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13 Abstract

14  The Djebel Had Ironstone (DHIS), an eight meter thick stratiform sedimentary iron formation,
15  forms part of the important mining district of south Tebessa, in northeastern Algeria.
16  Stratigraphic, lithological, structural and metallogenic similarities, suggest the DHIS may
17  extend further into southwestern Tunisia. We show that mineralization occurs as layers of
18  ooidal ironstones and inter-laminated iron marl within mid-Eocene gypsiferous marls. The
19 more or less rounded 0.1-2.0 mm brownish-blackish ooids, are composed of goethite,
20 limonite, hematite, with traces of magnetite and piemontite. The grains display a smooth outer
21 surface bound by an argilo-ferruginous layer embedded in siliceous-calcite cement. They are
22 unusually friable, crumbling at the slightest shock. A high total iron (FeT) content of 50.12%,
23 is dominated by up to 71.06% iron hydroxide (FeO(OH). Much of the iron is present as
24  goethite, a common feature of iron-rich ooids of North African origin. However, the lack of

25  prominent chlorite minerals suggest the DHIS is not of a detrital origin. Instead, a negligible
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Ti and Al oxide concentration suggest a chemical provenance for the DHIS. The data suggest
that ferruginous conditions developed in a potentially restricted/semi-restricted continental
shelf margin where seafloor redox was sensitive to the alternating cycles of sea level change.
We propose a new mechanism for the formation of ooidal ironstones, associated with shelf
surface water eutrophication, bottom water anoxia promoted by sea level rise and the
weathering of iron phosphate-rich rocks. Phosphorus and cerium enrichment, coupled to
reconstructed redox depositional conditions and sediment mineralogy, suggest that intense
biomass production stimulated the deoxygenation of shelf bottom waters and the deposition of
the DHIS beneath a ferruginous water column.

Key words: Redox; weathering, iron formation; mid-Eocene; Tebessa; North Africa

Résumé:

L’indice de Fer oolitique de Djebel Had (DHIS) est une formation de fer sédimentaire
stratiforme de huit metres d'épaisseur. Il fait partie du district minier du sud de Tébessa dans
le Nord-Est Algérien. Des similitudes stratigraphiques, lithologiques, structurelles et
métallogéniques suggerent que la formation de DHIS pourrait s'étendre plus loin dans le Sud-
Ouest de la Tunisie. Sur la base de nos observations, La minéralisation se présente sous forme
de couches de minerai de fer oolithique et de marnes ferrugineux intercalées au sein de
marnes gypsiféres de 1’Eocéne moyen. Les oolites plus ou moins arrondies, bruntres-
noiratres, de 100u-2.0 mm de diamétre, sont dominées par la goethite, la limonite, et
I'hnématite, avec des traces de magnétite et de piémontite. Les grains présentent une surface
extérieure lisse, liée par une couche (matrice) argilo-ferrugineuse incrustée dans un ciment
siliceux-calcitique. lls sont exceptionnellement friables et s'effritent au moindre choc. Une
teneur élevée en fer total (FeT = 50,12%), est dominée principalement par 71,06% de
I'nydroxyde de fer (FeO (OH). Une grande partie du fer est présente sous forme de goethite. Il

s'agit d'une caractéristique commune des oolithes riches en fer d'origine nord-africaine.
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Cependant, I’absence des chlorites suggére que le DHIS n’est pas d’origine détritique, mais
les concentrations négligeables en oxydes de Ti et Al suggére une provenance chimique du

DHIS.

Les données analytiques suggerent que des conditions ferrugineuses se sont développées dans
une marge du plateau continental potentiellement restreinte / semi-restreinte ou le redox du

fond de la mer était sensible aux cycles alternés de changement du niveau de la mer.

Nous proposons un nouveau mecanisme, pour la formation de minerais de fer oolithique de
Djebel Had, associé a une eutrophisation des eaux de surface, a une anoxie des eaux de fond
favorisée par I'élévation du niveau de la mer et a l'altération des roches riches en phosphate de
fer.

L’enrichissement en phosphore et en cérium, associ¢ a des conditions de dépdt redox
reconstituées, et a la minéralogie des sédiments, suggére que la production de biomasse
intense a stimulé la désoxygeénation des eaux de fond et le dépdt de DHIS sous une colonne
d’eau ferrugineuse.

Mots-clés: Minéralogie; Géochimie; Fer oolitique; Minerai; Tébessa.

DHIS: Djebel Had Ironstone

1. Introduction:

The economic exploitation of iron in Algeria since 1865 has been linked to deposits with
different formation and mineralization modes. Those that have been exploited are associated
with granite and micro-granite complexes. These occur as small clusters of pyrite and a
mixture of magnetite and hematite deposits (Ain Sedma (Betier, 1952)). Substituted iron in
the carbonate rocks, are the most important and are coincident with limestone, and dolomitic

deposits, all of which have the same morphological character and of Carboniferous origin
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(ANAM & ASGA, 2019). These include deposits in South Oranian, Liassic in Sebabna, Rar
el Maden, Zaccar, Sidi Maarouf, among others. Some Cretaceous deposits have been found at
Ouenza, Boukhadra and Khanguet. A few cases exist where the iron deposits occur in veins,
including the littoral deposits of Cherchell, Tenes, and Atlas Blideen (Fig. 1).

The ooidal ironstones deposits are so widespread in the south of Algeria that they
compose two of the greatest known giant-deposits of ooidal ironstones in North Africa, Gara
Djbillet and Mechri Abdel Aziz in Tindouf, (ANAM & ASGA, 2019). With an estimated
potential >3 billion tons, these deposits date back to Paleozoic age (e.g., Betier, 1952;
Guerrak, 1987, 1989, 1991, 1992). The ooidal ironstone deposit in Ain Babouche in the North
of Algeria, located to the South of Tebessa, is of Tertiary age and believed to be of important
economic value. In addition to this deposit, there are two ooidal irontone occurrences not yet
evaluated for their economic potential in Koudiet Fertouta and Djebel Had. These last two
iron formations deserve careful examination because their particular development during the
Eocene, provide an opportunity for unravelling paleoclimatic and paleogeographical controls
on the development of sedimentary Fe-mineralization. Moreover, they represent a proxy for
early Paleogene climate and sea-level changes (Salama et al.,2014).

Historically, the Djebel Had ironstone formation (DHIS) is reported for the first time in
the works of Dupare and Favre (1925-1926) and Joleaud (1932). The latter authors focused on
iron and polymetallic mineralization in the northeast of Algeria and the associated local
geology, in which the DHIS was included as part of the systematic research on minerals and
raw material potential of this region. Meindre (1963) presented a brief study of the geological
conditions related to the emplacement of ooidal iron mineralization in the south of Tebessa.
The study included some chemical analyses in which 53% total Fe content was hinted for the
DHIS. Subsequently, SONAREM (1968) produced a 1:20000 geological map for South

Tebessa and Popov in 1976 provided a synthesis of the mineral resources of the Eastern
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Saharan Atlas and those of the National Office of Geological and Mining Research (ORGM)
in the Ain Telidjene region. These latter works led to the creation of the current 1:50000
geological map of south Tebessa with explanatory notes provided by Vila (1997). Here, we
provide the first mineralogical study and depositional setting of the DHIS.

The earliest genetic hypothesis for ooidal ironstone-formation, based on thin section
studies by Henry Clifton Sorby (1856), led to the proposition that oolitic ironstone-formations
are derived from ooid beds in calcareous sediments covered by ordinary mud rich in organic
matter. Similar to this observation, iron in the DHIS was leached from the adjacent rocks (rich
in Fe) during periods of marine transgression, resulting in the ferruginization of the mud
ooids. All characteristics of ooidal ironstone-formations appear to support this hypothesis
(Baioumy, et al. 2017), as does quantitative modeling explaining the formation of a young
and voluminous ooidal ironstone formation that was deposited <5 million years ago (M. M.
Kimberley (1979). Several hypotheses have been advanced to explain the formation of iron
ooids in shallow marine environments (Macquaker et al., 1996, Donaldson al., 1999,
Sturesson, 2003); offshore transition marine deposits (Burkhalter, 1995); restricted lagoonal
marine sequences (Bayer, 1989) and deposition in coastal and deltaic environments (Collin et
al., 2005). Sorby (1856), drew the conclusion that the Cleveland Hill ironstone was a kind of
ooidal limestone, interstratified with ordinary clays, and that they contained a large
amount of oxides of iron and organic matter which interacted to give rise to a solution of
bicarbonate rich in iron. This solution then percolated through the limestone deposit,
replacing a large part of the carbonate with iron carbonates, a complicated process
beyond simple deposition at the bottom of the sea.

Within the context of present knowledge, new insights based on field, petrographic,
mineralogical and geochemical studies on the deposition of ooidal ironstones are described in

this study, using a multitude of geochemical techniques, including mineralogical analysis by
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X-ray diffraction (XRD), Scanning electron microscopy-energy dispersive spectroscopy
(SEM-EDS), Laser ablation ICP-MS (LA-ICP-MS) and Sequential iron extraction and Rare
Earth Element (REE) analysis for provenance and redox reconstruction. Particularly, this
study provides the first detailed characterization of the mineralization pattern of the DHIS and

the mechanism of iron enrichment.

2. Geological background

The DHIS belongs to the Eastern Saharan Atlas Mountains. It is located 60 km south of
Tebessa, in the northeast of Algeria (Fig. 2A and B). This region contains a large number of
iron and/or polymetallic deposits, for which very little is known on their economic potential
and formation mechanisms. In addition, the studied region consists of a series of limestone
peaks at 1000-1700 m above sea level , trending NE-SW. These limestone ridges, separated
by depressions filled by marl formations (Vila, 1997), have geological formation ages
spanning the Late Cretaceous period to the recent Eocene Epoch (Popov, 1976). During this
time, the current northern tip of the African continent, including the basin in which the DHIS
formed, was submerged under the shrinking Tethys Sea (Stampfli, 2000). The Eocene
limestones prevalent in the region, are probably related to the elevated carbon dioxide content
of the atmosphere, being up to 1000-3000 ppm during the early Eocene (Anagnostou et al.,
2016). Reconstructed global temperatures are estimated to have been 9-14°C higher than at

present (Pearson and Palmer, 2000; Anagnostou et al., 2016).

Regionally, the area of Ain Telidjene is dominated by two large Atlasic folds, bordered
to the northwest by the Babouche syncline, which opens in the northeast and closes at El
Mezeraa to the southwest. The formation’s successions of different ages include scree,
alluvium and gravel formations, Miocene limestones, arenites, microconglomerates rich in

echinoderm and oyster debris. Lutetian gypsum, marls, clays, fossiliferous limestones, marno-
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limestone and ooidal ironstone lenses are prominent (SONAREM 1968). According to several
authors, the 43 million-year-old Upper Eocene deposits are of continental origin and are
characterized by deltaic facies enriched in the debris of mammals (Villa 1997). The late
Cretaceous, the lower and middle Eocene in Algeria and Tunisia contain phosphate-rich
deposits (Savornin 1968; Villa 1997). Paleogeographically, the depth of the Eocene Sea
gradually increased in a south to north direction (Fig. 3). The paleogeographical structure of
this marine setting is evidenced by fossilized nanoplankton in the phosphate-rich deposits and
fossiliferous limestones containing bivalves and oysters (Chabou-Mostefai et al. 1978).

Locally, the DHIS is located on the north flank of the Babouche syncline that is oriented
in the NNE-SSW direction, and is ~11 km long and 3 km wide. The Babouche syncline is
Upper Cretaceous to Eocene in age and is predominantly a limestone facies that passes
upwards to marls and sandstones (Fig. 4A-C). The main series in the studied region is
essentially marl-limestone of Late Cretaceous to Middle Eocene age. Stratigraphically, it is
composed of three key formations, from bottom to top:

1. The limestone and marl of Kef En Nsour (Terminal Cretaceous — Lower Paleocene),
composed of two limestone bars separated by a thick marl layer and covered in places
by scree.

2. The Bou Kammech Paleocene to Lower Eocene limestones and marls, characterized
by flint, phosphate-rich layers, centimetric calcite veins and quartz in fractured
limestone and limestone platelets visibly lacking macrofauna to the summit.

3. The El Haoudh Middle Eocene to Ypresian-Lutetian marl containing the ooidal

ironstones (Popov 1976; Villa, 1992).

DHIS is an eight-meter thick stratiform sedimentary ironstone layer with thin passages
of ferruginous marls, hosted in middle Eocene marls. The ironstone layers are characteristic

by friability (Fig.06 A to F), and surmounted by a thick layer of ferruginous marl (40-60m).
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These grayish to greenish marl sometimes yellowish, or ochre, contain a large number of
goethite ooids and granules, very friable, more or less rich in gypsum; and rarely centimetric
nodules of flint. On the other hand, two to three decimetric lumachellic levels and some small
yellowish marly limestones, inserted in these marls.

Structurally, Djebel Had Ironstone and ferruginous marl are characterized by numerous
of geological structures, such as the cross-bedding, channels, and grains grading. These
structures are characterized by the absence of fossils and bioturbation, indicating a shallow
intertidal depositional environment. In grains grading structure, most of these grains formed
of concentric coating of goethite, around a nucleus of various nature and shape: they are the
ooids (Fig.07 A to H). The others are associated with these ooids, of the same composition as

these later, but without coating structure, called granules (Fig. 7H).

3. Methodology

3.1. Sampling

A total of 32 samples collected on site in April 2017, include 1 m thick host rock samples for
12 locations on 20 surveyed outcrops. At every 50 cm (Table 1; Fig. 5), they were analyzed
together with the mineralized zones of the DHIS on the north side of Babouche syncline at
Kef en Nessour, for their mineralogical and geochemical composition. Initial sample
preparation for the various analyses was done at the Laboratory of Geodynamics and Natural

Resources (LGRN), Badji Mokhtar University of Annaba, Algeria.

3.2. Mineralogical, petrographical, geochemical and Microscopy analysis

Mineralogical, geochemical and petrographical analysis was conducted in the School of Earth
and Ocean Sciences, Cardiff University, UK and at the Geology Laboratory of Miami
University, Ohio, USA, on thin sections and polished blocks. Samples were impregnated in

resin (araldite) to consolidate the rock and then cut with a diamond saw to 2x3 cm cubes. Two
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of these cubes were polished into blocks using lapidary with grinding powder (silicon
carbide), because of the fine grain size of the samples. The remaining cubes were sawn with a
precision diamond blade to guarantee parallelism between the surfaces and a thickness of
500-600 micrometers. A diamond abrasion device was used to ground and gradually polished
the block in stages of 5-10 micrometer thickness until it turned transparent. Microscopic study

of the thin sections was carried out under polarized, transmitted and reflected light.

3.2.1. X-ray diffraction (XRD) analysis:

X-ray diffraction analyzes were performed on ore and powdered rock samples for major and
minor mineralogical composition, in a Philips PW1710 Automated Powder diffractometer,
using Copper (CuKa) and Radiation at 35kV 40mA°. Software PW1877 APD version 3.6
was used for data processing and software PW1876 PC-Identify, version 1.0b, for mineral

identification.

3.2.2. Laser Ablation-Inductively Coupled-Madd Spectroscopy (LA-ICP-MS):

LA-ICP-MS was performed on the polished blocks at Cardiff University, particularly
targeting the ooids and the matrix material in which they were embedded. The LA-ICP-MS
system comprised of a New Wave Research UP213 laser system coupled to a Thermo X
Series 2 ICP-MS system. The laser was operated using a frequency of 10 Hz at pulse energy
of ~5mJ for an 80pum diameter beam using lines drawn perpendicular to the layering and at a
movement speed of 26 microns sec™. Samples were analysed in time resolved analysis (TRA)
mode using acquisition times of between 300 and 350 seconds; comprising a 20 second gas
blank, 270-320 second ablation and 10 second wash-out. The full suite of isotopes analysed
were as follows: Na, Mg, Al, Si, P, S, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se,

Se, Rb, Sr, Y, Zr, Nb, Ag, Sn, Sh, Te, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,



224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

Tm, Yb, Lu, Hf, Au, Pb, Th and U. Dwell times varied from 2 milliseconds for major
elements to 35 milliseconds for low abundance trace elements. Blank subtraction was carried

out using the Thermo Plasmalab software before time resolved data were exported to Excel.

3.2.3. Sequential iron extraction analysis and rare earth element (REE) analysis

Sequential iron extraction was conducted on powders of key samples to determine redox
deposition conditions using the method of Poulton and Canfield (2004, 2011) and as applied
for a Quaternary iron formation (Chi Fru et al., 2018). The sequential iron extraction protocol
separated iron into highly reactive iron associated with iron carbonates, iron oxyhydr(oxides)
and pyrite, iron in poorly reactive sheet silicates, total iron and iron as unreactive silicates

(Poulton and Canfield, 2011).

4. Results

4.1. Setting of ooidal ironstones ore mineralization

Field survey suggests that iron mineralization in Djebel Had occurred in two phases, indicated
by the location of the 6-8 m thick ooidal ironstone body and the iron marl layer, all embedded
within the gypsiferous middle Eocene limestone (Figs 4-6). The depth of the ironstone layer
in Djebel Had, is deduced by correlation with the Ain Babouche ooidal ironstones deposit,
located 2 km further west, both which belong to the same flank of the Babouche syncline. At
the Ain Babouche, the ooidal ironstones layers occur on a slope that gradually deepens into
the sedimentary basin. Here, ~69 m depth of mineralization layer was documented, and
believed to have been subsequently eroded away between Ain Babouche and the DHIS (Rudis

(1968), following the uplift of the Djebel Bou-Kammech fault (Fig. 4).

4.2. Petrography

10
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Light microscopy and XRD analyses confirm field macroscopic (Fig. 6D-F) observations,
indicating that the ooidal ironstones consist mainly of iron hydroxide grains of goethite,
limonite and trace amounts of hematite and magnetite, cemented by an argilo-ferruginous and
siliceous-carbonate matrix (Fig. 7). Usually, the ooids have a single nucleus generally
ccomposed of goethite or detrital quartz grains, but there are relatively rare grains that have
up to four nucleated centers, called compound ooids or grapestone (Fig. 7A). The ooids
present in the DHIS are ellipsoidal, ovoid and spherical with some irregular shapes (Fig. 7B-
C), varying in size from 0.1-2.0 mm. Pisolites >2 mm are rare. The heterogeneity of the
envelopes is manifested under natural light transmitted microscopy as alternating light and
dark hues, in a yellowish-brown to reddish background (Fig. 7D).

The ooids and granules are frequently affected by micro-cracks filled with goethite,
cryptocrystalline silica or calcite. Most often these micro-cracks are radially arranged relative
to the ooids or parallel to the envelopes (Fig. 7D-E). They result, presumably, mainly from
compaction and retraction. The iron ore being very friable, large and well-preserved samples,
enabled the intact examination of the iron-rich (mainly goethite), argilo-ferruginous,
carbonated and siliceous cement. This cement can be either syngenetic clays with very fine
flakes of muscovite, biotite and sericite, or epigenetic, consisting of neo-formed geodic quartz
filling the pores .In addition to the ferruginous minerals, light microscopy and XRD
mineralogical analyses, further revealed very small proportions of pyrite and manganese oxy-
hydroxides.

Goethite is the main mineral in all samples analyzed. It is found in ooid coatings,
granules (grains of goethite, but without structure in coatings, their size varies from 0.1-2
mm.) and cement (Fig. 7D-F). It is also forms certain ooid nuclei and frequently fills grain
micro-cracks (ooids and granules) with iron hydroxides. Thus, there are two generations of

goethite; i.e., first generation nuclei-ooid-grain envelope-forming goethite and the second

11



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

younger generation micro crack-filling goethite. Limonite, which is quite difficult to
distinguish from goethite because of their mixed occurrence in minerals, accompanies
goethite in the ooid envelopes, granules and cement. Sometimes it is visible to the naked eye
as an ocherous mineral.

Pyrite occurrence is rare and when present is associated with the finest grains in the
matrix, indicating their microhabitat formation mainly in the ooidal coatings (Fig. 7D, F).
Pyrite is distinguished under reflected light by its light yellow color, its morphology as an
individual cubic crystal, and especially by its high reflectivity. It is important to emphasize
that pyrite could be formed under local reducing conditions during deposition. Quartz is the
most important non-ferruginous mineral, appearing as detrital grains in the matrix and fillings
of certain microcracks. The detrital quartz grains are more or less rounded, angular, and
sometimes sub-automorphic as a cement (Fig. 7A-D). the existance of clay mineral,
associated with montmorillonite, kaolinite and illite, is confirmed by light microscopy
observations, where we observed very fine flakes of clay-forming cement. The presence of
clays in the ore is further confirmed by chemical analyses (Table 2). The occurrence of
dolomite shows that calcium and magnesium carbonate is present and associated with
hematite and goethite in the ooidal rich layer. Calcite which occurs in cement and in certain
microcracks, mostly as ooids and bioclast,, is prominent in the ooids-poor levels and granules
of goethite and more or less rich in detrital quartz and argilo-ferruginous cement.

In summary, the XRD mineralogical analysis show that most of the samples from DHIS
are composed of 90-95% goethite, hematite, piemontite, and limonite (Fig. 8), including small
amounts of siderite, magnetite, and pyrochlore in the cement matrix (Fig. 9). The
mineralogical analysis also suggests that gangue minerals present in the mineralized layers
include clay, chlorite, quartz, and carbonates, and up to 80-90% chlorite in the thick marly Fe

(111 oxy-hydroxide-rich layer that overlies the ooidal ironstones (Figs 5A-B, 6B), carbonates

12
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and 10-20% gypsum. Finally, total iron hydroxide content (FeT) in the ooidal ore range from
47.84-50.12% (Table 2). The low sulfur content in the studied iron ore is likely due to the
scarcity of pyrite and insignificant gypsum content in the iron-mineralized layer. Gypsum was

mostly spatially restricted to the marl layers associated with negligible levels of ooids.

4.3. Geochemistry

Contents of major, minor, trace, and rare earth elements (REE) of ooidal ironstones are
presented in (Table 2). Major element patterns; (FeO(OH), SiO,,P,Os,and Al,O3, represent
~89% of all ironstone contents, reflecting the predominance of goethite, silica, phosphate,
clays and possibly cryptomelane or psilomelane in these samples. Iron hydroxide (FeO(OH)
content average 71.06%, while MnO is very low, averaging 0.05%. TiO,, Na,O, CaO and
K,O concentrations are lower than 1%. An average P,Os content of 1.65% is associated
mainly with collophanite phosphate nodules. From the above we conclude that the ooidal
ironstones of Djebel Had are depleted in MnO, TiO,, Al,O3, Na,O, and enriched in

FeO(OH), SiO», P,0s (Fig. 10A).

Minor and trace elements patterns: The ooidal ironstones of Djebel Had have are enriched in
Co (110-150 ppm), V, Be(12-15 ppm), Ni (260-290 ppm), Y, Mo (14-20 ppm), Ag, W (28-37
ppm), Bi, In, Zn, U, and As, and depleted in Rb, Ta, Zr (47-53 ppm), Hf, Sn, Ti, and Ga (4-7
ppm). The average abundances of Ag (9 ppm) , As (43 ppm), Zn(570 ppm) suggest leaching
from the adjacent metasomatic rocks (Table. 2). The high V (512-533 ppm) content in the
mineralization suggests the substitution of Fe in goethite (Schwertmann and Pfab, 1997, Kaur
and al., 2009, Fig. 10B). Y anomaly (Y/Y* = 2YN/(DyN + HoN)), calculated according to
Shields and Stille (2001), show a positive Y anomaly (1.18-1.27). Most samples are

moderately enriched in U(11-13 ppm) and depleted in Rb (5-8 ppm). When normalized to the
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UCC (Taylor and McLennan, 1985), the more they are rich in U at the expense of Rb (Fig.

10B).

Rare earth elements patterns: Normalization of REE contents of all samples to PAAS
(Taylor and McLennan, 1985), highlights some significant trends. All ooidal ironstones
samples are characterized by low enrichment of LREEs (La, Pr, Nd except Ce) relative to the
HREEs (Ho, Er, Tm, Yb, Lu) , marked by a systematic enrichment from LREEs to HREEs
(Fig. 10C), and in all instances REEs are enriched above PAAS (i.e., ratios are all above 1).
Cerium anomaly calculated according to Planavsky (2010), Ce/Ce* (Cesn/(0.5Prsy
+0.5Lasy)), where N refers to concentrations normalized to the PAAS shale standard
(McLennan, 1989), show that the Djebel Had ooidal ironstones displays a positive Ce

anomaly (Ce/Ce* = 1.15-2.22).

5. Discussion

Expanding on Sorby's hypothesis, it is here proposed that during sea level regression
closely following sedimentation of aragonitic ooids, weathering of an iron-rich deltaic mud
produced a ferriferous leachate which permeated and ferruginized the underlying aragonite
ooids and high magnesian calcite to form the DHIS. Given that ooids presently form in
extremely shallow water depths (Bathurst, 1975; Ahm et al. 2018), little terrigenous
sedimentation would be required to cover an extensive bed of ooid with organic-rich
mud. Organic-rich waters are generally ferriferous because of reducing conditions induced by
oxidation of organic matter, leading to the mobilization of iron by organic acids (Gruner,
1922, M. M. Kimberley 1979). For example, filtered organic-rich groundwater may contain
more than 10° times the thermodynamically-predicted concentration of iron (Shapiro, 1964,

Viers 2000).
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Paleogeographically, the study area was situated on the border of an of an Eocene
epicontinental stable platform, marked by the gradual increase of seawater depth in a south to
north direction (Fig. 3). The paleogeographical structure of this marine setting is evidenced by
fossilized nanoplankton in the phosphate-rich deposits and fossiliferous limestones containing
bivalves and oysters (Chabou-Mostefai et al. 1978). Field observation, petrographic,
mineralogical and geochemical analyses indeed converge on a shallow to deep marine
depositional setting marked by anoxic iron-rich, but sulfide-poor conditions (Table 2, Fig.
11).

The low levels of Al,O; and TiO,, confirm that the supply of detrital terrigenous
silicates to the basin was limited. This proposition is supported by the fine-grained nature of
the sediments and the largely absence of phyllosilicate clays. This is in constrast to most
ooidal ironstones deposited in Algeria and most of Northe Africa that are often associated
with detrital material and phyllosilicate clay minerals such as chamosite a ferrous-rich
endmember of the chlorite clay minerals (e.g., Guerrak 1987, 1989, 1991,1992). Similarly, a
fluvial deposit in Canada records a comparable mineralogical composition like ooids from the
Algerian Sahara and enriched in chamosite (Petruk, 1977). The conspicuous absence of
chlorite in the DHIS, coupled to a low Al,O3 and TiO, content, point to a unique formation
mechanism for the DHIS, collectively suggesting that iron in the DHIS must have been
chemically precipitated directly as amorphous Fe (I11) hydroxides like ferrihydrite and then
quantitatively transformed to goethite and another minor iron oxide minerals like hematite
and magnetite (Table3).

The presence of silicate minerals, such the piemontite as a common mineral in
metamorphic rocks and in veins present in rocks that have been hydrothermally affected
(Reinecke, 1986; Altherr et al., 2013, 2017), and pyrochlore, a component of metasomatised

rocks (Tindle and Breaks, 1998; Tindle et al., 2002; Francini et al., 2005), the average
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abundance of Ag, As, Zn, and the lack of strong Eu anomaly, suggest a non-hydrothermal
origin for DHIS and the leaching of the adjacent metasomatic rocks as the source of iron.
Moreover, the shape of the REE curve resembles that of a riverine water, which is consistent
with a deltaic setting.

When conditions are reducing Ce** is relatively soluble, while under oxidizing conditions
Ce*" precipitates. Thus the strong Ce (Cerium) abundance (Fig.10 C; Table 2), support the
presence of strongly-oxidizing near surface conditions (Braun et al., 1990, Garnit et al 2017)
because Ce is highly mobile in the absence of oxygen, but precipitates in oxygenated waters
(Tostevin et al., 2016). The positive Ce anomaly (Ce/Ce* = 1.15-2.22), indicate that the
oxidation of Ce** led to the precipitation and removal of Ce as Ce** from the water column
leading to enrichment in the DHIS. This enrichment and burial would have been rapid to
preserve the Ce signal from the overlying oxygenated water column in the sediments formed
beneath the anoxic-ferruginous bottom waters suggested by the iron-based redox proxy (Fig.
11), These conditions would have promoted the remobilization of Ce by reduction of Ce**
back to soluble Ce**. However, evidence indeed suggest that even with such remobilization,
the sediments still tend to preserve a memory of the positive Ce anomaly derived from the
oxygenated water column (De Baar et al., 1983).

Microscopic observations further converge on a shallow intertidal depositional
environment, examplefied by cross-bedding sedimentary patterns (Fig. 6E), channels and
grain grading. Moreover, the petrographic characteristics of the DHIS, with the symmetrical,
broken ooids and the delicate layer of the ooid cortex, exclude transportation from a distant
source to the basin. Ooids fragmentation is likely due to in situ dehydration (Adeleye, 1975;
Obaje 2009). The presence of ooid fragments, compound ooids, granules and the absence of
fossils and bioturbation, support the suggested epicontinental paleo-environment (Baioumy, et

al. 2017), characterized by the anoxia that deterred colonization by animals.
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From the above we conclude that the ooidal sediments were formed by a two-step
process from an initially oxygenated and agitated shallow deltaic environment, corresponding
to a continental slope (Fig. 12A). Subsequently, a marine transgression covered these deposits
under a thick layer of water, creating deep anoxic conditions, linked to phosphate-driven
eutrophication as explained below. This transition to anoxic conditions facilitated the
incorporation of iron into the ooids according to the carbonate replacement model in Figure
71. Although rare, the detection of pyrite associated with the ooids, support local reducing
conditions during deposition or early diagenesis (Bontognali et al., 2012, Fig. 12B).

Furthermore, the LA-ICP-MS revealed elevated P content in the DHIS is interpreted to
indicate basin deepening during a marine transgression event (Baioumy, et al. 2017). The iron
speciation analysis suggests that this rise in sea level induced bottom water anoxia and redox
stratification of the shelf seawater. The release of phosphate from land, followed by riverine
transportation to the basin as suggested by the strong river-like sharp of the REE plot, would
have fueled eutrophication, resulting in the proposed bottom water anoxia (Correl, 1998;
Smith et al., 2006). A biological origin for the buried phosphate is suggested by coupling to
the decomposition of the high algae and cyanobacteria biomass that would have florished
because of the phosphate-rich nutrient conditions (Correl, 1998; Smith et al., 2006). For
example, eutrophication in a modern lake has been linked to massive phosphate release from
a phosphate-rich Eocene volcanic rock. This enrichment of phosphate in the water column
triggered cyanobacterial blooms and profuse sedimentary precipitation and enrichment of
phosphate and calcite minerals (Murphy et al., 1983). Interestingly, the DHIS is associated
with calcite and dolomite (Fig. 8).

Taken together, the data imply that the basin in which the DHIS formed was strongly
stratified during the final depositional stage of the DHIS, leading to the development of

ferruginous bottom conditions and oxygenated conditions on the surface, in a setting
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experiencing extensive eutrophication. The iron oxyhydroxide scavenged particulate Ce and
settled to the bottom of the ocean. In the absence of strong bacterial diagenetic transformation
of the iron oxyhydroxide back to ferrous iron, both Ce and iron were quantitatively buried and
preserved. Low microbial dissimilatory iron reduction is indicated by the very low content of
Fe carbonates and magnetite associated with the DHIS (Lovly et al., 1987; Bazylinski et al.,
1988; Ellwood et al., 1988; Gibbs-Eggar et al., 1999; Fig. 9).

The thick marly Fe (111) oxyhydroxide-rich layer that overlies the ooidal ironstones (Fig.
5), denotes one of these transitions from a low sea level coastal environment to a deep, anoxic
marine environment. As a consequence, iron was leached from the adjacent metasomatised
rocks associated with diapirism. For example, the frequent presence of dolomite in the iron
ore samples may be related to fluids rich in CO, (Yang 2018; Zhang, et al. 2013) and the
weathering of phosphate rich adjacent rocks has been linked to eutrophication (Holtzman and
Lehman, 1998). The coexistence of piemontite and pyrochlore in the ooidal ironstones favor
the idea of the weathering of adjacent metasomatised rocks as a source of iron and nutrients to
the basin during the deposition of the DHIS. The leaching of the adjacent rocks would have
delivered pure iron without a high detrital Al,O3; and TiO, burden to the basin at the time of

deposition.

6. Conclusions

The DHIS region belongs to the eastern Saharan Atlas, 60 km southwest of the city of
Tebessa and 23 km south-southwest of Chrea. It is located on the north flank of the Babouche
syncline, trending in the NNE-SSW orientation. Babouche syncline, ~11 km long and 3km
wide, is composed of Upper Cretaceous to Eocene marine sedimentary assemblages. The
DHIS occurs on the Babouche syncline mainly has ooidal ironstones layers, intercalated with

gypsiferous marls of Middle Eocene age (middle or upper Lutetian). The DHIS has an
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average thickness of 6-8 m. It consists largely of grains and granules dominated by iron
oxides, mostly as goethite, cemented by a ferruginous, argilo-ferruginous, carbonate and

siliceous matrix. Field observations, geochemical and petrographic analyses suggest:

. A 50 wt% total iron (FeT) for the DHIS.

DHIS/ UCC normalisation shows the enrichement of V, Ag, Ni and Zn was controlled

by adsorption on goethite.

. Positive Ce anomaly indicates oxic surface water conditions, while redox

reconstruction by sequential iron extraction suggest Fe mineralization in deep anoxic

waters.

. The sedimentation of DHIS has been guided and controlled by transgressive-

regressive cycles synchronous with emergence and subsidence movements that have

generated several phases of deposition and mineralization.

. Possible source of the iron is suggested to be the east of the DHIS, where Fe

enrichment in seawater could be due to the weathering of adjacent metasomatised

continental formations associated with diapirism.

. A two-step model is proposed for the formation of the ooidal ironstones associated

with the weathering of a phosphate-iron rich nutrient source that promoted intense

marginal ocean eutrophication and anoxia.
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Table Legends

Table 1: Index of samples studied from Djebel Had.

Table 2: Results of geochemical analyses for selected samples from the DHIS. Major
elements concentrations are listed in wt%, minor elements and Rare Earth Elements(REE) are
given in ppm. The Ce and Y anomalies (Ce/Ce* and Y/Y*) are calculated with PAAS (Post
Archean Australian Shale) and UCC (Upper Continental Crust)-normalized values (Taylor

and McLennan, 1985).

Table 3: Mineralogical comparison of ooidal ironstone deposits around the world with the

DHIS
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Figure Legends

Fig. 1. Geological map indicating the distribution and the locations of iron ore deposits, and
occurrences in Algeria.

Fig. 2. Major geological domains of Algeria. (A), Map showing the location of the DHIS. (B),
Simplified structural map of the South-East Saharan Atlas.

Fig. 3. Paleogeography of Central Tunisia and South-Constantinois to the Lower Eocene.
Modified from Chabou Mostefai al., 1978.

Fig. 4. Geological maps and stratigraphy of Djebel Had. (A), Schematic geological section
illustrating the iron mineralization in the Djebel Had (Ain Telidjene). (B), Stratigraphic log
interpreted modified from Popov (1976) and Vila (1991). (C), Geological map of the DHIS,
adapted from Vila (1993).

Fig. 5. Geological map showing the location of DHIS within limestones and sampling points.
(A), Schema of geological map. (B), Cross-section showing the relative location of the

samples investigated (see Table 1).

Fig.6. Field photographs, (A): showing the situation of DHIS in Kef En Nsour. (B): iron ore
mineralized section, showing a stratiform sedimentary ironstone layer with passages of
ferruginous marls, surmounted by a thick layer of ferruginous marl. (C): ooidal ironstones,
(D): A close-up of hand-size sample of ooidal ironstones. (E): Ironstone section with cross-
bedding figures. (F): A close-up of hand-size sample of ferruginous marl.

Fig. 7. (A-C) Transmitted-light and (D-F) Reflected-light microphotographs of the thin
sections of the ooidal mineralization from Djebel Had, showing the different morphologies
and components of the ooids. (A), Ooid composed of two nuclei and ooid with quartz nucleus.
(B), ellipsoidal, ovoid, and spherical ooids. (C), Ooids with irregular shapes. (D), the ooid
envelopes in the form of concentric layers containing varying amounts of goethite, grains of

quartz, and pyrite in the cement. (E), Radial, symmetrical and tangential micro-cracks. (F),
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Fragmented ooids with micro-cracks filled by goethite. (G to J) SEM microphotographs of
polished sections. (G) Goethite ooids (Goe) with an angular nucleus and the presence of
zircon (Zr). (H) Ooid morphologies and granules containing cerium (Ce) and quartz (Qz). (I)
carbonate ooids replacement by iron oxyhydroxides, hematite (He) and goethite (Goe) and
quartz (Qz). (J) Contact between nuclei and the successive concentric layers of goethite,

marked by the presence of barite (Ba).

Fig.8. Examples of X-Ray Difractogram showing the mineralogical compositions of whole
rock samples from the DHIS. (Mineral abbreviations: Goe-Goethite; Hem- Hematite; Pyr-

pyrochlore, Pie- Piemontite; Dol- Dolomite. Cal-Calcite)

Fig. 9. Percentage distribution of iron in various mineralogical phases in the DHIS.

Fig. 10: Geochemical analysis for major, trace metals and Rare Earth Elements from Djebel
Had ooidal Ironstones (DHIS): (A), Major elemental data normalized to the UCC (Upper
Continental Crust, Taylor and McLennan, 1985). (B), Trace elements patterns, with values
normalized to the UCC, (C), REEs normalized to PAAS, post-Archean Australian Shale

(Taylor and McLennan, 1985).

Fig.11. Conceptualization of iron speciation parameters for the evaluation of oxidation-
reduction conditions FeHR = highly reactive iron; FeT = total iron; Fepy = pyrite iron

Fig.12. A conceptual model showing the hypothesis that explains the genesis of DHIS, A,
sedimentation of ooids. B, Marine transgression creating deep anoxic conditions, that
facilitated the substitution of iron in the ooids. C, Marine regression resulting in oxy-
hydroxylation of iron in an oxic environment. D, Simplified map showing the paleogeography

of iron source during the Middle Eocene.
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13 Abstract

14  The Djebel Had Ironstone (DHIS), an eight meter thick stratiform sedimentary iron formation,
15  forms part of the important mining district of south Tebessa, in northeastern Algeria.
16  Stratigraphic, lithological, structural and metallogenic similarities, suggest the DHIS may
17  extend further into southwestern Tunisia. We show that mineralization occurs as layers of
18  ooidal ironstones and inter-laminated iron marl within mid-Eocene gypsiferous marls. The
19 more or less rounded 0.1-2.0 mm brownish-blackish ooids, are composed of goethite,
20 limonite, hematite, with traces of magnetite and piemontite. The grains display a smooth outer
21 surface bound by an argilo-ferruginous layer embedded in siliceous-calcite cement. They are
22 unusually friable, crumbling at the slightest shock. A high total iron (FeT) content of 50.12%,
23 is dominated by up to 71.06% iron hydroxide (FeO(OH). Much of the iron is present as
24  goethite, a common feature of iron-rich ooids of North African origin. However, the lack of

25  prominent chlorite minerals suggest the DHIS is not of a detrital origin. Instead, a negligible
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Ti and Al oxide concentration suggest a chemical provenance for the DHIS. The data suggest
that ferruginous conditions developed in a potentially restricted/semi-restricted continental
shelf margin where seafloor redox was sensitive to the alternating cycles of sea level change.
We propose a new mechanism for the formation of ooidal ironstones, associated with shelf
surface water eutrophication, bottom water anoxia promoted by sea level rise and the
weathering of iron phosphate-rich rocks. Phosphorus and cerium enrichment, coupled to
reconstructed redox depositional conditions and sediment mineralogy, suggest that intense
biomass production stimulated the deoxygenation of shelf bottom waters and the deposition of
the DHIS beneath a ferruginous water column.

Key words: Redox; weathering, iron formation; mid-Eocene; Tebessa; North Africa

Résumé:

L’indice de Fer oolitique de Djebel Had (DHIS) est une formation de fer sédimentaire
stratiforme de huit metres d'épaisseur. Il fait partie du district minier du sud de Tébessa dans
le Nord-Est Algérien. Des similitudes stratigraphiques, lithologiques, structurelles et
métallogéniques suggerent que la formation de DHIS pourrait s'étendre plus loin dans le Sud-
Ouest de la Tunisie. Sur la base de nos observations, La minéralisation se présente sous forme
de couches de minerai de fer oolithique et de marnes ferrugineux intercalées au sein de
marnes gypsiféres de 1’Eocéne moyen. Les oolites plus ou moins arrondies, bruntres-
noiratres, de 100u-2.0 mm de diamétre, sont dominées par la goethite, la limonite, et
I'hnématite, avec des traces de magnétite et de piémontite. Les grains présentent une surface
extérieure lisse, liée par une couche (matrice) argilo-ferrugineuse incrustée dans un ciment
siliceux-calcitique. lls sont exceptionnellement friables et s'effritent au moindre choc. Une
teneur élevée en fer total (FeT = 50,12%), est dominée principalement par 71,06% de
I'nydroxyde de fer (FeO (OH). Une grande partie du fer est présente sous forme de goethite. Il

s'agit d'une caractéristique commune des oolithes riches en fer d'origine nord-africaine.
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Cependant, I’absence des chlorites suggére que le DHIS n’est pas d’origine détritique, mais
les concentrations négligeables en oxydes de Ti et Al suggére une provenance chimique du

DHIS.

Les données analytiques suggerent que des conditions ferrugineuses se sont développées dans
une marge du plateau continental potentiellement restreinte / semi-restreinte ou le redox du

fond de la mer était sensible aux cycles alternés de changement du niveau de la mer.

Nous proposons un nouveau mecanisme, pour la formation de minerais de fer oolithique de
Djebel Had, associé a une eutrophisation des eaux de surface, a une anoxie des eaux de fond
favorisée par I'élévation du niveau de la mer et a l'altération des roches riches en phosphate de
fer.

L’enrichissement en phosphore et en cérium, associ¢ a des conditions de dépdt redox
reconstituées, et a la minéralogie des sédiments, suggére que la production de biomasse
intense a stimulé la désoxygeénation des eaux de fond et le dépdt de DHIS sous une colonne
d’eau ferrugineuse.

Mots-clés: Minéralogie; Géochimie; Fer oolitique; Minerai; Tébessa.

DHIS: Djebel Had Ironstone

1. Introduction:

The economic exploitation of iron in Algeria since 1865 has been linked to deposits with
different formation and mineralization modes. Those that have been exploited are associated
with granite and micro-granite complexes. These occur as small clusters of pyrite and a
mixture of magnetite and hematite deposits (Ain Sedma (Betier, 1952)). Substituted iron in
the carbonate rocks, are the most important and are coincident with limestone, and dolomitic

deposits, all of which have the same morphological character and of Carboniferous origin
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(ANAM & ASGA, 2019). These include deposits in South Oranian, Liassic in Sebabna, Rar
el Maden, Zaccar, Sidi Maarouf, among others. Some Cretaceous deposits have been found at
Ouenza, Boukhadra and Khanguet. A few cases exist where the iron deposits occur in veins,
including the littoral deposits of Cherchell, Tenes, and Atlas Blideen (Fig. 1).

The ooidal ironstones deposits are so widespread in the south of Algeria that they
compose two of the greatest known giant-deposits of ooidal ironstones in North Africa, Gara
Djbillet and Mechri Abdel Aziz in Tindouf, (ANAM & ASGA, 2019). With an estimated
potential >3 billion tons, these deposits date back to Paleozoic age (e.g., Betier, 1952;
Guerrak, 1987, 1989, 1991, 1992). The ooidal ironstone deposit in Ain Babouche in the North
of Algeria, located to the South of Tebessa, is of Tertiary age and believed to be of important
economic value. In addition to this deposit, there are two ooidal irontone occurrences not yet
evaluated for their economic potential in Koudiet Fertouta and Djebel Had. These last two
iron formations deserve careful examination because their particular development during the
Eocene, provide an opportunity for unravelling paleoclimatic and paleogeographical controls
on the development of sedimentary Fe-mineralization. Moreover, they represent a proxy for
early Paleogene climate and sea-level changes (Salama et al.,2014).

Historically, the Djebel Had ironstone formation (DHIS) is reported for the first time in
the works of Dupare and Favre (1925-1926) and Joleaud (1932). The latter authors focused on
iron and polymetallic mineralization in the northeast of Algeria and the associated local
geology, in which the DHIS was included as part of the systematic research on minerals and
raw material potential of this region. Meindre (1963) presented a brief study of the geological
conditions related to the emplacement of ooidal iron mineralization in the south of Tebessa.
The study included some chemical analyses in which 53% total Fe content was hinted for the
DHIS. Subsequently, SONAREM (1968) produced a 1:20000 geological map for South

Tebessa and Popov in 1976 provided a synthesis of the mineral resources of the Eastern
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Saharan Atlas and those of the National Office of Geological and Mining Research (ORGM)
in the Ain Telidjene region. These latter works led to the creation of the current 1:50000
geological map of south Tebessa with explanatory notes provided by Vila (1997). Here, we
provide the first mineralogical study and depositional setting of the DHIS.

The earliest genetic hypothesis for ooidal ironstone-formation, based on thin section
studies by Henry Clifton Sorby (1856), led to the proposition that oolitic ironstone-formations
are derived from ooid beds in calcareous sediments covered by ordinary mud rich in organic
matter. Similar to this observation, iron in the DHIS was leached from the adjacent rocks (rich
in Fe) during periods of marine transgression, resulting in the ferruginization of the mud
ooids. All characteristics of ooidal ironstone-formations appear to support this hypothesis
(Baioumy, et al. 2017), as does quantitative modeling explaining the formation of a young
and voluminous ooidal ironstone formation that was deposited <5 million years ago (M. M.
Kimberley (1979). Several hypotheses have been advanced to explain the formation of iron
ooids in shallow marine environments (Macquaker et al., 1996, Donaldson al., 1999,
Sturesson, 2003); offshore transition marine deposits (Burkhalter, 1995); restricted lagoonal
marine sequences (Bayer, 1989) and deposition in coastal and deltaic environments (Collin et
al., 2005). Sorby (1856), drew the conclusion that the Cleveland Hill ironstone was a kind of
ooidal limestone, interstratified with ordinary clays, and that they contained a large
amount of oxides of iron and organic matter which interacted to give rise to a solution of
bicarbonate rich in iron. This solution then percolated through the limestone deposit,
replacing a large part of the carbonate with iron carbonates, a complicated process
beyond simple deposition at the bottom of the sea.

Within the context of present knowledge, new insights based on field, petrographic,
mineralogical and geochemical studies on the deposition of ooidal ironstones are described in

this study, using a multitude of geochemical techniques, including mineralogical analysis by
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X-ray diffraction (XRD), Scanning electron microscopy-energy dispersive spectroscopy
(SEM-EDS), Laser ablation ICP-MS (LA-ICP-MS) and Sequential iron extraction and Rare
Earth Element (REE) analysis for provenance and redox reconstruction. Particularly, this
study provides the first detailed characterization of the mineralization pattern of the DHIS and

the mechanism of iron enrichment.

2. Geological background

The DHIS belongs to the Eastern Saharan Atlas Mountains. It is located 60 km south of
Tebessa, in the northeast of Algeria (Fig. 2A and B). This region contains a large number of
iron and/or polymetallic deposits, for which very little is known on their economic potential
and formation mechanisms. In addition, the studied region consists of a series of limestone
peaks at 1000-1700 m above sea level , trending NE-SW. These limestone ridges, separated
by depressions filled by marl formations (Vila, 1997), have geological formation ages
spanning the Late Cretaceous period to the recent Eocene Epoch (Popov, 1976). During this
time, the current northern tip of the African continent, including the basin in which the DHIS
formed, was submerged under the shrinking Tethys Sea (Stampfli, 2000). The Eocene
limestones prevalent in the region, are probably related to the elevated carbon dioxide content
of the atmosphere, being up to 1000-3000 ppm during the early Eocene (Anagnostou et al.,
2016). Reconstructed global temperatures are estimated to have been 9-14°C higher than at

present (Pearson and Palmer, 2000; Anagnostou et al., 2016).

Regionally, the area of Ain Telidjene is dominated by two large Atlasic folds, bordered
to the northwest by the Babouche syncline, which opens in the northeast and closes at El
Mezeraa to the southwest. The formation’s successions of different ages include scree,
alluvium and gravel formations, Miocene limestones, arenites, microconglomerates rich in

echinoderm and oyster debris. Lutetian gypsum, marls, clays, fossiliferous limestones, marno-
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limestone and ooidal ironstone lenses are prominent (SONAREM 1968). According to several
authors, the 43 million-year-old Upper Eocene deposits are of continental origin and are
characterized by deltaic facies enriched in the debris of mammals (Villa 1997). The late
Cretaceous, the lower and middle Eocene in Algeria and Tunisia contain phosphate-rich
deposits (Savornin 1968; Villa 1997). Paleogeographically, the depth of the Eocene Sea
gradually increased in a south to north direction (Fig. 3). The paleogeographical structure of
this marine setting is evidenced by fossilized nanoplankton in the phosphate-rich deposits and
fossiliferous limestones containing bivalves and oysters (Chabou-Mostefai et al. 1978).

Locally, the DHIS is located on the north flank of the Babouche syncline that is oriented
in the NNE-SSW direction, and is ~11 km long and 3 km wide. The Babouche syncline is
Upper Cretaceous to Eocene in age and is predominantly a limestone facies that passes
upwards to marls and sandstones (Fig. 4A-C). The main series in the studied region is
essentially marl-limestone of Late Cretaceous to Middle Eocene age. Stratigraphically, it is
composed of three key formations, from bottom to top:

1. The limestone and marl of Kef En Nsour (Terminal Cretaceous — Lower Paleocene),
composed of two limestone bars separated by a thick marl layer and covered in places
by scree.

2. The Bou Kammech Paleocene to Lower Eocene limestones and marls, characterized
by flint, phosphate-rich layers, centimetric calcite veins and quartz in fractured
limestone and limestone platelets visibly lacking macrofauna to the summit.

3. The El Haoudh Middle Eocene to Ypresian-Lutetian marl containing the ooidal

ironstones (Popov 1976; Villa, 1992).

DHIS is an eight-meter thick stratiform sedimentary ironstone layer with thin passages
of ferruginous marls, hosted in middle Eocene marls. The ironstone layers are characteristic

by friability (Fig.06 A to F), and surmounted by a thick layer of ferruginous marl (40-60m).
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These grayish to greenish marl sometimes yellowish, or ochre, contain a large number of
goethite ooids and granules, very friable, more or less rich in gypsum; and rarely centimetric
nodules of flint. On the other hand, two to three decimetric lumachellic levels and some small
yellowish marly limestones, inserted in these marls.

Structurally, Djebel Had Ironstone and ferruginous marl are characterized by numerous
of geological structures, such as the cross-bedding, channels, and grains grading. These
structures are characterized by the absence of fossils and bioturbation, indicating a shallow
intertidal depositional environment. In grains grading structure, most of these grains formed
of concentric coating of goethite, around a nucleus of various nature and shape: they are the
ooids (Fig.07 A to H). The others are associated with these ooids, of the same composition as

these later, but without coating structure, called granules (Fig. 7H).

3. Methodology

3.1. Sampling

A total of 32 samples collected on site in April 2017, include 1 m thick host rock samples for
12 locations on 20 surveyed outcrops. At every 50 cm (Table 1; Fig. 5), they were analyzed
together with the mineralized zones of the DHIS on the north side of Babouche syncline at
Kef en Nessour, for their mineralogical and geochemical composition. Initial sample
preparation for the various analyses was done at the Laboratory of Geodynamics and Natural

Resources (LGRN), Badji Mokhtar University of Annaba, Algeria.

3.2. Mineralogical, petrographical, geochemical and Microscopy analysis

Mineralogical, geochemical and petrographical analysis was conducted in the School of Earth
and Ocean Sciences, Cardiff University, UK and at the Geology Laboratory of Miami
University, Ohio, USA, on thin sections and polished blocks. Samples were impregnated in

resin (araldite) to consolidate the rock and then cut with a diamond saw to 2x3 cm cubes. Two
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of these cubes were polished into blocks using lapidary with grinding powder (silicon
carbide), because of the fine grain size of the samples. The remaining cubes were sawn with a
precision diamond blade to guarantee parallelism between the surfaces and a thickness of
500-600 micrometers. A diamond abrasion device was used to ground and gradually polished
the block in stages of 5-10 micrometer thickness until it turned transparent. Microscopic study

of the thin sections was carried out under polarized, transmitted and reflected light.

3.2.1. X-ray diffraction (XRD) analysis:

X-ray diffraction analyzes were performed on ore and powdered rock samples for major and
minor mineralogical composition, in a Philips PW1710 Automated Powder diffractometer,
using Copper (CuKa) and Radiation at 35kV 40mA°. Software PW1877 APD version 3.6
was used for data processing and software PW1876 PC-Identify, version 1.0b, for mineral

identification.

3.2.2. Laser Ablation-Inductively Coupled-Madd Spectroscopy (LA-ICP-MS):

LA-ICP-MS was performed on the polished blocks at Cardiff University, particularly
targeting the ooids and the matrix material in which they were embedded. The LA-ICP-MS
system comprised of a New Wave Research UP213 laser system coupled to a Thermo X
Series 2 ICP-MS system. The laser was operated using a frequency of 10 Hz at pulse energy
of ~5mJ for an 80pum diameter beam using lines drawn perpendicular to the layering and at a
movement speed of 26 microns sec™. Samples were analysed in time resolved analysis (TRA)
mode using acquisition times of between 300 and 350 seconds; comprising a 20 second gas
blank, 270-320 second ablation and 10 second wash-out. The full suite of isotopes analysed
were as follows: Na, Mg, Al, Si, P, S, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se,

Se, Rb, Sr, Y, Zr, Nb, Ag, Sn, Sb, Te, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
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Tm, Yb, Lu, Hf, Au, Pb, Th and U. Dwell times varied from 2 milliseconds for major
elements to 35 milliseconds for low abundance trace elements. Blank subtraction was carried

out using the Thermo Plasmalab software before time resolved data were exported to Excel.

3.2.3. Sequential iron extraction analysis and rare earth element (REE) analysis

Sequential iron extraction was conducted on powders of key samples to determine redox
deposition conditions using the method of Poulton and Canfield (2004, 2011) and as applied
for a Quaternary iron formation (Chi Fru et al., 2018). The sequential iron extraction protocol
separated iron into highly reactive iron associated with iron carbonates, iron oxyhydr(oxides)
and pyrite, iron in poorly reactive sheet silicates, total iron and iron as unreactive silicates

(Poulton and Canfield, 2011).

4. Results

4.1. Setting of ooidal ironstones ore mineralization

Field survey suggests that iron mineralization in Djebel Had occurred in two phases, indicated
by the location of the 6-8 m thick ooidal ironstone body and the iron marl layer, all embedded
within the gypsiferous middle Eocene limestone (Figs 4-6). The depth of the ironstone layer
in Djebel Had, is deduced by correlation with the Ain Babouche ooidal ironstones deposit,
located 2 km further west, both which belong to the same flank of the Babouche syncline. At
the Ain Babouche, the ooidal ironstones layers occur on a slope that gradually deepens into
the sedimentary basin. Here, ~69 m depth of mineralization layer was documented, and
believed to have been subsequently eroded away between Ain Babouche and the DHIS (Rudis

(1968), following the uplift of the Djebel Bou-Kammech fault (Fig. 4).

4.2. Petrography
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Light microscopy and XRD analyses confirm field macroscopic (Fig. 6D-F) observations,
indicating that the ooidal ironstones consist mainly of iron hydroxide grains of goethite,
limonite and trace amounts of hematite and magnetite, cemented by an argilo-ferruginous and
siliceous-carbonate matrix (Fig. 7). Usually, the ooids have a single nucleus generally
ccomposed of goethite or detrital quartz grains, but there are relatively rare grains that have
up to four nucleated centers, called compound ooids or grapestone (Fig. 7A). The ooids
present in the DHIS are ellipsoidal, ovoid and spherical with some irregular shapes (Fig. 7B-
C), varying in size from 0.1-2.0 mm. Pisolites >2 mm are rare. The heterogeneity of the
envelopes is manifested under natural light transmitted microscopy as alternating light and
dark hues, in a yellowish-brown to reddish background (Fig. 7D).

The ooids and granules are frequently affected by micro-cracks filled with goethite,
cryptocrystalline silica or calcite. Most often these micro-cracks are radially arranged relative
to the ooids or parallel to the envelopes (Fig. 7D-E). They result, presumably, mainly from
compaction and retraction. The iron ore being very friable, large and well-preserved samples,
enabled the intact examination of the iron-rich (mainly goethite), argilo-ferruginous,
carbonated and siliceous cement. This cement can be either syngenetic clays with very fine
flakes of muscovite, biotite and sericite, or epigenetic, consisting of neo-formed geodic quartz
filling the pores .In addition to the ferruginous minerals, light microscopy and XRD
mineralogical analyses, further revealed very small proportions of pyrite and manganese oxy-
hydroxides.

Goethite is the main mineral in all samples analyzed. It is found in ooid coatings,
granules (grains of goethite, but without structure in coatings, their size varies from 0.1-2
mm.) and cement (Fig. 7D-F). It is also forms certain ooid nuclei and frequently fills grain
micro-cracks (ooids and granules) with iron hydroxides. Thus, there are two generations of

goethite; i.e., first generation nuclei-ooid-grain envelope-forming goethite and the second
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younger generation micro crack-filling goethite. Limonite, which is quite difficult to
distinguish from goethite because of their mixed occurrence in minerals, accompanies
goethite in the ooid envelopes, granules and cement. Sometimes it is visible to the naked eye
as an ocherous mineral.

Pyrite occurrence is rare and when present is associated with the finest grains in the
matrix, indicating their microhabitat formation mainly in the ooidal coatings (Fig. 7D, F).
Pyrite is distinguished under reflected light by its light yellow color, its morphology as an
individual cubic crystal, and especially by its high reflectivity. It is important to emphasize
that pyrite could be formed under local reducing conditions during deposition. Quartz is the
most important non-ferruginous mineral, appearing as detrital grains in the matrix and fillings
of certain microcracks. The detrital quartz grains are more or less rounded, angular, and
sometimes sub-automorphic as a cement (Fig. 7A-D). the existance of clay mineral,
associated with montmorillonite, kaolinite and illite, is confirmed by light microscopy
observations, where we observed very fine flakes of clay-forming cement. The presence of
clays in the ore is further confirmed by chemical analyses (Table 2). The occurrence of
dolomite shows that calcium and magnesium carbonate is present and associated with
hematite and goethite in the ooidal rich layer. Calcite which occurs in cement and in certain
microcracks, mostly as ooids and bioclast,, is prominent in the ooids-poor levels and granules
of goethite and more or less rich in detrital quartz and argilo-ferruginous cement.

In summary, the XRD mineralogical analysis show that most of the samples from DHIS
are composed of 90-95% goethite, hematite, piemontite, and limonite (Fig. 8), including small
amounts of siderite, magnetite, and pyrochlore in the cement matrix (Fig. 9). The
mineralogical analysis also suggests that gangue minerals present in the mineralized layers
include clay, chlorite, quartz, and carbonates, and up to 80-90% chlorite in the thick marly Fe

(111 oxy-hydroxide-rich layer that overlies the ooidal ironstones (Figs 5A-B, 6B), carbonates
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and 10-20% gypsum. Finally, total iron hydroxide content (FeT) in the ooidal ore range from
47.84-50.12% (Table 2). The low sulfur content in the studied iron ore is likely due to the
scarcity of pyrite and insignificant gypsum content in the iron-mineralized layer. Gypsum was

mostly spatially restricted to the marl layers associated with negligible levels of ooids.

4.3. Geochemistry

Contents of major, minor, trace, and rare earth elements (REE) of ooidal ironstones are
presented in (Table 2). Major element patterns; (FeO(OH), SiO,,P,0s,and Al,O3, represent
~89% of all ironstone contents, reflecting the predominance of goethite, silica, phosphate,
clays and possibly cryptomelane or psilomelane in these samples. Iron hydroxide (FeO(OH)
content average 71.06%, while MnO is very low, averaging 0.05%. TiO,, Na,O, CaO and
K,O concentrations are lower than 1%. An average P,Os content of 1.65% is associated
mainly with collophanite phosphate nodules. From the above we conclude that the ooidal
ironstones of Djebel Had are depleted in MnO, TiO,, Al,Os, Na,O, and enriched in

FeO(OH), SiO,, P20s (Fig. 10A).

Minor and trace elements patterns: The ooidal ironstones of Djebel Had have are enriched in
Co (110-150 ppm), V, Be(12-15 ppm), Ni (260-290 ppm), Y, Mo (14-20 ppm), Ag, W (28-37
ppm), Bi, In, Zn, U, and As, and depleted in Rb, Ta, Zr (47-53 ppm), Hf, Sn, Ti, and Ga (4-7
ppm). The average abundances of Ag (9 ppm) , As (43 ppm), Zn(570 ppm) suggest leaching
from the adjacent metasomatic rocks (Table. 2). The high V (512-533 ppm) content in the
mineralization suggests the substitution of Fe in goethite (Schwertmann and Pfab, 1997, Kaur
and al., 2009, Fig. 10B). Y anomaly (Y/Y* = 2YN/(DyN + HoN)), calculated according to
Shields and Stille (2001), show a positive Y anomaly (1.18-1.27). Most samples are

moderately enriched in U(11-13 ppm) and depleted in Rb (5-8 ppm). When normalized to the
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UCC (Taylor and McLennan, 1985), the more they are rich in U at the expense of Rb (Fig.

10B).

Rare earth elements patterns: Normalization of REE contents of all samples to PAAS
(Taylor and McLennan, 1985), highlights some significant trends. All ooidal ironstones
samples are characterized by low enrichment of LREEs (La, Pr, Nd except Ce) relative to the
HREEs (Ho, Er, Tm, Yb, Lu) , marked by a systematic enrichment from LREEs to HREEs
(Fig. 10C), and in all instances REEs are enriched above PAAS (i.e., ratios are all above 1).
Cerium anomaly calculated according to Planavsky (2010), Ce/Ce* (Cesn/(0.5Prsy
+0.5Lasy)), where N refers to concentrations normalized to the PAAS shale standard
(McLennan, 1989), show that the Djebel Had ooidal ironstones displays a positive Ce

anomaly (Ce/Ce* = 1.15-2.22).

5. Discussion

Expanding on Sorby's hypothesis, it is here proposed that during sea level regression
closely following sedimentation of aragonitic ooids, weathering of an iron-rich deltaic mud
produced a ferriferous leachate which permeated and ferruginized the underlying aragonite
ooids and high magnesian calcite to form the DHIS. Given that ooids presently form in
extremely shallow water depths (Bathurst, 1975; Ahm et al. 2018), little terrigenous
sedimentation would be required to cover an extensive bed of ooid with organic-rich
mud. Organic-rich waters are generally ferriferous because of reducing conditions induced by
oxidation of organic matter, leading to the mobilization of iron by organic acids (Gruner,
1922, M. M. Kimberley 1979). For example, filtered organic-rich groundwater may contain
more than 10° times the thermodynamically-predicted concentration of iron (Shapiro, 1964,

Viers 2000).
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Paleogeographically, the study area was situated on the border of an of an Eocene
epicontinental stable platform, marked by the gradual increase of seawater depth in a south to
north direction (Fig. 3). The paleogeographical structure of this marine setting is evidenced by
fossilized nanoplankton in the phosphate-rich deposits and fossiliferous limestones containing
bivalves and oysters (Chabou-Mostefai et al. 1978). Field observation, petrographic,
mineralogical and geochemical analyses indeed converge on a shallow to deep marine
depositional setting marked by anoxic iron-rich, but sulfide-poor conditions (Table 2, Fig.
11).

The low levels of Al,O; and TiO,, confirm that the supply of detrital terrigenous
silicates to the basin was limited. This proposition is supported by the fine-grained nature of
the sediments and the largely absence of phyllosilicate clays. This is in constrast to most
ooidal ironstones deposited in Algeria and most of Northe Africa that are often associated
with detrital material and phyllosilicate clay minerals such as chamosite a ferrous-rich
endmember of the chlorite clay minerals (e.g., Guerrak 1987, 1989, 1991,1992). Similarly, a
fluvial deposit in Canada records a comparable mineralogical composition like ooids from the
Algerian Sahara and enriched in chamosite (Petruk, 1977). The conspicuous absence of
chlorite in the DHIS, coupled to a low Al,O3 and TiO, content, point to a unique formation
mechanism for the DHIS, collectively suggesting that iron in the DHIS must have been
chemically precipitated directly as amorphous Fe (I11) hydroxides like ferrihydrite and then
quantitatively transformed to goethite and another minor iron oxide minerals like hematite
and magnetite (Table3).

The presence of silicate minerals, such the piemontite as a common mineral in
metamorphic rocks and in veins present in rocks that have been hydrothermally affected
(Reinecke, 1986; Altherr et al., 2013, 2017), and pyrochlore, a component of metasomatised

rocks (Tindle and Breaks, 1998; Tindle et al., 2002; Francini et al., 2005), the average
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abundance of Ag, As, Zn, and the lack of strong Eu anomaly, suggest a non-hydrothermal
origin for DHIS and the leaching of the adjacent metasomatic rocks as the source of iron.
Moreover, the shape of the REE curve resembles that of a riverine water, which is consistent
with a deltaic setting.

When conditions are reducing Ce*" is relatively soluble, while under oxidizing conditions
Ce*" precipitates. Thus the strong Ce (Cerium) abundance (Fig.10 C; Table 2), support the
presence of strongly-oxidizing near surface conditions (Braun et al., 1990, Garnit et al 2017)
because Ce is highly mobile in the absence of oxygen, but precipitates in oxygenated waters
(Tostevin et al., 2016). The positive Ce anomaly (Ce/Ce* = 1.15-2.22), indicate that the
oxidation of Ce** led to the precipitation and removal of Ce as Ce** from the water column
leading to enrichment in the DHIS. This enrichment and burial would have been rapid to
preserve the Ce signal from the overlying oxygenated water column in the sediments formed
beneath the anoxic-ferruginous bottom waters suggested by the iron-based redox proxy (Fig.
11), These conditions would have promoted the remobilization of Ce by reduction of Ce*
back to soluble Ce®". However, evidence indeed suggest that even with such remobilization,
the sediments still tend to preserve a memory of the positive Ce anomaly derived from the
oxygenated water column (De Baar et al., 1983).

Microscopic observations further converge on a shallow intertidal depositional
environment, examplefied by cross-bedding sedimentary patterns (Fig. 6E), channels and
grain grading. Moreover, the petrographic characteristics of the DHIS, with the symmetrical,
broken ooids and the delicate layer of the ooid cortex, exclude transportation from a distant
source to the basin. Ooids fragmentation is likely due to in situ dehydration (Adeleye, 1975;
Obaje 2009). The presence of ooid fragments, compound ooids, granules and the absence of
fossils and bioturbation, support the suggested epicontinental paleo-environment (Baioumy, et

al. 2017), characterized by the anoxia that deterred colonization by animals.
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From the above we conclude that the ooidal sediments were formed by a two-step
process from an initially oxygenated and agitated shallow deltaic environment, corresponding
to a continental slope (Fig. 12A). Subsequently, a marine transgression covered these deposits
under a thick layer of water, creating deep anoxic conditions, linked to phosphate-driven
eutrophication as explained below. This transition to anoxic conditions facilitated the
incorporation of iron into the ooids according to the carbonate replacement model in Figure
71. Although rare, the detection of pyrite associated with the ooids, support local reducing
conditions during deposition or early diagenesis (Bontognali et al., 2012, Fig. 12B).

Furthermore, the LA-ICP-MS revealed elevated P content in the DHIS is interpreted to
indicate basin deepening during a marine transgression event (Baioumy, et al. 2017). The iron
speciation analysis suggests that this rise in sea level induced bottom water anoxia and redox
stratification of the shelf seawater. The release of phosphate from land, followed by riverine
transportation to the basin as suggested by the strong river-like sharp of the REE plot, would
have fueled eutrophication, resulting in the proposed bottom water anoxia (Correl, 1998;
Smith et al., 2006). A biological origin for the buried phosphate is suggested by coupling to
the decomposition of the high algae and cyanobacteria biomass that would have florished
because of the phosphate-rich nutrient conditions (Correl, 1998; Smith et al., 2006). For
example, eutrophication in a modern lake has been linked to massive phosphate release from
a phosphate-rich Eocene volcanic rock. This enrichment of phosphate in the water column
triggered cyanobacterial blooms and profuse sedimentary precipitation and enrichment of
phosphate and calcite minerals (Murphy et al., 1983). Interestingly, the DHIS is associated
with calcite and dolomite (Fig. 8).

Taken together, the data imply that the basin in which the DHIS formed was strongly
stratified during the final depositional stage of the DHIS, leading to the development of

ferruginous bottom conditions and oxygenated conditions on the surface, in a setting
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experiencing extensive eutrophication. The iron oxyhydroxide scavenged particulate Ce and
settled to the bottom of the ocean. In the absence of strong bacterial diagenetic transformation
of the iron oxyhydroxide back to ferrous iron, both Ce and iron were quantitatively buried and
preserved. Low microbial dissimilatory iron reduction is indicated by the very low content of
Fe carbonates and magnetite associated with the DHIS (Lovly et al., 1987; Bazylinski et al.,
1988; Ellwood et al., 1988; Gibbs-Eggar et al., 1999; Fig. 9).

The thick marly Fe (111) oxyhydroxide-rich layer that overlies the ooidal ironstones (Fig.
5), denotes one of these transitions from a low sea level coastal environment to a deep, anoxic
marine environment. As a consequence, iron was leached from the adjacent metasomatised
rocks associated with diapirism. For example, the frequent presence of dolomite in the iron
ore samples may be related to fluids rich in CO, (Yang 2018; Zhang, et al. 2013) and the
weathering of phosphate rich adjacent rocks has been linked to eutrophication (Holtzman and
Lehman, 1998). The coexistence of piemontite and pyrochlore in the ooidal ironstones favor
the idea of the weathering of adjacent metasomatised rocks as a source of iron and nutrients to
the basin during the deposition of the DHIS. The leaching of the adjacent rocks would have
delivered pure iron without a high detrital Al,O3; and TiO, burden to the basin at the time of

deposition.

6. Conclusions

The DHIS region belongs to the eastern Saharan Atlas, 60 km southwest of the city of
Tebessa and 23 km south-southwest of Chrea. It is located on the north flank of the Babouche
syncline, trending in the NNE-SSW orientation. Babouche syncline, ~11 km long and 3km
wide, is composed of Upper Cretaceous to Eocene marine sedimentary assemblages. The
DHIS occurs on the Babouche syncline mainly has ooidal ironstones layers, intercalated with

gypsiferous marls of Middle Eocene age (middle or upper Lutetian). The DHIS has an
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average thickness of 6-8 m. It consists largely of grains and granules dominated by iron
oxides, mostly as goethite, cemented by a ferruginous, argilo-ferruginous, carbonate and

siliceous matrix. Field observations, geochemical and petrographic analyses suggest:

. A 50 wt% total iron (FeT) for the DHIS.

DHIS/ UCC normalisation shows the enrichement of V, Ag, Ni and Zn was controlled

by adsorption on goethite.

. Positive Ce anomaly indicates oxic surface water conditions, while redox

reconstruction by sequential iron extraction suggest Fe mineralization in deep anoxic

waters.

. The sedimentation of DHIS has been guided and controlled by transgressive-

regressive cycles synchronous with emergence and subsidence movements that have

generated several phases of deposition and mineralization.

. Possible source of the iron is suggested to be the east of the DHIS, where Fe

enrichment in seawater could be due to the weathering of adjacent metasomatised

continental formations associated with diapirism.

. A two-step model is proposed for the formation of the ooidal ironstones associated

with the weathering of a phosphate-iron rich nutrient source that promoted intense

marginal ocean eutrophication and anoxia.
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Table Legends

Table 1: Index of samples studied from Djebel Had.

Table 2: Results of geochemical analyses for selected samples from the DHIS. Major
elements concentrations are listed in wt%, minor elements and Rare Earth Elements(REE) are
given in ppm. The Ce and Y anomalies (Ce/Ce* and Y/Y*) are calculated with PAAS (Post
Archean Australian Shale) and UCC (Upper Continental Crust)-normalized values (Taylor

and McLennan, 1985).

Table 3: Mineralogical comparison of ooidal ironstone deposits around the world with the

DHIS
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Figure Legends

Fig. 1. Geological map indicating the distribution and the locations of iron ore deposits, and
occurrences in Algeria.

Fig. 2. Major geological domains of Algeria. (A), Map showing the location of the DHIS. (B),
Simplified structural map of the South-East Saharan Atlas.

Fig. 3. Paleogeography of Central Tunisia and South-Constantinois to the Lower Eocene.
Modified from Chabou Mostefai al., 1978.

Fig. 4. Geological maps and stratigraphy of Djebel Had. (A), Schematic geological section
illustrating the iron mineralization in the Djebel Had (Ain Telidjene). (B), Stratigraphic log
interpreted modified from Popov (1976) and Vila (1991). (C), Geological map of the DHIS,
adapted from Vila (1993).

Fig. 5. Geological map showing the location of DHIS within limestones and sampling points.
(A), Schema of geological map. (B), Cross-section showing the relative location of the

samples investigated (see Table 1).

Fig.6. Field photographs, (A): showing the situation of DHIS in Kef En Nsour. (B): iron ore
mineralized section, showing a stratiform sedimentary ironstone layer with passages of
ferruginous marls, surmounted by a thick layer of ferruginous marl. (C): ooidal ironstones,
(D): A close-up of hand-size sample of ooidal ironstones. (E): Ironstone section with cross-
bedding figures. (F): A close-up of hand-size sample of ferruginous marl.

Fig. 7. (A-C) Transmitted-light and (D-F) Reflected-light microphotographs of the thin
sections of the ooidal mineralization from Djebel Had, showing the different morphologies
and components of the ooids. (A), Ooid composed of two nuclei and ooid with quartz nucleus.
(B), ellipsoidal, ovoid, and spherical ooids. (C), Ooids with irregular shapes. (D), the ooid
envelopes in the form of concentric layers containing varying amounts of goethite, grains of

quartz, and pyrite in the cement. (E), Radial, symmetrical and tangential micro-cracks. (F),
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Fragmented ooids with micro-cracks filled by goethite. (G to J) SEM microphotographs of
polished sections. (G) Goethite ooids (Goe) with an angular nucleus and the presence of
zircon (Zr). (H) Ooid morphologies and granules containing cerium (Ce) and quartz (Qz). (I)
carbonate ooids replacement by iron oxyhydroxides, hematite (He) and goethite (Goe) and
quartz (Qz). (J) Contact between nuclei and the successive concentric layers of goethite,

marked by the presence of barite (Ba).

Fig.8. Examples of X-Ray Difractogram showing the mineralogical compositions of whole
rock samples from the DHIS. (Mineral abbreviations: Goe-Goethite; Hem- Hematite; Pyr-

pyrochlore, Pie- Piemontite; Dol- Dolomite. Cal-Calcite)

Fig. 9. Percentage distribution of iron in various mineralogical phases in the DHIS.

Fig. 10: Geochemical analysis for major, trace metals and Rare Earth Elements from Djebel
Had ooidal Ironstones (DHIS): (A), Major elemental data normalized to the UCC (Upper
Continental Crust, Taylor and McLennan, 1985). (B), Trace elements patterns, with values
normalized to the UCC, (C), REEs normalized to PAAS, post-Archean Australian Shale

(Taylor and McLennan, 1985).

Fig.11. Conceptualization of iron speciation parameters for the evaluation of oxidation-
reduction conditions FeHR = highly reactive iron; FeT = total iron; Fepy = pyrite iron

Fig.12. A conceptual model showing the hypothesis that explains the genesis of DHIS, A,
sedimentation of ooids. B, Marine transgression creating deep anoxic conditions, that
facilitated the substitution of iron in the ooids. C, Marine regression resulting in oxy-
hydroxylation of iron in an oxic environment. D, Simplified map showing the paleogeography

of iron source during the Middle Eocene.
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Table 1: Index of samples studied from Djebel Had.

Depth Ol;ic:jr;:s Fe-Hy Sulfides REEmIn Index
Sample Location Rock Type Texture and .
(m) Goe Other Minerals
Hm o related .
Lim minor
DHH 01 outcrop 14 Ooidal ironstone vuggy, friable X X py - Pyro, pie
DHH 02 outcrop 2 ferruginous marls friable X X - - Chl, Cb
) Qz- Ooidal Massive,
DHH 03 outcrop ironstone brecciated X X Py ) Chl
DHH 04 outcrop 3 Ooidal ironstone Massive X X py Ce,V Pyro, pie
DHH 05-06 outcrop - ferruginous marls friable - X - - Chl, Cb
Old mining S . .
DHH 07 works 6 Ooidal ironstone friable X X py Ce, V Pyro, pie
DHH 8-10 outcrop 15 ferruginous marls banded, brown X X - - Chl, Cb
and grey
Qz- Ooidal . i i .
DHH 11 outcrop 1.7 e Rusty, Massive X X Psi, Cry
Old mining o .
DHH 12 works Ooidal ironstone friable X X - - Ch
DHH 13-14 outcrop 2 ferruginous marls friable X X - Ce, V -
DHH 15 outcrop 3 Ooidal ironstone friable X X py Psi, Cry
. banded, brown
DHH 16-18 outcrop - ferruginous marls and ochre X X - - Chl, Cb
e Massive,
DHH 19 outcrop - Ooidal ironstone brecciated X X - - -
DHH 20 outcrop - ironstone Massive X X - - Cb
DHH 21 outcrop 1.6 Ooidal ironstone  massive, friable X X - - -
DHH 22-28 outcrop 0.5 ferruginous marls friable X X - - -
DHH 29-30 outcrop - ferruginous marls banded X X py - Chl, Cb
DHH 31 outcrop - Ooidal ironstone brecciated X X - - -
DHH 32 outcrop - Ooidal ironstone friable X X - Ce, V Cb
Mineral abbreviations Goe — Goethite; Hm - Hematite; Lim— Limonite;

Cry—Cryptomelane ; Psi—Psilomelane ; Py — pyrite ; Qz — Quartz ;

pyrochlore, pie— Piemontite ; Ce— Cerium ; V— Vanadium.

Cb — Carbonate ; Pyro—


http://ees.elsevier.com/aes/download.aspx?id=431175&guid=7a8d6552-8c57-48a2-b7f8-a9b90d3991a1&scheme=1

Table 2: Results of geochemical analyses for selected samples from the DHIS. Major
elements concentrations are listed in wt%, minor elements and Rare Earth Elements(REE) are
given in ppm. The Ce and Y anomalies (Ce/Ce* and Y/Y*) are calculated with PAAS (Post
Archean Australian Shale) and UCC (Upper Continental Crust)-normalized values (Taylor
and McLennan, 1985).

Element Unit Symbol DHH 04 DHH 07 DHH 15
SiO, % 12,9 10,78 11,87
Al,O3 % 3,27 3,39 2,78

FeO(OH) % 68,35 71,06 69,9
MnO % 0.05 0.003 0.01
MgO % 0,29 0,24 0,16
CaO % 0,68 0,3 0,6
Na20 % 0.15 0.11 0.9
K,0 % 0.12 0.18 0.20
TiO, % 0,22 0,11 0,14
P,Os % 3.22 1.6 0.5

Sc ppm 9 7 8
Be ppm 14 12 15
\Y ppm 533 560 512
Cr ppm 90 87 95
Co ppm 150 110 147
Ni ppm 290 260 275
Cu ppm 10 11 10
Zn ppm 410 428 570
Ga ppm 6 4 7
Ge ppm <1 <1 <1
As ppm 45 40 42
Rb ppm 7 5 8
Sr ppm 267 233 251
Y ppm 195 182 175
Zr ppm 53 51 47
Nb ppm 5 5 6
Mo ppm 16 14 20
Ag ppm 9.1 8 9
In ppm <0.2 <0.2 <0.2
Sn ppm <1 <1 <1
Sb ppm <05 <05 <05
Cs ppm 0.9 1 0.5
Ba ppm 299 270 305
La ppm 81.1 84 110
Ce ppm 243 420 366
Pr ppm 27.9 225 25.3
Nd ppm 125 180 201
Sm ppm 30.9 35 27
Eu ppm 8.64 8 7.95
Gd ppm 39.8 33.8 37
Thb ppm 6.2 5.7 6
Dy ppm 33.9 31 27.9
Ho ppm 6.5 5.9 7.1
Er ppm 17.5 16.5 18
Tm ppm 2.25 2.01 2.90
Yb ppm 12.9 11 15
Lu ppm 1.8 2.8 4
Hf ppm 1.3 25 1.9
Ta ppm <0.1 <0.1 <0.1
W ppm 37 28 35
Tl ppm 0.1 0.1 0.1

Pb ppm 22 19 27



Bi
Th

Ce/Ce*
Y/IY*

ppm
ppm
ppm

11
5.2
11.5
1.15
1.24

1.5

11
2.22
1.27

11

7.9

13
1.59
1.18




Table 3: Mineralogical comparison of ooidal ironstone deposits around the world with the
DHIS



Ooidal ironstones around the world

Peace river Minette oolitic Iron Ores in Jebel Ank,
district iron of the Central Tindouf Basin, Aswan, Shatti Valley, Southern DHIS
Lithofacies ' Labrador  Sahara, Algeria  Algerian Sahara  Egypt ( H. West-Central Tunisian
o Canada Luxembourg . . northeast
characterization . Trough (Guerrak, (Guerrak 1989, Baioumy Libya (F. B. Van Atlas (H. .
(Petruk, and Lorraine 1087 1991 2017 H 1081 - Algeria
1977) (Teyssen, 1984) (Gross, 987) 991) 017) outen 1981) Garnit
’ 1968) 2017)
shallow
Depositional shallow Shallow marine water
P Fluvial Marine (subtidal) lagoonal Marine Marine Shallow-marine Marine
environment basins lagoon lagoonal
environments
. . Silurian- . . oniacian- .
Age Modern Jurassic Proterozoic Devonian Silurian-Devonian Santonian Late Devonian Late Eocene Eocene
10 km? , with continuous  200-250m thick Coarsening 4 beds of S coarsening- Ore body of  6-8 m thick
. beds of 0.2 m. . o - upward with a o
Lithology 5 meters . unit, 60-120  oolitic iron ore upwards into 10-35m . about 2.5-8  oolitic iron
. thickness . . o . maximum of 90 m .
thick m thick body deposit oolitic ore thick thick m thickness ore body
Fauna foraminifera, bivalves SCRI(;’;HE)S(,)”
OCCUFTENCeS sponge belemnites, - Rare Burrows Burrows - bgro F;]io des - -
spicules ammonites P
burrows
. two upward- . . . . coarsening-upward coarseni_ng
Sedimentary shoaling Coarsening grades Coarsening Coarsening Coarsening regressive and shoaling- /
sequence allomembers upwards upward upwards upwards upwards sequences upward
cycles
Calcite - - - - - - - - +
dolomite + - + - + - - +
Siderite + - + - + - + - -
Goethite + + + - - - - ¥ +
Hematite + - + + + + - - +
Magnetite - - + + - - + - +
chamosite + - + + + + - -
Pyrite - + + - - + (traces) + + (traces)




Quartz + + + + + + + + +

Chlorite + + + + + + + (traces) - -
Pyrochlore - - - - - - - - +
Phosphate + - - - + + + + +
Nontronite + - - - + - - - -

calcitic sideritic- chert Clays- argilo-

Cement type Ferruginous ,Siliceous Quartz- Clays Quartz- Clays ferruginous ferruginous

chloritic
muds

sandstone  ferruginous
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Fig. 1. Geological map indicating the distribution and the locations of iron ore deposits, and occurrences

in Algeria.
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Fig. 2. Major geological domains of Algeria. (A), Map showing the location of the DHIS. (B), Simplified

structural map of the South-East Saharan Atlas.
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Fig. 3. Paleogeography of Central Tunisia and South-Constantinois to the Lower Eocene. Modified from
Chabou Mostefai al., 1978.
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Fig. 4. Geological maps and stratigraphy of Djebel Had. (A), Schematic geological section illustrating the
iron mineralization in the Djebel Had (Ain Telidjene). (B), Stratigraphic log interpreted modified from
Popov (1976) and Vila (1991). (C), Geological map of the DHIS, adapted from Vila (1993).
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Fig. 5. Geological map showing the location of DHIS within limestones and sampling points. (A), Schema
of geological map. (B), Cross-section showing the relative location of the samples investigated (see Table

1).
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Fig.6. Field photographs, (A): showing the situation of DHIS in Kef En Nsour. (B): iron ore mineralized
section, showing a stratiform sedimentary ironstone layer with passages of ferruginous marls, surmounted
by a thick layer of ferruginous marl. (C): ooidal ironstones, (D): A close-up of hand-size sample of ooidal
ironstones. (E): Ironstone section with cross-bedding figures. (F): A close-up of hand-size sample of

ferruginous marl.
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Fig. 7. (A-C) Transmitted-light and (D-F) Reflected-light microphotographs of the thin sections of the
ooidal mineralization from Djebel Had, showing the different morphologies and components of the ooids.
(A), Ooid composed of two nuclei and ooid with quartz nucleus. (B), ellipsoidal, ovoid, and spherical ooids.
(C), Ooids with irregular shapes. (D), the ooid envelopes in the form of concentric layers containing varying
amounts of goethite, grains of quartz, and pyrite in the cement. (E), Radial, symmetrical and tangential
micro-cracks. (F), Fragmented ooids with micro-cracks filled by goethite. (G to J) SEM microphotographs
of polished sections. (G) Goethite ooids (Goe) with an angular nucleus and the presence of zircon (Zr). (H)
Ooid morphologies and granules containing cerium (Ce) and quartz (Qz). (I) carbonate ooids replacement by
iron oxyhydroxides, hematite (He) and goethite (Goe) and quartz (Qz). (J) Contact between nuclei and the
successive concentric layers of goethite, marked by the presence of barite (Ba).
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Fig.8. Examples of X-Ray Difractogram showing the mineralogical compositions of whole rock samples

from the DHIS. (Mineral abbreviations: Goe-Goethite; Hem- Hematite; Pyr-pyrochlore, Pie- Piemontite;

Dol- Dolomite. Cal-Calcite)
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Fig. 9. Percentage distribution of iron in various mineralogical phases in the DHIS.
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Fig. 10: Geochemical analysis for major, trace metals and Rare Earth Elements from Djebel Had ooidal
Ironstones (DHIS): (A), Major elemental data normalized to the UCC (Upper Continental Crust, Taylor and
McLennan, 1985). (B), Trace elements patterns, with values normalized to the UCC, (C), REEs normalized
to PAAS, post-Archean Australian Shale (Taylor and McLennan, 1985).



FeHR/FeT FePy/FeHR
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 06 0.8 1

DH M02

DH M08

DH HO2

DH HO8

DH RM09

DH RM11

DH TGO02

DH TG16

Fig.11. Conceptualization of iron speciation parameters for the evaluation of oxidation-reduction conditions
FeHR = highly reactive iron; FeT = total iron; Fepy = pyrite iron
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Fig.12. A conceptual model showing the hypothesis that explains the genesis of DHIS, A, sedimentation of
ooids. B, Marine transgression creating deep anoxic conditions, that facilitated the substitution of iron in the
ooids. C, Marine regression resulting in oxy-hydroxylation of iron in an oxic environment. D, Simplified
map showing the paleogeography of iron source during the Middle Eocene.



