.1.2). Although
the general composition of trilobites floatstonaigstone reflects the Low-Mg carbonate
composition of the whole group a significant amouot silica within the trilobites
floatstone/rudstone facies.@. KK3 and KK5 in table 4.1) was detected. Within teeldish clastic
facies interbedded with the upper strata of theeBath Rhassel Group (see paragraph 2.2.2.), XRD
and XRF analyses revealed an high amount of q@antmded pebbles and grains, Figs. 4.3D and
4.5B) in a carbonate matrix (Tab. 4.1).

The highest concentration of Al-oxides was detedtethe micrite sampled near a vein
(KK14), in the reddish clastic layers (KK13) andhin a sample of fossiliferous wakestone coming
from a mound (KK10). High abundance of Fe-oxidegpted with high percentage of K and Al-
minerals minerals were detected in the samplesobfimironstone collected near the Hollard

Mound. In these facies where Fe is abundant the &iféifyses outlined a slight enrichment of P.
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Trace elements as S, Cl, K, Ti, Mn and Sr do noishny particular trends and/or facies

dependent enrichments.

Enessiry favate, kel
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et g

0
»e 2007

Figure 4. 1. A) XRD spectra of goethite from a chimey-like structure in the upper part of the Seheb eRhassel

Group. B) XRD spectra of quartz from the same rounéd outcrop in A.

4.3.1.2.Maider samples

The XRD analyses carried on bulk (powdered) sampleswed that also the Maider
limestones are dominated by lo-Mg carbonate. Cdeogbntent, normalized to the total amount of
oxides detected with XRF analyses on bulk limestos@mples, ranges between 84% and 95%.
Sample KK18 (Tab. 4.1) from a horizontal vein, skadawer content of Ca, near 57% and high
percentage of Fe-oxides with XRD spectral fingerpof hematite. Trilobites floatstone (KK3)
analogs of the trilobites floatstone describechim $eheb el Rhassel Group was described from one
of the mounds occurring in Jebel el Oftal. XRF gs@&l confirmed the Ca content and outlined the
presence of Si mineral phases (approx. 3%) withis facies. Whereas XRF analyses carried on
Maider wakestone (tentaculites) reported a bulkmusition made of 95% Ca-oxides and only 5%
of Si-oxides. In this sample the Si enrichmentdspied with a slight enrichmento f Al-oxides. A
sample collected within a vein that cuts through&uelb el Maharch mound (KK17; mound in fig.
3.2 B) showed a composition dominated by calcitd dalomite. XRD analyses confirmed the
presence of both calcite and dolomite and XRF daparted small amount of iron (<5%), silica
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(approx. 2%) and aluminium (approx. 1%). Opticahlgses of this facies showed coarse grained
saddle-dolomite characterized by large mm-sizedtaly, curved crystals faces, crystals cleavages,
undulose extinction (under crossed nicols) andoarrcomposition (Fig. 4.2). Locally the saddle

dolomite crystals are replaced by high-Fe caldtig.(4.2).

Figure 4. 2. Photomicrograph of sample KK17: euhedralmm-sized saddle-dolomite with typical undulose
extinction (crossed nicols) and curved crystal fase(arrows). The crystals show red boundaries due toigh iron

content.

4.3.2. SEM-EDS

SEM microscopy analyses were carried on all thes&@®ples both on etched thin sections
and freshly broken samples. The images were coupltd EDS analyses that gave the spatial
variation of elements composition in relation wdlifferent micro-morphologies.

Figures 4.3A and B show euhedral crystal of dolenstirrounded by calcite matrix from
Hamar Laghdad limestones (Seheb el Rhassel Grotp)dolomite crystals are zoned with sharp
boundaries and partially dedolomitized core whagh lmagnification SEM microscopy detected
small framboids (average diameter 5 pum) and thicuéar iron mineral (Fig. 4.3A). EDS analyses
results show an approximate Ca/Mg carbonates laigton of 1/3 and, near the euhedral dolomite
crystals (Figs. 4.3A, B), show traces of Si.

From the imagines data set emerged that in the Haaghdad samples meso-sparite and
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micrite grains are often lined by bright materigigys. 4.3C - E). These bright materials stand out
in the etched samples due to its higher resistamtiee HCI corrosion. Investigated with EDS these
lined carbonate revealed a composition made ofatlhenate with slight enrichment of Al and Si.
In the etched samples of reddish pisolites limestin@ change in composition of the cements and
matrix, and the different amount of Ca-cement witthie pisolite laminae were emphasized: the
abundant rounded quartz clasts are condensechmilze with lower relief due to a higher content
of calcite that reacted with the acid (Fig. 4.3D).

Figure 4.3 E reports a microphotograph of the bawndbetween fibrous radiaxial calcite,
with typical elongated crystals (bottom), and nm&rivith abundant bright material lining the
crystals (top).

A sample of dark red rock from the chimney-likeusture (Fig. 4.1A) was analyzed with
SEM-EDS showing that the 100% of the mineral phaseade of pure euhedral goethite (KK12 in
Tab. 4.1; Figs. 4.1 A, 4.3 F and 4.9). This sangbleuhedral goethite is the same showed in figure
2.6B.

Several EDS analyses performed both on C-coatedhgdl disks and thin sections, and
some results from reddish infra-mound micrite (KK®e reported in figure 4.4. The first set of
spectra (Figs. 4.4C-D) is referred to a bright alaic fragment within carbonatic matrix which
represents one of the few occurrences of phosphaterial in the studied samples (Fig. 4.4C). The
matrix is made of Ca-carbonate, with traces of AMeand Si, whereas in the bottom part of the
microphotograph Mn, P, and Fe are significantlyiched. Figures 4.4E and F report a portion of
micrite and its EDS spectra, respectively. In Hnsa the calcium Ca-carbonate was replaced by Si-

minerals with cloudy pattern and low Al contenttwKRD spectral fingerprint of quartz.
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—
20 pin

Figure 4. 3. SEI micrographs of the Hamar Laghdad saples. All the samples were etched with HCI in
agueous solution. A) KK2, Ipidiomorphic dolomite ciystal with acicular framboids, in mesosparite cemen
1600x B) KK7, eudral dolomite crystal in micrite. D0x C) KK8, calcite grains lined by brighter materils.
600x D) KK9, pisolites layering with alternation of Ca content and Quatrz grain in relief. 170x E) KKD,
calcite grains lined by brighter material, in the ottom of the figure elongated fibrous radiaxial catite.
750x F) KK12, eudral goethite crystals. 8000x.
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Figure 4. 4. SEM/EDS analyses of trilobites floatstee from Hamar Laghdad succession (KK14) A) BEI
micrograph of an organic fragment, scale bar 20 umBlack crosses correspond to spectra in B, C, D. B} EDS
spectra from Ca-matrix (B), organic remain (C) andaltered matrix (D). E) BEI micrograph of a cloudy inclusion
in the Ca-carbonates, scale bar 50 um. F) EDS speatiof the cloudy mineral (black cross in E) revealig
prevalence of Si with low content of Ca.
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4.3.3. EMPA

Some of the prominent micro-facies and micro-molphies were analyzed via electron
micro-probe spot-by-spot analysis. This procedaied in restricted sectors allowed to produce
Ca, Mg, Al, Si, Fe, Sr, Mn, Cr and Zn relatives attances spectra from different point in the same
facies. This technique due to a low detection lmtibwed the study of several trace elements in the
limestones.

An example of spot-by-spot analysis is in figurg. 4 he analyses carried on a trilobite shell
emphasize the presence of Si along the shell wiesteicted sectors of micrite were replaced by
high-Mg calcite, probably dolomite under XRD detewtlimit. BEI imagines (Fig. 4.5B) show the
patchy silicification of the shell that preservén toriginal low-Mg calcite composition (see also
2.4.1.3 trilobites floatstone/rudstone descriptioWjithin the cloudy Si-mineral the Al is slightly
present as in the rest of the investigated limestpand Fe peaks occur in correspondence of
rounded grains (Fig. 4.5A points 14, 15).

Linear analyses consist in 250-500 points of amalglong the diameter of the 24 mm disks.
Despite the absence of an exact spatial collocatighe points, which are under the resolution of
the imagines, the linear analyses give a continesients composition of the facies revealing
abrupt changes of relative abundances (Fig. 4.6 data reported in figure 4.6A evidence
depletion in Ca-oxide content in correspondencsiafxide peaks in the trilobites floatstone (KK3)
sample from the Maider mound. Whereas in the réddacies characterized by pisolites
occurrences (Fig. 4.6B) the presence clastic Siutjinout the carbonate matrix caused a chaotic

spectrum reporting scattered Si peaks and Ca dmmdet

Figure 4. 5. (Next page) BEI micrographs of trilobies floatstone (sample KK5) and EMPA spot-by spot
analyses (numbers). A) Close-up of a trilobite shiewith patchy Si-mineralization (green). B) Patchy

silicified trilobites shells (red)
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Figure 4. 6. EMPA analyses carried on 24 mm C-coatedisks and plots of the oxides abundances. A) KKS3,

trilobites floatstone from Maider basin mound. B) KK9, sample from the red pisolitic facies.

4.3.4. RAMAN MICROSCOPY

Representative Raman spectra of the differenttiiftes from Hamar Laghdad and Maider
contain distinctive peaks 281, 711 and 1088dimat are characteristic of calcite (RRuff ID —
R050127, 532 nm; White, 2009) (Fig. 4.7). Threehaf limestones (KK5, KK6, KK7; Figs. 4.7-
4.9) analyzed by Raman consist of a multiphasetspacof calcite with disordered carbonaceous
matter as indicated by the intense D1 (~1350)camd G1 (~1600 cif) Raman bands (Figs. 4.7-

4.8). Raman microscopy analyses carried on 5 samfab. 4.1) outlined the presence of
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carbonaceous matter in the limestones and confitimedccurrence of quartz within the trilobites
floatstone (Fig. 4.7E).

The first analyzed sample is a trilobites floatstqirig. 4.7) showing the characteristic
bimodal fabric (floatstone in the upper part andstone in the lower part of figure 4.7A). Raman
spectra revealed that the cements contain moré&ecdlan the micrite (Fig. 4.7B) and the first
order carbonaceous matter is more abundant ineiimewts and around the shells (Figs. 4.7C-D and
F-G). The map obtained for silica distribution doest reveal unambiguous data even if silica
seems to be more abundant around the trilobitdis$keg. 4.7E).

The scans obtained from the analysis of dark nei@dllected near a vein outlined that the
calcite content is greater in the cement phasgects$o the micrite (Fig. 4.8A-B) whereas the first
order carbonaceous matter is more abundant in ibdaten(Fig. 4.8C-D). This trend is clearly
represented in the close up (Fig. 4.8E-G).

Raman spectra of a dark red rock sample collectatia chimney-like structure shown in
figure 4.1 A contains all the peaks (244, 300, 3830, 550, 680, 1000 ¢h characteristic of
goethite (RRuff ID — 050142, 532 nm) (Fig. 4.9).

Figure 4. 7. (Pag. 84) Raman microscopy analysis céd on sample KK6 (trilobites floatstone). A) Poliked
surface and reflected light photomicrograph of theinvestigated surface. B) Maps of calcite distributin, C) and
D) first order carbonaceous matter respectively DIRAMAN band and G1 RAMAN band. E) Quartz
distribution. All the photomicrographs have a total wide of 4 mm. F) Single Raman spectra from a shell
(Calcite=green, Dolomite=blue) and G) marine cemeant Calcite peak 1086 cih ref. RRuff ID - R050127, 532
nm; Carb-D1 peak 1350 crit; Carb-G1 peak 1600 crit; Quartz peak 463 cm' ref. RRuff ID - R040031, 532 nm.

Figure 4. 8. (Pag. 85) Raman microscopy analysis céd on sample KK8 (dark micrite. A) Reflected light
photomicrographs of the investigated surface. Insetepresented in E-F. B) Map of calcite distribution C)
carbonaceous-D matter, D) carbonaceous-G matter. EMaps of calcite, F) carbonaceous-D matter and G)

carbonaceous-G matter of the inset in A. A-D scalear 1000 um; E-F scale bar 60 pum.

Figure 4. 9. (Pag. 86) Raman microscopy analysis céed on sample KK12 (gdark red rock from chimney-like
structure). A) Reflected light photomicrographs of the investigated surface (voids filled by resin). BMap
corresponding to the 387 peak and C) correspondintp the 550 peak of goethite spectra. D) Single sy of
goethite showing the peak corresponding to goethitgith the characteristic peaks (black line = sampleblue line
= ruff data) and the peak corresponding to the resi. Goethite peak 387 ref. Ruff ID — R050142, 532 nrA scale
bar 80 um; B, C scale bar 60 pum.
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4.4. DISCUSSION

XRD data confirmed that the studied limestonesdominated by calcite with accessory
minerals such as neomorphic quartz, dolomite amdhife in the Kess Kess samples and hematite,
dolomite in the samples from the Maider basin. €hremerals in the two studied mounds clusters
are localized in distinct facies such as chimnég Istructures and cavities filled by trilobites
floatstone in the Hamar Laghdad and in veins agittire mounds buildups in Maider basin. Two
samples collected in the rounded outcrops on todashar Laghdad Ridge were made of 95% of
guartz and 85% goethite, respectively.

XRF data endorsed the presence of these differeogsaory mineral phases in the
considered micro-facies (Tab. 4.2). Particularly Mgenriched in the reddish clastic facies with
pisolites (Tab. 4.2). In the facies where Al is adbant it is in direct dependence with Si, on the
contrary in the Si-bearing facies the two elemeasot show direct dependence. These relations
suggest that enrichments of Al could be due topresence of small amounts of Al-silicates,
whereas Si enrichment could be due to quartz pcesddespite the high amount of Fe-oxides in
this goethite samples (KK12) from the topmost mdrHamar Laghdad ridge and in the hematite
from Maider vein (KK18), the general distributioh fee in the studied samples do not shows a
regular pattern. P is enriched where macroscogaroc remains occur, whereas other elements are
in traces and do not show particular trends.

The micrite samples investigated with SEM microsc@pesent grains coated by bright
material defined as ca-calcite from the EDS spdutitaa clay origin of this lining is not excluded
due to presence of Al- and Si-minerals in the Ep&csa. High-resolution imagines of euhedral
dolomite crystals revealed zonation of the crystdth sharp boundaries and a dedolomitized core
where dolomite were substituted by Fe-bearing tmldrurthermore the presence of saddle-
dolomite in the Maider sample (KK17) suggests hgmperature of formation. Saddle-dolomite is
strongly related with warm fluids circulation andre generally formed where the fluids reach
higher temperatures respect to the surroundingsr@diachel and Lonnee, 2002).

Back-scattered electrons imagines of the triloshells within the trilobites floatstone, in
accordance with EMPA analyses, showed the patdigfisation of the low-Mg calcite shells.
Silica enrichment was also detected in samples Btomatactis and vein filling, and suggests a
link between the Si deposition and the fluids atieecsystem (see chapter 2).

Raman spectra of the analyzed limestones cont&rchfaracteristic peaks of first order
carbonaceous material (D1: 1350tn®1: 1600 crit). The relative intensity of the first-order D1

87



GEOCHEMICAL CHARACTERIZATION OF THE MOUNDS

and G1 bands indicates that the carbonaceous msttisordered and poorly crystalline (e.g.,
Marshall et al.,, 2010). According to the Raman magsguired on trilobites floatstone, the
carbonaceous matter are enriched in the micriteetso the cements phase, and the contents is
higher along the trilobites shells that could belaxed with an original fingerprint retained from
the fine grained micrite.

4.5. CONCLUSIONS

The broad set of analyses gave a complete sceofatiee geochemical composition of the
Kess Kess and gave new insights about the Maidendsogeochemical composition which could
be now compared.

If the 90% of the whole rocks is composed of Caonates in both localities the dolomite
occur in restricted facies composed of coarse agiot to hypidiotopic dolomite, usually with
euhedral crystals. Occurrence of saddle-dolomiteth@ Maider basin limestones denotes a
deposition under higher temperatures respect totdéhgperature registered in the Kess Kess
dolomite. The high temperatures could be due toctrmilation of hydrothermal fluids along the
main fracture that cuts across the Guelb el Mahanohnd (Fig. 3.2) where the specimen was
collected

The abrupt change of the water chemo-physical tondi in restricted depositional
environments is also suggested in the Kess Kessstones by the occurrence of goethite- and
guartz-bearing rocks within chimney-like structures

Detailed analyses confirmed the presence of SiHaisewith patchy fabric in scutellid
floatstone/rudstone. This localize silicificatiomggests the mobilization within the fluids of Sath
substituted the LMC carbonate both in the Kess Kwhgre this facies was firstly described, and in
the Maider mounds, where this facies is less aminda

Although secondary mineral phases were detectédtimthe mound clusters in the Hamar
Laghdad they are present in different facies thinotige Seheb el Rhassel Group whereas in the
Maider basin these secondary phases are less albwrdacalized within veins that cut across the

mounds.
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OXYDES CONCENTRATION (%)

SAMPLE FACIES XRD CaO | MgO | Al,O; | SiO; | Fe;03 | Na,O | P,Os; | SO; | CI | KO | TiO, | MnO | Sr
KK1 Nww”w%wma CALCITE | 72,400 | 0,843 | 1,580 | 2,180 | 0502 | << | 0,059 | 0,055 0,030 | 0,000 | << | 0,059 | 0,018
KK 2 Stromatactis | CALCITE | 70,620 | 0,694 | 1,962 | 2,859 | 0,747 | 0,119 | 0,040 | 0,044 | << | 0,310 | 0,100 | 0,082 | 0,029
KK 4* CAL+QZ | 72,300 | 0,669 | 0,764 | 1,800 | 0510 | << | 0,024 | 0,042 | 0,033 | 0,118 << | 0,055
KK 10 Wackestones I - CITE 69,550 | 0,788 | 2,881 | 3,957 | 0648 | 0,062 | 0,044 | 0,079 0,587 | 0,145 | 0,079 | 0,025
KK 3* CALCITE | 68,600 | 1,030 | 1,060 | 3,090 | 0475 | 0,181 | 0,042 | 0,045 | 0,034 | 0,137 | << | 0,117 | 0,065
KK 5 CAL+QZ | 72,950 | 0,717 | 0,362 | 1,359 | 0,304 | << | 0,050 | 0,041 | 0,037 | 0,068 0,057 | 0,023
KK 6 MMHMHM CALCITE | 74,960 | 0,858 | 0,189 | 0,341 | 0145 | << | 0,088 | 0,024 | 0,024 | 0,038 0,057 | 0,028
KK 22# CAL+QZ | 67,900 | 0,770 | 2,790 | 4,400 | 1,230 | 0,048 | 0,071 | 0,066 | 0,000 | 0,455 | 0,132 | 0,082 | 0,023
KK 23# CALCITE - - - - - - - - - - - - -
KK 7 - 73,330 | 1,487 | 0,163 | 0,280 | 0,303 | << | 0,060 |0073| << |0,031 << | 0,051
KK 14 -_%_mmﬂwa CALCITE | 66,400 | 1,460 | 2,840 | 3,140 | 6,190 0,087 | 0,169 0,147 | 0,144 | 0,219 | 0,022
KK 8 ; 73,310 | 0,572 | 1,310 | 1,778 | 0422 | << | 0,020 | 0,089 | 0,022 | 0,247 | << | 0,081 | 0,052
KK 9 o CAL+QZ | 64,760 | 0,458 | 1,823 | 7,574 | 0,831 | 0,041 | 0,032 | 0,072 0,282 | 0,126 0,013
KK 13 Pisolites CAL+DOL+QZ| 51,200 | 2,580 | 3,870 | 9,820 | 13,100 0,208 | 0,221 | 0,054 | 0,032 | 0,133 | 0,227 | 0,035
KK 11 Rounded QUARTZ | 0,739 | 0,115 | 0,128 | 95,000 | 0,158 << | 0,073 0,020 0,000

KK 12 outcrops GOETHITE | 0,313 | 0,000 | 0,141 | 1,250 | 85,180 0,131 | 0,043 0,000

KK 15 - 58,300 | 12,700 | 0,710 | 1,790 | 0,762 0,080 | 0,044 | 0,066 | 0,083 0,339 | 0,009
KK 16 Clastic CAL+DOL+QZ| 56,500 | 8,910 | 1,850 | 6,720 | 0,824 | << | 0,028 | 0,316 | 0,000 0,219 | 0,079 | 0,000 | 0,043
KK 19 - 67,500 | 0,558 | 1,590 | 5,960 | 0,649 0,042 | 0,148 | 0,000 | 0,221 | 0,098 | 0,000 | 0,022
KK 18* CAL+HEMAT | 46,900 | 0,908 | 0,642 | 1,520 | 32,000 0,340 | 0,125 | 0,027 0,130 | 0,025
KK 20# o CAL+QZ | 71,100 | 0,731 | 1,210 | 4,060 | 0550 | << |0,052|0071| << |0,258| << | 0,298

KK21g | o riing - 75,200 | 0,600 | 0,190 | 0,486 | 0,370 0,087 | 0,034 | 0,030 | 0,031 0,104 | 0,029
KK 25# CALCITE | 74,5500 | 0,531 | 0,515 | 0,718 | 0306 | << | 0,029 | 0,045/ 0,027 | 0,084 0,212 | 0,058

Table 4.2. Results of the XRD and XRF analyses grpad for lithofacies. T* Samples from Maider mounds#

Thin sections.
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CHAPTER 5

5. SEDIMENTARY PROCESSES AND FLUIDS EXPULSION IN
CROMMELIN CRATER AREA (ARABIA TERRA, MARS) "

5.1. INTRODUCTION

Roughly at the Noachian-Hesperian transition (3.@a3 Hartmann and Neukum, 2001), the
Martian climate began to shift toward more arid ditons. This climate transition was
characterized by gradual change of geologic presess slowing and then cessation of water
activity. The spectral analyses evidenced thathgduthis transition the mineral formation switched
from phyllosilicate- to sulfate evaporite-dominat@8ibring et al., 2006). This climate change
probably resulted in the Martian equatorial regiamsa transition from erosion to deposition of
evaporites and playa deposits (e.g. Michalski .e28l13). This scenario, active during the climatic
transition at the Noachian—Hesperian boundary, described in Meridiani Planum (Arvidson et
al., 2006; Andrew-Hanna et al., 2007; 2010; Zabyuskal., 2012). Lobate and crudely layered
sediments from Meridiani Planum and Arabia Terraenaterpreted as playa deposits triggered by
a regional long-wavelength groundwater upwellinyein by region topography (Andrew-Hanna et
al., 2007; 2010; Zabrusky et al., 2012; Michaldkale 2013).

Outside of Meridiani Planum region, outcrops ofded sediments are observed throughout
much of the Arabia Terra region (Malin and Edg2@00; Edgett, 2005; this study). These layered
deposits, formerly named ELDs (Malin and EdgettD®Q are exhumed throughout the whole
Arabia Terra region exposed surface, particularlthe Crommelin and Firsoff craters area. Within
the ELDs distinctive morphologies such as moundspfvs and concentric concave strata were
described.

Recently proposed hydrological models predict atflating water table, producing sub-
planar deposit with consistent dip directions tavire North, both within Meridiani Planum and
throughout Arabia Terra regions(Andrews-Hanna et 2010). Thus fluids upwelling along the
direction of the regional flow from the southergtiands toward the northern lowland, should have
reached the surface in the main depression suctheasraters throughout Arabia Terra and
Meridiani. Where this flow possibly reached the face might have given rise to peculiar

morphologies such as lobate flows (Michalski et 2013), layered deposits (Andrew-Hanna et al.,

" This chapter consists of a paper in preparationutyié-Franchi, Angelo Pio Rossi, Monica Pondréllinportance of
fluid expulsion processes in the geological evolutf Mars: an example from Crommelin Crater”.
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2007; 2010; Zabrusky et al., 2012; this study), ntband knobs (Michalski et al., 2013; Pondrelli
et al., 2011). Mounds and spring mounds on Mar lmeen described in different setting such as
Elysium Planitia (Greeley and Fagents, 2001; Lanagfaal., 2001), Acidalia Planitia (Crumpler,
2003a; 2003b; Farrand et al., 2005; Keszthelyi.e2@10; Komatsu et al., 2011; Oehler and Allen,
2010; 2012; Skinner and Mazzini, 2009), Isidis Rian(Keszthelyi et al. 2010; Skinner and
Mazzini, 2009), Utopia Planitia (Burr et al., 200tarke et al., 2007; Komatsu et al., 2011; de
Pablo and Komatsu, 2007; Skinner and Tanaka, 2BKininer and Mazzini, 2009), Candor Chasma
(Chan et al., 2010), Valles Marineris (Rossi et 2007; 2008a) and Arabia Terra (Pondrelli et al.,
2011; Rossi et al. 2008a). These morphologies ettted within meter-scale layered formations
interpreted as water induced sedimentary rocksi(Maid Edgett, 2000; Edgett and Malin, 2002;
Edgett, 2005) probably affected by climate-con&@llperiodicity (Andrew-Hanna et al. 2010;
Lewis et al., 2008), and are of primary relevamcastrobiology (Walter and Des Marais, 1993).

In this work we describe and reconstruct the gfraghic framework of the Crommelin area
detailing the occurrence of ELDs within the CromimefFirsoff craters and smaller crater several
kilometers south from Firsoff, here (hereafter nefd to as Southern crater) (Fig. 5.1). Therefore,
after the evaluation of the original crater geomstand crater filling sediment packages, HIRISE-
based DEM of mounds and furrows were generatedsel tielimensional imagines/reconstruction
allow to infer morphological and geometrical redatbetween ELDs, mounds and furrows. The
obtained dataset allowed to compare Crommelin Ehmdsrelated morphologies with the
geological record of Meridiani Planum for whichteogag relation with fluids upwelling was
proposed (Andrew-Hanna et al. 2010; Michalski et2013). The groundwater upwelling could
have triggered biological activity (Michalski et,&2013) potentially preserved in the water related
morphologies such as the mounds and furrows in @rein region.

The aim of this paper is to describe the ELDs ggiold setting in the Crommelin crater
region, which includes even Firsoff crater and al&n crater southwest from Firsoff, and to point
out their relation with ground water flow. Furthera we will discuss about the mound and other
morphologies development within the ELDs focusing their astrobiological significance in

relation with Mars and terrestrial analogs.

5.2. DATA AND METHODS

Combinations of several different data sets wellezed for characterizing strata setting and
morphologies of the studied area (Fig. 5.1A). TSR Context Camera (CTX, Malin et al., 2007)

images form the framework for targeted high-resotutHiRISE (High Resolution Imaging Science
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Experiment on Mars Reconnaissance Orbiter, McEwerale 2007). Low to mid-resolution
topographic data and DEM reconstruction, are basedars Orbiter Laser Altimeter (MOLA) and
High Resolution Stereo Camera (HRSC) data setsh Higolution HIRISE DEMs (~30 cm/pixel)
have been generated from PSP_003432_1850 and E&¥02A820 (e.g. Moratto et al., 2010).
These digital elevation models provided the bage3id processing of the HIRISE images of
interesting morphologies that permitted to discenmd describe individual landforms. The
landforms described are represented in the HiRi&ies: PSP_003432_1850, PSP_002021 1850,
ESP_020679 1820, ESP_020534 1825, ESP_016766_TB&6e data sets were integrated and
mapping carried out using Geographic Informatiost&ys (GIS) tools: ESRI (ArcGis) and QGis
(www.qggis.org).

Mapping of the geological unit is derived from teqwoposed by Scott and Tanaka (1986)
and Pondrelli et al. (2011). The morpho-stratigrapmits were mapped with respect to abrupt
changes of color, albedo and surface morphology. iB). The geometries of the original crater
dimensions and the estimation of the craters §ligediments package were performed using the
equations given by Garvin et al. (1999, 2000, 2@@®3). Using the high-resolution stereo-derived
topography and imagery, orthogonal projectiondefrhounds in Firsoff were generated.

5.3. GEOLOGICAL SETTING

The Crommelin and Firsoff impact craters are lodatethe equatorial southern lowlands of
Arabia Terra respectively centered at 4,9° N — 1&5and 2,6° N — 9,2° E (Fig. 5.1A). The
Southern crater is centered at 1° N — 9° E. Fig@eshows the large-scale geological setting of the
study area.

The stratigraphic succession studied in the Cronmmatea begins with the Plateau
Sequence (Noachian in age) that is representddsimegion by the Cratered Unit (and Subcratered
Unit). The Cratered Unit is the most extensive wihithe western equatorial region (Tanaka, 1986)
and was interpreted by as a mixture of lava flomgpclastic deposits and impact breccias (Scott
and Tanaka, 1986). These deposits are non-confdyraaérlapped by the ELDs (e.g. Hynek et al.,
2002; Malin and Edgett, 2000; Pondrelli et al., PODespite thickest exposed succession of ELDs
occurs inside Crommelin and Firsoff craters, lagiedeposits are present even outside the craters at
least in part as aeolian transported debris, esibpean the southern region (Fig. 5.1B) where they
cover extensively a flat topography (Pondrellilet2011). Mounds and other structures suggestive
of spring activity are exclusively within the EL&d are a common features in the southeastern

region of the Firsoff crater, where we observe higher density of mound buildups, and in the
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crater below Firsoff (Fig. 5.1B). Inside to the@brcraters considered here the ELDs onlap the

crater rims (Fig. 5.1C) whereas outside the crater€ELDs are buried by the Hummocky Material

(Pondrelli et al., 2011). The Hummocky Material tuisi made of dark-toned rocks of probable

volcanic origin, and unconformably overlies the cassion. Despite crater counts dataset is dated

(Scott and Tanaka, 1986) there are stratigraphideeces that during the Late Noachian many

areas were largely draped by a thin mantle of rkaayaeolian and volcanic) sediments (Scott and

Tanaka, 1986). In the southern and western sedtéwrabia Terra, the Hesperian flood basalts
belonging to the Ridge Plain Material Unit (Scattalanaka, 1986), buried the Noachian units.
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Figure 5. 1. A) Location map of the study area (MOLAMEGDR-based shaded relief). Boxed area is detailed

in B. B) Schematic geological map of the Southern rAbia Terra region on Mars (with box in A).
Stratigraphic units defined after Scott and Tanaka (1986) and Pondrelli et al. (2011). C) ELDs strata

onlapping the Crommelin crater rim sediments (arrows) in its northern sector.

Within this stratigraphic framework the ELDs loweoundary is represented by the
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Noachian Plateau Sequence (Cratered unit) wheteadldod basalts (Ridge Plain Materials)
represent the upper constrain for the ELDs, whigansfrom the upper Noachian to the lower
Hesperian (Scott and Tanaka, 1986). In this tirenddars was characterized by abundant water
related features like valley networks (Fasset améd;l 2008), relict lakes and channels within
which has been suggested the presence of watéedatarbonates associated with phyllosilicate-
bearing rocks (Ehlmann et al., 2008; 2010).

The ELDs unit is a succession of meters-thick atthat covers almost the whole inner part
of the studied craters, and a large area soutlfremstFirsoff Crater (Fig. 5.1B). The ELDs pinch
out against the internal walls of the crater oniagphe crater rims (Fig. 5.1C) and the centragbul
sediments (Fig. 5.2). ELDs elsewhere have beerrilescas Etched terrain (ET) unit characterized
by high thermal inertia and warm nighttime tempematin THEMIS thermal infrared images
(Hynek, 2004). Particularly in the Crommelin arba ELDs present a peculiar scalloped pattern
(Fig. 5.3A) dotted by mounds (Fig. 5.3B) and corcawncentric troughs (hereafter referred to as
ridge-and-troughs).

Figure 5. 2. Interpretative block diagram sketchingthe geometrical and stratigraphical relations withn the

Crommelin crater. The inset shows the indicative dection of the geological profile. The ELDs (red ptern)
and Cratered Unit (pink pattern) contact (red lineg. The ELDs are clearly in onlap with the underlyirg
Cratered Unit. The ELDs strata corresponding to cetral bulge unit are in green.
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Figure 5. 3. A) High sinuous ELDs strata étched terrainsREF) observed in the southwestern sector of the
Firsoff crater (HIRISE ESP_020534_1825). B) The mourgdfield in the southeastern sector of the Firsoff
crater. (HIRISE ESP_020679_1820).

5.4. RESULTS

5.4.1. ELDs filling geometries

The morphometric equations used in this work wesndd by Garvin et al. (1999, 200,
2002, 2003) on the basis of MOLA topographic pesfiand a suite of more than 20 geometric
properties of fresh impact craters. By compariregéhproperties, several equations were generated
that relate geometric properties with the cratemuiter, and give the original geometry of the
impact craters. These original geometry compared thie extant topography allow to inferred the
total supposed thickness of the sediments packapenwraters and, eventually, the unconformity
within the stratigraphic succession.

The expected dimensions of Crommelin and Firsofitems sediment packages were
calculated starting from measurements on the MObfa det (Tables 5.1 and 5.2). The sediment
package is irregularly distributed inside the aimhowing a maximum thickness southward where
landforms and morphologies (furrows, ridge-and-¢tous and mounds) are pervasive, and a
minimum northward where landforms and morphologiesdispersed (Fig. 5.2A).

According to definitions of crater basins given Garvin et al. (2003), Crommelin and
Firsoff craters are “peak-ring” whereas Southeatearis acomplex crater.
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PARAMETER EQUATION
Depth 0,36 O*
Rim height 0,02 D%
Central bulge height 0,04 O™
Central bulge diameter ~ |0,25D"%

Table 5. 1. Morphometric equations from Garvin et & (2003).

CROMMELIN CRATER
PARAMETER CALCULATED MEASURED
Diameter - 110
Depth 3,6 15-2
Rim height 1 0,6
Central bulge/peak height 0,4 1,8
Central bulge diameter 34,8 40-70

FIRSOFF CRATER

PARAMETER CALCULATED MEASURED
Diameter - 90
Depth 3,3 1,5
Rim height 0,9 0,3
Central bulge height 0,4 1,2
Central bulge diameter 16,9 40

Table 5. 2. Calculated and measured geometric parasters of the Crommelin and Firsoff craters. All thevalues
are in kilometers.

5.4.1.1.Crommelin crater

Crommelin crater is ca. 110 Km in diameter withexposed (measured from crater floor to
crater rim) depth of about 1,7 km (Fig. 5.4A). Térgginal crater depth was estimated as 3,6 km,
and the thickness of the total package of itsnfijllsediments as between 1,7 and 1,2 km (Fig. 5.4A).
Crommelin central bulge is elongated in the EassMé#rection, resulting in an elliptical shape
with the major axis 70 km long and the minor axdskén long. The morphometric equation gave a
central bulge diameter of 34,8 km and 0,4 km heitdds than ¥4 of the central bulge height
measured from the MOLA data set (1,8 km, Fig. 5.489sed on the morphometric equations, the
expected height of the crater rims (1 km) is sliglogreater than the measured one (0,6 km, Fig.
5.4A). The average level of the sediments outdidecrater was assumed as reference height for
morphometric calculations (Fig. 5.4A, horizontalttdd line). The schematic N-S section of the
Crommelin crater (Fig. 5.4A) shows that the packafysediments is thicker in the southern sector
of the crater. Assuming a package of the fillindisents settled on top of a flat crater’s floo th

difference in thickness between North and Soutf . 500 meters.
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Figure 5. 4. Geometries of the craters and sediment packages.d8k lines and related values are relative to the ater
profile inferred by MOLA data. The broken lines and realted values correspond to the crater profile ésnated with
the Garvin et al. (2003) equationHorizontal dashed lines are the datum used for # reconstruction. Areas with fillec
pattern correspond to the inferred thickness of sedhent package. A) Crommelin crater : schematic Not-South anc
West-East sections. Calculated parameters: 3,6 kmedp; 1 km rim height; 34 km central bulge diameter; 0,4km
central bulge height. The area with filled patternin the N-S section corresponds to the exceeding thickness tbk
sediments package in the south. B) Firsoff crater:Gematic section North-South seain. Calculated parameters: dee
= 3,3 km; rim height = 0,9 km; central bulge diamegr = 17 km; central bulge height = 0,4 km. The das#d line is the
datum used for the reconstruction. C) Schematic séon of the Southern crater. Parameters calculatedrbm the

equations: deep = 2,3 km; rim height = 0,44 km; ceral bulge diameter = 12 km; central bulge height =0,2 km.
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Figure 5. 5. A) Southwester sector of the Crommeliorater with the furrows along the edge of the cental bulge. (CTX
B11 013875 1833). The boxed areas are showed inufes 5B, 6A-B and 10A-B. B) EasWest oriented furrow (HIRISE
PSP 002021 1850). C) 3D view of a furrow (HIRISE PSP_Zm21 1850).
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5.4.1.2 Firsoff Crater

Firsoff crater is ca. 90 Km in diameter with an esed depth of about 1,5 km measured
from crater floor to crater rim (Fig. 5.4B). Thetiesated original crater depth was as 3,3 km, and
the thickness of the total package of sedimenthimvicrater was ca. 1,2 km (Fig. 5.4B). The
morphometric equations gave a central bulge hafbt4 km whereas the measured central bulge
height is of 1,2 km. The Firsoff bulge has a rouhdbape with a measured diameter of ca. 40 km
whereas the expected diameter is 16,9 km. The &eghdwight of the craters rims (0,9 km) is 0,6
km higher than the measured rim height (Fig. 5.4B). these computations we also assumed as
reference the mean height of the sediments outiselerater, as with Crommelin.

5.4.1.3.Southern Crater

The Southern crater, ca. 30 km south from Firsidter, has a diameter of ca. 40 km and is
filled by highly convoluted ELDs (Fig. 4C). The gieof this crater is substantially different from
Crommelin and Firsoff craters. The central bulgeomty few kilometers wide and few tens of
meters high. The morphometric equations gave isrdfater a central bulge diameter of 12 km and
a calculated height of 0,2 km. The rims heightfialwout 0,3 km only few tens of meter lower than
the measured one (0,4 km, Fig. 4C). This cratewshavide mound cluster covering the whole The

southeastern sector where the mounds are alignad edctilinear kilometric fractures.

Figure 5. 6. Southern sector of the Crommelin cratefwhite box in 6A). A) Northernmost EastWest orientec
channels with sharp inward-dipping edges and high elief. B) Southernmost WSWENE oriented channel:

showing more elongated concentric strata with lowerelief.
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Figure 5. 7. A) ELDs in the north sector of the Crommelin craer (HIRISE PSP_003432_1850) corresponding to t
white boxed area of the inset. Overlapped lobes ofudely stratified ELDs: strata boundaries are undelined with
different line patterns corresponding to different lobes. B) Detail of the contacbetween two lobate strata (whit

arrows).

5.4.2 ELDs morphologies

5.4.2.1.Furrows and ridge-and-troughs

In the southern sector of the Crommelin crater sballoped ELDs strata are cutted by
characteristic furrows several kilometers long &l hundred meters large (Figs. 5.5-5.6). In the
northern sector furrows are not observed and thBsEktrata show an irregular stratification
organized in few tens kilometers wide overlappdabo(Fig. 5.7A) divided by unconformities (Fig.
5.7B). On top of the lobate ELDs many small (cani€ters) remnants and mounds are exhumed.
The lobate ELDs are widespread in the Northeastector of Crommelin crater (Fig. 5.1B), exactly

at the opposite side of the furrows that are mbrsmdant in the Southwester sector. The lobes have
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a slightly curved front and an inclination arountdvihich is the steeper slope of the Crommelin
crater sediments package (Fig. 5.8A and Fig. 58,pnofile).

The geometry and spatial relation of the Crommilmows are summarized in figures 5.5
and 5.6. The furrows branch out from the base @fctlater central bulge and their elongation trend
is about 35-45 degrees respect to the E-W diredfags. 5.5 and 5.8). Figure 5.8A reports the
average slopes of the whole Crommelin crater shgWigher inclination in the northern side of the
central bulge (where the lobes were describedjida&ar relevance for further discussion about the
furrows is the slope of the central bulge in thetse where the furrows are more abundant
(southwestern sector). As shown in figures 5.8B @rttie furrows (white lines) do not follow the
main slope of the bulge. The furrows developed amithe region with lower inclination, ca. 2°-3°
(Fig. 5.9), that coincides with the thicker packajd=LDs (Fig. 5.4A). There are no evidences of
strata truncations along the furrows, which seenbdodeveloped along a single stratum. The
furrows appear substantially smooth with polygotedture, covered by unconsolidated aeolian
sediments (dark dunes, Fig. 5.5B). The raised edfésose furrows are few tens of meters high
(Fig. 5.5C) and do not show substantial differeocalbedo with the furrows bed and ELDs. In the
northern part of the southwestern sector the fusrbawve high relief and they do not exceed 2 km in
length (Figs. 5.6A). Further south the furrows thgpa lower relief and are more elongated in
WSW-ENE direction (Figs. 5.6B). These furrows terate in elongated structures with concentric
stratification (hereafter named “ridge-and-trough@®igs. 5.6B) typically not wider than 1 km.
These ridge-and-troughs have lower relief respe¢hé furrows. The ridge-and-troughs strata are
partially covered by recent dust and dunes mad#adt-toned material, whereas the strata edges
appear light toned, sharp and inward-dipping (F3glO). The ridge-and-through structures
developed where the topography is flat.
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Figure 5. 8. DEM-derived slopesnap of Crommelin crater. A) Crommelin crater slopesfrom 0° (dark green) tc
almost vertical walls (red). Dotted grey lines represent sections of therteal bulge for which slope was calculate
Topographic contours (200 m spacing) based on HRSGEM. B) Southwestern sector of Crommelin crater (wite
box A) showing the direction of the major furrows {vhite lines). Topographic contours with 200 m spacing andlOC
m spacing (C) based on HRSC DEM.
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Figure 5. 9. North-South, West-Est and Southwes\tlortheast profiles of the Crommelin crater central bulge
(dotted line in 8A), and A-B setion passing through the sector with major amounbf furrows. Slope toward: N =
4,72° - 8,2%; S = 4,37° - 7,6%; SW = 2,87° - 5%; NE 5,02° - 8,75%; W = 3,44° - 6%; E = 3,82°6,7%; A =
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Figure 5. 10. Ridge-andFhrough structures in the Southwestern sector of ta Crommelin crater (white boxes ii

figure 4A). A) Elongated ridge-and-trough structure: the white arrow points to the inner part of theridge-and-
trough and the black arrows to the inward-dipping edges (CTX B11 013875 1833). B) Detail of a ridgach
trough structure, the white arrow points to the ridge-and-trough and the black arrows to the inwarddipping
edges. In C and D the dip direction coincides withthe north-south direction of the fgure. (HIRISE
PSP_002021_1850).
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5.4.2.2.Conical mounds

Conical mound clusters occur in southern Arabiar&ecentered in the southern sector of
Firsoff crater, inside the Southern crater andhia €rommelin northern sector (Figs. 5.1B). The
mound occurrences throughout the studied areaxaheséve of the ELDs inside the craters. All the
conical mounds are ca. 50 to 100 meters high andhiendred meters wide. Where exposed the
inner part of the mounds shows clear stratificatioth strata draping the morphology. However,
several smaller mounds (ca. 50 meters high) iNibkth of Crommelin crater show distinct planar
bedding. Common features of these conical moundsttea asymmetry of their flank and the
presence of apical hole (Fig. 10). Distributiontiod® mounds and ellipticity of the mounds base
increase toward the South.

The conical mounds at the Crommelin crater (Fig1B) occur within the lobate ELDs
(Fig. 5.6). Collapsed conical structures with a-580 meters wide diameter, were also described
aligned along straight km-long faults in the northsector of the Crommelin crater (Fig. 5.11B).

The highest density of mound buildups is observethé southeastern sector of the Firsoff
crater (Fig. 5.3B) where the ELDs strata are leafiged and show thinner stratification respect to
the southwestern sector characterized by highlyosia pattern (Fig. 5.3A) and absence of mounds.
The density of the mounds (ranging between 50028@dmeters in width) in Firsoff crater reaches
the value of 20 mounds for km2 (Fig. 5.12). Manytlidse mounds are characterized by a well-
rounded apical hole, local fractures and dikes bhamch out from the buildups (Figs. 5.11C and E).
A HIRISE based 3D reconstruction (resolution of fpixel) of the mounds field in figure 5.11
allowed the investigation of the framework of eaafigle mound and related structures (Fig. 5.12).
The well-exposed mounds show internal stratificat@nd strong flank asymmetry, with the
northward flank steeper than the southward (agaimstrim) (Figs. 5.12B-E ).Using the high-
resolution stereo-derived topography and imagemyorhogonal projections of the ELDs setting
was built, from which resulted the strata are digantly folded under the buildups (Fig. 5.11D).
The Firsoff crater mounds do not show horizontedtgtcation and their morphology appear to be
inconsistent with remnants generated by wind erosio

The mounds of the Southern crater have the samphwological characteristics of all the
Firsoff mounds except for a major axial elongat{@rl) resulting in an elliptical shape (Fig. 5.13).
The density of the mounds in this crater is lesstim Firsoff and many solitary mounds are settled
on top of the ELDs edges or show a direct mutuahection with the inward-dipping edges of the
ridge-and-trough via elongated structures (Fig36)1 As well as the furrows these elongated
structures do not follow the maximum dip directiand do not show relation with gravitational

events. The mounds, which are normally scatteratiinvthe ELDs, in the Southern crater are
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aligned along kilometer-long straight faults andicime. Figure 5.13 shows a group of buildups

developed along straight kilometric fractures andfotop of syncline structures (Fig. 5.13B).

Figure 5. 11 A) Conical mound in the northern sector of Crommén crater. B) Collapsed conica
structure in the northern sector of Crommelin crate. These structures are aligned along straigl
kilometer-long faults (dotted line). A and B from HIRISE PSP003432 1850. C) Mound buildug
within the ELDs settled on top of a fracture or ven (black arrow) showing a wellrounded apical hole
(white arrows) (HIRISE ESP_020679_1820). D) View ahe ELDs in the southern sector of the Firso
crater (8 km southwest to area in A), the colorediies represent the folded strata (anticline structte)
under the mound; vertical exaggeration 2:1 (CTX B18016776_1818). E) Conical mound with an apic
hole (white arrow) and dike or vein branching out fom the mound base (HIRISE ESP_020679_1820).
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Figure 5. 12 A) Tridimensional reconstruction of the mounds feld (same as figure 10A) in the southeastern sectof
the Firsoff crater. White boxes outline the areas showed in B, C, D and E. Riof the crater is on the upper part of th
picture. B) Tridimensional view of the mound showedn figure 10B characterized by an apical hole (ammw) settled o1
top of folded strata. C) Tridimensional view ¢ a mound with exposed internal stratification (whie lines). D
Tridimensional view of two mounds where the foldedtrata drape the mound morphologies. E) Layered stta below ¢
conical mound. (HIRISE ESP_020679_1820)
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Figure 5. 13 Cluster of conical mounds with circular to ellipical base, Southern crater. A) Mound clusters aliged
along kilometric faults (red lines) in the southeat®rn sector of the crater. Crater rim is on the right of the picture.
Details are illustrated in B-D (boxed areas). B) Elliptical mound settled on tomf an anticline structure. The white
arrow points to the axe of the anticline. C) Elongeed structure (arrows) branching out from a isolatel mound. D)
Mound cluster aligned along a straight fault (ESP_08776_1810).
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5.5. DISCUSSION

The detailed geological and morphological studyhef Crommelin area ELDs reported a
clear distribution of several meso-scale morph@sgn the crater lowlands, particularly in the
southern sectors of each crater covered by thickggge of ELDs.

ELDs are widespread in the whole study area cogeaimost the 25% of the exposed
surface (Fig. 5.1B). From the morphometric equati@@arvin et al., 2003) resulted an enormous
amount of sediments within the three craters. Firand Southern craters present an isopachous
sediments package whereas Crommelin in the sousfeetor presents a thicker (500 m) sediments
package than the northern sector (Fig. 5.4A, N<3i@®. This sector of the Crommelin crater is
crossed by kilometer-long furrows branching oubfrthe lower part of the crater central bulge. The
crater profiles inferred from the morphometric eipres indicate that the furrows developed in the
sectors with lower inclination (Fig. 5.9) and thdirection of elongation do not coincide with the
slope dip direction. Hence gravity driven processasreasonably be excluded as genetic processes
for furrows and the related ridge-and-troughs witthe ELDs. The more so because the crater
central bulge is avoid of gullies and aprons thaild be generated by drebris flows and other
gravitative events (e.g. Levy et al., 2010).

The ELDs, in the study area, are characterizedreéyemce of diffused conical mounds with
asymmetric shape and steep flanks (Figs. 5.11-%a&B8) of those have an apical hole. Several
mounds in Arabia Terra are seemingly settled orotdpctonic structures (Figs. 5.11B, D and 5.13)
and the ELDs folding could have generated fractuaksg the crest of the anticline where
subsequently the mound buildups developed (Fig8E.1These fractures, probably linked with a
deep fracture system generated in the impact, cbalee acted as preferential ways for fluids
upwelling (Pondrelli et al., 2011).

The ELDs genetic process are still under debatgyay some of the depositional processes
invoked to explain their origin include sub-glaciablcanism (Chapman and Tanaka, 2001,
Komatsu et al., 2004), aeolian/airfall (Malin andgétt, 2000; Edgett and Malin, 2002), lacustrine
deposition (Newsom et al., 2003), lacustrine/voicgi®ri and Baliva, 1999), spring deposition
(Rossi et al., 2008a; 2008b) and mud volcanismdRal et al., 2011; Oeheler and Allen, 2012).

ELDs were described even in the Vernal crater withBO km wide outcrop of high thermal
inertia sediments organized in meters thick stgaatly dipping to the North (Allen and Oehler,
2008). Two elliptical structures with characteastigh albedo and concentric halos interpreted as

spring-related morphologies (Allen and Oeheler, 80@ere exhumed on top of these layered
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deposits. The proposed model for development of Meenal crater mounds involves the
groundwater upwelling along the structural and meditary preferential ways pumped by the
regional hydraulic head (Okubo and McEwen, 2004)D%like strata are also present in the
Candor Chasma (Chan et al., 2010; Okubo and McE2@0V; Ormo et al., 2004) characterized by
the presence of mound (knobs) organized alongsfarltscattered, and ridge-and-troughs strata
pattern §ensuOkubo and McEwen, 2007) analogues of the ridgetemdyhs described in this
work with inward-dipping edges ascribed to fluidven recrystallization. The knobs described by
Chan et al. (2010) resemble remnants with someanatigplanar stratification rather than mounds
formed by syndepositional fluid migration or escawents. The Candor Chasma mounds have the
same size (types 1-2-3) and setting (type 1 knbgsea along faults) of the ELDs mound buildups
and their abrupt shape should involve early liafion (Chan et al., 2010). Anyway the Firsoff
mounds do not show remnant features like the “lygaobs”. Even if erosional processes are more
consistent for most of these knobs, several of thksplay evidence of fluid movements and
injections, such as indurated layers, apical hatel hydrated sulfates. Mound apical holes have
been interpreted as evidence for spring origingland Oehler, 2008; Clarke et al. 2007; Farrand
et al., 2005), fluid seepage (Chan et al., 201@Jamud volcanism (Komatsu et al. 2011; Farrand
et al., 2005; Oehler and Allen, 2010; Skinner anaziini, 2009). Chan et al. (2010) reported the
presence of apical hole in the 10% of the “typen@lds” (potentially fluid-related buildups), which
are the most similar to the ELDs mounds in Arab@&rd, and are characterized by fluid-driven

recrystallization and reworking.

The thick package of sedimentary deposits (ELD$¢aed across the lowlands of Arabia
Terra region, showing morphological similaritieglwihe Meridiani deposits, are the exhumed part
of the deposits that once covered a vast areacomtdrtian surface (Zabrusky et al., 2012). These
sedimentary deposits, that are both morphologicaiiyilar to and in close proximity to the
Meridiani deposits, might have formed under Memdiige conditions. Thus, this may implies that
the hydrological processes responsible for formihmgy Meridiani deposits (Andrews-Hanna et al.,
2007, 2010) were active even in Arabia Terra. Degons such as Crommelin and Firsoff craters
would have filled with Meridiani-type layered sedints due to the migration of the groundwater
flow from the highlands (South) to the lowlands (¢ (Andrews-Hanna et al., 2010). Due to the
regional northward monocline slope in Arabia Tethe, likely rising point of the flow should have

been in the southern sector of each crater.
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Previous theories refer to local occurrences ofreg deposits whereas the regional
groundwater upwelling theory explains the occureent ELDs throughout the Meridiani Planum
and Arabia Terra (Allen and Oheler, 2008; Andrevasifh et al., 2007, 2010; Michalski et al.,
2013; Zabrusky et al., 2012). Cyclic fluids upwedjiwere supposed to generate evaporites and/or
layered deposits (e.g. playa deposits) and thggedred the early lithification of lose sediments
(Andrews-Hanna et al., 2007, 2010; Grotzinger et 2005: Murchie et al., 2009) preserving
mounds and other morphologies that otherwise whalte been consumed by eolian erosion over
geological timescales.

Layering of sediments could be generally due toopiéral fluctuation of the groundwater
flow similar to the one described by Lewis et @D@8) and Zabrusky et al. (2012) in the Becquerel
Crater (Arabia Terra) and it could be strongly sgiiye of climatic control, and be consistent with
a climatic modulation of the precipitation and ewagtion flux able to drive variations in the
groundwater upwelling and evaporation rates (Andrélanna et al., 2010). The periodical rise of
the water table should have triggered the eatfiliation of the loose sediments and deposed thick
package of hydrate rocks. Analogue process wakeu/by Zabrusky et al. (2012) to describe the
genesis of peculiar knobs occurring within the tagedeposits in Meridiani Planum.

5.6. TERRESTRIAL ANALOGUES

In the last years hydrothermal activity and fluislsepage were identified as the most
attractive features on Mars for the astrobiologdte to their intrinsic relation with fluid and
supposed high preservation potential of life sigred. Hydrothermal vents and related buildups on
Earth represent the perfect laboratory for studyiagt and present microbial life (Campbell, 2006)
because many of the most primitive organisms appased to be hyperthermophiles, which
implies that the arise of early life on Earth cobl/e started in hydrothermal environments (Allen
and Oehler, 2008 and citations therein). Hydrotlaractivity has many implications: from a
general point of view the fluids-sediment interantinfluences the biological activity, increases th
potential of preservation of biological signatusesl forms peculiar morphologies such as mounds,
knobs, evaporitic sediments, etc. The mud mounds well-documented microbial-related
morphologies and could be influenced by hydrothéracivity on Earth and are important
analogues for astrobiological study, the more stabse of the discovery of mounds clusters on
Mars.

Terrestrial mounds may have different origins spagnrirom mud volcanism to microbial

activity (Riding, 2002) and all of them are chaesizted by strong potential of preservation and
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abundant biological activity (Campbell, 2006). TKess Kess mounds, broadly described in
chapter 2, represent suitable morphological an&sai the mounds described in the Crommelin
region and a powerful tool for astrobiological ras#. The stabilization of the steep flanks of ¢hes
mounds should have involved early lithificationtbé sediments induced by fluid circulation (see
chapter 2) and probably triggered by microbiahaigti(Chafetz and Buczynski, 1992). Some of the
morphological features in common between the Kessskand the Martian buildups are shown in
figure 5.14 (see also fig. 5.12 for a comparisamonical shape, asymmetry (steeper flak down-
slope) and internal layering. Veins and fractusese(figure 2.5, pag 18), are widespread structures
both in the Kess Kess and Arabia Terra mounds,paodably they were the likely way for fluid
seepage (Okubo and McEwen, 2007).

A regional groundwater upwelling scenario, analofjshe one described in Arabia Terra,
was described in the Dalhouise region (central walis). In the Dalhouise region where the
groundwater flux, driven by topography, reaches sheface, deposition of evaporitic deposits
occurs, and the deposition is coupled with positivephologies like conical mounds and spring
mounds. Furthermore in the Dalhouise elongated reardow channels branch out of the spring
mound buildups suggesting a water circulation anads of the one described in Crommelin crater
with “flow-channels” and pools. Due to the authigeoarbonates strong potential of preservation
the Dalhouise mounds abound of microbial signataresmicro-morphologies (Clarke et al., 2007,
2009). This region, in which water circulation, faation of authigenic minerals and Mars analog
morphologies co-exist, was already proposed by Mahral. (2004) as a potential terrestrial
analogues for astrobiological purposes.

5.7. CONCLUSIONS

Arabia Terra and Meridiani Planum are two of thes feones interested by deposition of
layered deposits and not buried by younger geddbgimits, such as flood basalts (Fig. 5.1).
Therefore the ELDs in Crommelin area represent @gamples of how the geological processes, at
the Noachian-Hesperian transition, shift and gase to mass deposition of sedimentary rocks
accompanied by peculiar morphologies. Several stuglioposed these particular geomorphological
setting as generated by a long wave-length groutedwpwelling. Where the groundwater reached
the surface the sediments package is thicker g&).and the ELDs are characterized by abundant

prominent morphologies such as furrows and mounds.
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The ELDs coupled with furrows, ridge-and-trough amaunds are present merely inside the
craters. In all the crater studied mound clusteesewdescribed aligned along the crater rims or
along straight faults. Thus their origin could haween triggered by the deep fractures system
originated during the impact. If mounds could b&ewmce of deep water upwelling, furrows and
ridge-and-troughs structures could be likely evadEnof surface processes, probably due to the
water stagnation in the lower and flat topograpHgnce, the groundwater flowing through the
fractures induced by the impact reached the sudackgave rise to the mound clusters, then the
water filled the flat bottom of the crater and geted furrows and ridge-and-trough structures
during the water table standstill. As a resulthaf &rid climate assumed in the models, groundwater
reaching the surface, in the crater lowland, wikhgorate and leave behind evaporitic deposits and
cemented the loose sediments that were infiltratedhe rising groundwater table and indurated
into an erosion resistant deposit. This upwellimgporation system was triggered by a regional
long-wavelength groundwater flow, with upwellingntered in the topographic depressions.

Despite the estimated high sedimentation rate ib&hdrge was maintained even when the
depressions have been filled with sediment, becdhsehydraulic head was maintained. If
upwelling-evaporation system was maintained thehdisgye migrated toward the lowlands with
consequent migration of the depocenter from Menidta Crommelin. As a matter of facts the
study area is topographically below Meridiani Planand the assumed static water table model
implies a migration of the groundwater upwellinggage southeastward to the highlands after the

lowlands filling.

Despite on Mars detailed mineralogical and petnolgia analyses are lacking from the
images database emerged clear morphological aealdmgtween the Crommelin mounds and
terrestrial conical mounds. Thus improvement ofWdeodlge about the terrestrial mounds may give
new insights about the geochemical processes that gse to analogues morphologies on Mars.
Further analyses on the Dalhouise mounds, for ebgngould clarify how the groundwater
upwelling influence the activity of microbial commities and how the biological signatures are
preserved within carbonate conical mounds.

The data discussed in chapter 2 and 4 for the Ké=ss prove that the particular
environmental condition that sustained the devekrof Kess Kess mounds were preserved in the
rocks record as geochemical signatures and cousduaiged with proper analytical tools. Therefore
terrestrial conical mounds are suitable geologarel geochemical laboratories for the study of the
sediment-water-life interaction as it is on Eantid anay be on Mars.
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Figure 5. 14. Panoramic view of the Hamar Laghdad ride with some well exposed conical mound. A)
Example of several mounds dissected bya fault shavg the internal stratification (black lines) draping the
mound buildup (arrows) B) One of the rare Kess Kesgutted in a half showing the core facies, the inne
stratification draping the morphology, the conical shape and the strong asymmetry with the steeper dow
slope flank (man for scale) (N31° 22’ 37.3"” W4° 085.9").
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6. GENERAL CONCLUSIONS

Since the Devonian Kess Kess mounds were firstritbescin the Hamar Laghdad Ridge
(Anti-Atlas, Morocco), a lively debate has surroaddhe hypothesis about their origin. Although
after the discovery of the first chemosynthetic ommities a hydrothermal origin for these mounds
was proposed, currently they are still consideractroversial vent deposits. This study combines
an updated research review with detailed field stigations and new analytical results aimed at
defining a more complete scenario about the orafithe Kess Kess mounds. It also includes an
updated discussion on the effects of hydrotherinald circulation through sediments, as well as a
discussion on their astrobiological potential. Bessaof their well-documented morphologies and
their relationship with the hydrothermal activithe Kess Kess mounds could represent reliable
analogues useful for astrobiological studies, theremso because many mound clusters were
discovered on the Martian surface.

In the first part of this thesis the Kess Kess cahmounds were described and a detailed
genetic model intended to provide answers to efien questions, such as the nature of their
interaction with hydrothermal fluids. This goal washieved with the combination of field survey
in the Hamar Laghdad Ridge and laboratory analgaaged on samples from the Merzane volcanic
breccia and from the Seheb el Rhassel Group whsthiacludes the Kess Kess buildups (chapter
2). Overall, a full set of petrographic, minerakai chemical, geochemical, and paleobiological
features from the different carbonate type of thmunas and infra-mounds deposits, and for the
volcanic breccia were discussed to strengthen thesKKess genetic framework. The new data
allowed a distinction between the effect of hydesthal advection that influenced the stable
isotopes composition and the mineralogical contfmrsof the limestone.

1- The distribution of the temperature values gdtated from the isotopic compositions of
the Seheb el Rhassel Group attests that duringlépesition of the primary micrite the water
temperature was approx. 40-45°C. B values of micrite sampled from the Kess Kess rdeun
were more depleted than those measured in the lyimdestrata. This probably depends on a direct
precipitation of the micrite from heated fluids theeached the surface during the mounds
development. At the stratigraphic level of the mid&irhowever, there is a pronounced excursion to
less negativé*®O values moving from the mounds to the infra-moarehs that localized the fluid
advection in the mounds occurrence. The isotopia det allowed to infer that>C values in the
Kess Kess mounds appear not sufficiently depletelet directly attributable to methane derived
CO;; alternatively, thé**C values could be related to the contribution afroshermal crustal CO
(8"°C ~ -7%o).
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2- The consistence of this low-temperature hydrmotladism cyclically activated during the
Devonian in the Tafilalt Platform was tracked by thccurrence in different stratigraphic levels of
secondary potentially hydrothermal minerals andcstrres, such as: 1) low-Si olivine-rich basaltic
breccia cemented by quartz, clinochlore and angtdsezane Group); 2) two levels of silicized
trilobite skeletal remains in the Seheb el Rhasdeup (Emsian) and in the overlying Bou
Tchrafine Group (Eifelian); 3) several generati@fisnounds in the Emsian (the Kess Kess) and
Eifelian (Hollard Mound) up to the Frasnian (minegnts) with faunal associations adapted to
particular environmental conditions (scutelliddhites, vents ostracods and thermophilic corals) 4)
chimney-like structures with goethite, quartz antledral dolomite.

In the second part of the thesis we described aliDevonian mounds cluster exhumed in
the Maider Basin (chapter 3) and then compared thesinds with the Kess Kess. Although both
these mound clusters developed within an intranratbasin along the African northern margin
during Devonian, their geological setting and mahegical compositions are different. Our results
suggest that the Kess Kess were strongly influebgdtie volcanic breccia underlying the Seheb el
Rhassel Group, whereas in the Maider Basin a viakerived heating flux was lacking and
minero-petrographic evidences of fluids circulatiand mineral alteration are less abundant. In
addition, reef builders macroinvertebrate guildsevounded in the Maider Basin mounds and,
therefore, biological activity appears to be a nwinse for the mounds development.

The third part of this thesis (chapter 5) was ain@dmprove the understanding of how
certain conical mounds developed on Mars and wWigstet mounds could potentially tell us on early
Mars. To achieve this goal we have used terrestyidiothermalism as an analog for the formation
of conical mounds and furrows described in the Gnedim and Firsoff craters (Arabia Terra,
Mars). This area is covered by Equatorial Layerezpdsits (ELDs) described in literature as
potential fluids related sediments bounded by vatcaocks. The ELDs were deposited in a
regional long wavelength groundwater upwelling sgstThe groundwater migrating through Mars
equatorial lowlands reached the surface in theedspons, such as Crommelin and Firsoff craters,
and deposited a considerable amount of sedimertscatalyzed the early lithification of the
conical mounds. Within the ELDs we described peculandforms such as pools, furrows and
mounds, that because of their shape and geometryntegpreted as morphologies potentially
related.to fluid escapes. The conical mounds irbiarderra were studied with particular emphasis
and thanks to a detailed imagines database wenedttommon features between these Martian
mounds and the terrestrial carbonate mounds sutheasternal bedding, the asymmetric shape,
the size fo the buildups, the links with veins ailces and the steep flanks.
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The multidisciplinary approach to the study of éifnt mounds clusters on Earth and the
further comparison with Mars mounds provided addi value to the study of ancient terrestrial
extreme environments. The new data acquired othth&ess Kess revealed that the limestones
preserved evidences of hydrothermal activity amdcibmparison of these mounds with the Martian
mounds suggested that the physical componentsah#ibute to the growth of hydrothermal
mounds on Earth are consistent with Arabi Terrdaggcal setting. This study warrants further
consideration of hydrothermalism as a extensivéoggo process on Mars suggesting that conical

mounds on Mars are suitable sites for astrobioldgtudy.
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