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ABSTRACT. This study shows that dedolomites may indicate emergence and karst meteoric diagenesis, providing
invaluable information about the original dolomite rock and the calcitizing fluids. The relative increase of permeability
in dolomitized zones (called ‘pockets’) within the limestone rock-mass of the Lebanese Jurassic Kesrouane Formation
is believed to have played an important role in enhancing dedolomitization through preferential circulation of karst-
meteoric waters in these pockets. Nonstoichiometry of the original dolomites (expressed by mole % CaCO,) appears to
be a major driving factor for dedolomitization, while clay content seems to protect the nonstoichiometric dolomites
from becoming dedolomites. The calcitizing fluids were fresh oxidizing waters circulating in an open system - typical
of karst aquifers. During dedolomitization, Sr, Fe and Mn were released from the pre-existing dolomite minerals
without being incorporated in the precipitating calcite. The 8"°C values of the dedolomites supports meteoric diagenesis
with contribution of soil derived carbon (values ranging from -2.40 to -2.32 %c PDB), while the ‘meteoric calcite line’

provides a clue to estimate the 6'*O value of the dedolomitizing fluid.
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1. Introduction

Von Morolot (1847) was the first to use the term
‘dedolomite’, describing dolomite that was replaced by
calcite during near-surface chemical weathering (in Back
etal., 1983). He suggested that dedolomitization is mainly
due to the sulphate ions which were derived from the
dissolution of gypsum or anhydrite:

CaSO, + CaMg(CO,), — 2CaCO, + MgSO,

More than a century later, dedolomitization became, ac-
cording to Al-Hashimi and Hemingway (1973), an “im-
portant stage in carbonate diagenesis”. This is also re-
flected by a broad wave of publications, most of which
were released in the late 1960s (e.g. Evamy, 1963, 1967,
Katz, 1968, 1971; Folkman, 1969). Folkman (1969) sug-
gested that the sulfate ions, needed for von Morolot’s
reaction, might come from the oxidation of pyrite, and
not necessarily from gypsum dissolution. Meanwhile, the
restriction of the mechanism to the dolomite-calcium
sulfate reaction became outdated (Katz, 1968, 1971; Al-
Hashimi & Hemingway, 1973). Back ef al. (1983) pro-
posed a mechanism that properly explains the minera-
logical and geochemical process of dedolomitization in
typical carbonate aquifers. Their work is based on field

and theoretical investigations combined with mass-bal-
ance calculations.

Several papers reported dedolomite occurrences in a wide
range of diagenetic environments, although the majority
of the case studies describe near-surface dedolomitization
(through meteoric flushing, either in a karstic aquifer or
below an erosional unconformity; e.g. Goldberg, 1967;
Braun & Friedman, 1970; Al-Hashimi & Hemingway,
1973). Wood & Armstrong (1975) (in Budai et al., 1984)
attributed some dedolomite to contact metamorphism.
Longman & Mench (1978) associated dedolomitization
to fresh-water, while Land & Prezbindowsky (1981) to
hot calcium-rich brine migration in a dolomitic reservoir.
Magaritz & Kafri (1981) described another type of
dedolomite produced by mixing marine and meteoric
waters. More recently, burial dedolomitization has at-
tracted some attention (e.g. Budai ez al., 1984; Kyung &
Moore, 1996). Ronchi er al. (2000) discussed
dedolomitization resulting from the influx of fresh mete-
oric water into a deeply buried dolomite reservoir.

Compilation of published data on dedolomite indicates
that information on the dedolomitization process can be
deduced from relict dolomite phases and the newly
formed calcite. In most dedolomitized rocks, the origi-
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nal dolomite is partially preserved. If not completely al-
tered, these relict phases can provide invaluable infor-
mation about the original dolomite. The produced cal-
cite may hold some clues about the related fluids and the
conditions of formation. This paper aims to demonstrate
that careful investigations of dedolomites may reveal
substantial data concerning the diagenetic conditions that
occurred during karst-related dedolomitization. Results
presented in this paper can be of use to recognize fea-
tures indicative for emergence.

2. Geological setting

Lebanon is located along the eastern coast of the Medi-
terranean Sea (Fig. 1A). Its general morphology consists
of two mountain chains (Lebanon and Anti-Lebanon)
separated by a high plain (the Bekaa; Fig. 1B). Both
ranges trend almost NNE-SSW. To the West, Mount Leba-
non borders the Mediterranean Sea with steep slopes and
includes the highest altitude in its northern part (i.e.
Qornet es Saouda, 3083 m). This mountain chain is lim-
ited to the East by the Yammouneh Fault (Fig. 1C), a
segment of the Dead Sea Transform Fault, which consti-
tutes the boundary between the Arabian plate and the
Levant microplate. It extends from the Gulf of Agaba in
Jordan to the Taurus mountains in Turkey (Fig. 1A). The
tectonics of the Middle East region and the existing seis-
mic activity are current research topics (e.g. Beydoun,
1988; Butler et al., 1997, 1998; Seber et al., 1997; Butler
& Spencer, 1999; Griffiths et al., 2000; Brew et al., 2001;
Gomez et al., 2001).

The stratigraphy of Lebanon has been investigated by a
number of authors (e.g. Dubertret, 1955; Saint-Marc,
1974, 1980; Walley, 1983, 1997; Beydoun, 1988; Fig.
2). Several other studies were carried out mainly on de-
tailed stratigraphy and petrology of particular regions and/
or geological formations (Ja’ouni, 1971; Abu-Shushah,
1976; Noujeim, 1977). Recently, Abdel-Rahman & Nader
(2002) discussed the general petrographic and
geochemical characteristics of the Jurassic-Cretaceous
carbonates of central Lebanon.

The Lebanese Jurassic carbonate platform is part of the
more extensive Palmyride basin (stretching from present
day north-western Iraq to north-eastern Egypt through
Syria and Lebanon). In Lebanon, the Jurassic rocks con-
stitute the cores of the two mountain chains. In central
and northern Mount-Lebanon, these strata have a total
thickness exceeding 1600 m and mainly consist of dolo-
mite and micritic limestone. The Late Jurassic is charac-
terized by a period of regional uplift, emergence and ero-
sion. Upon emergence, the Jurassic rock-mass was deeply
fractured and karstified before volcanism took place (i.e.

Bhannes Formation; Fig. 2). Subsequently, volcanic de-
posits and continental debris filled up the pre-existing
fractures and depressions accentuating the
paleotopography (Renouard, 1955).

The Kesrouane Formation (stratigraphic thickness ex-
ceeding 1000 m; Fig. 2) represents most of the Jurassic
strata in Lebanon. This unit is characterized by a dolomitic
basal sub-unit (informally called the Chouane Member)
overlain by micritic limestone (typical of the Jurassic
strata in Lebanon reflecting shallow marine depositional
settings). In addition, pervasive replacement
dolomitization randomly occurs within the whole se-
quence. Different models have been proposed to explain
dolomites of similar stratigraphic age in Israel. Goldberg
& Bogoch (1978) suggested a two-stage dolomitization
process with an incipient stage occurring in a pelmicrite
mud, probably before its lithification and in the original
marine environment. The second stage is characterized
by the obliteration of the pelletal structures and the growth
of the dolomite cement rims, in fluids having different
physico-chemical conditions. Buchbinder (1981) argues
that dolomitization was post-depositional due to subsur-
face circulation of fluids either in a seawater-freshwater
mixing zone or by warm subsurface brines.

3. Study area

The study area is located in central Lebanon, in the vi-
cinity of Jiita town (Fig. 1C). This region includes a broad
exposure of Jurassic rocks intensively cut by mostly east-
west trending faults; most of which are pre-Cretaceous
in age and have been reactivated during and/or after Cre-
taceous times. The western limit of the Jurassic outcrop
is marked by a flexure, i.e. the “Lebanon Western
Flexure”. To the west of this hinge line, the various Cre-
taceous rock formations dip steeply towards the Medi-
terranean Sea. Within the study area, the Nahr el Kelb is
the major river trending East-West with an approximate
length of 30 km. The second most important
hydrogeological feature is the underground network of
the Jiita cave, which totals 9 km approximately. The cave
hosts an underground river that is believed to be one of
the major collectors of the Jurassic karstic aquifer in
Mount Lebanon. The inland-extremity of the cave, where
the source of the underground river is located, is accessed
via a tunnel that was dug in 1971 on the northern side of
Ouadi Daraya (Nahr el Kelb river). This is a 535 m long
tunnel, dipping 21° downward and oriented South-North
(from the entrance to the cave). It offers a remarkable
geological section across the various horizontal strata of
the lower part of the Kesrouane Formation (Fig. 3). The
investigated dedolomites, which are the subject of this
study, were collected inside this tunnel.
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Figure 1. Location maps of the study area: (A) index-map showing a part of the Middle-East region and the Dead Sea Rift; (B)
simplified topographic map of Lebanon with the rectangle corresponding to the area shown in (C); and (C) geological map of central
northern Mount Lebanon (from Dubertret, 1955). The Daraya tunnel (site of the present study) is indicated with an arrow.
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Figure 2. Simplified litho-stratigraphical log of the Lebanese Jurassic-Neogene rock sequence. The stratigraphy of the Jurassic
segment, especially the Kesrouane Formation, is represented in detail (Renouard, 1951, 1955; Dubertret, 1955; Walley, 1997).

4. Methods

About 100 samples were drilled out of the walls of the
Daraya tunnel; 20 of which were located within the
dedolomite horizon. These samples were subjected to
petrographic observations including conventional and
cathodoluminescence microscopy (Technosyn Cold
Cathodoluminescence Model 8200 Mark II; operation
conditions were 16-20 kV gun potential, 420-600 puA
beam current, 0.05 Torr vacuum and 5 mm beam width).
Subsequently, various diagenetic phases were micro-sam-
pled for measuring their carbon and oxygen stable iso-
topic composition. Analyses were done at the University
of Erlangen — Germany (Institute of Geology and Mine-
ralogy; Dr. M. Joachimsky). The carbonate powders were
reacted with 100% phosphoric acid (density > 1.9;
Wachter & Hayes, 1985) at 75°C in an online carbonate
preparation line (Carbo-Kiel - single sample acid bath)
connected to a Finnigan Mat 252 mass-spectrometer. All
values are reported in per mil relative to V-PDB by as-
signing a 8"C value of +1.95%0 and a 8O value of
- 2.20%0 to NBS19. Oxygen isotopic compositions of
dolomites were corrected using the fractionation factors

given by Rosenbaum & Sheppard (1986). Reproducibi-
lity based on replicate analysis of laboratory standards is
better than £0.02%c for 8"*C and £0.03%. for 8'*0.

Pieces of representative samples were crushed and pow-
dered before mineralogical analysis by X-ray diffraction
(XRD) using a Phillips PW3710 unit with rotating sam-
ple-holder and secondary monochromator. Cu-Ko radia-
tion (45 kV, 30 mA) was used and silicon was chosen as
an internal standard. Dolomite nonstoichiometry (M%
CaCO,) was calculated using the relationship between
calcium content and d, ., spacing (Goldsmith & Graf,
1958) and applying the equation of Lumsden to the meas-
ured d,,,, spacing (Lumsden, 1979). Samples containing
only calcite or dolomite were then leached in 20 ml 1 M
HCI. After complete reaction the dissolved samples were
evaporated. The residues were dissolved for a second time
in 20 ml 1 M HCI. After filtration and dilution, Ca, Mg,
Sr, Na, Fe, Mn and K were analyzed by flame atomic
absorption spectrometry (AAS). Samples with both cal-
cite and dolomite were subjected to a sequential separa-
tion procedure modified from Burns & Baker (1987) be-
fore AAS analyses. Removing the calcite phase was done
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Figure 3. Geological cross-section along the Daraya tunnel (21° dipping downward; S-N orientation; leading to the terminal siphon
of the Jiita cave). Almost all intercepted strata are horizontally bedded. The general lithology is represented by 9 distinct zones. The
section also shows the positions of the dedolomites, the beige and the gray dolomites, as well as the various observed sites of

karstification. The sampling locations are also included.

by leaching and shaking the samples in acetic acid buff-
ered with ammonium acetate (pH = 5) for 5 hours. After
filtering and rinsing, the resulting solution is considered
to contain only the calcite phase while the remaining sol-
ids (assumed to represent the dolomite phase) were sub-
jected to similar leaching procedures as described above
for mono-phase samples. Analytical precision was gen-
erally better than 10 % at the 95% confidence level.

5. Petrography

The strata exposed in the Daraya tunnel represents a 200
m thick stratigraphic sequence - subdivided into 9 dis-
tinct zones according to lithological characteristics (Fig.
3). The upper 6 zones mainly consist of micritic lime-
stone (dominantly mudstone - wackestone). The remain-
ing zones feature two main types of dolomite rocks, the
petrography of which is described below. Two distinct
horizons of dedolomitized rocks were found in two pre-
viously dolomitized pockets within the limestone rocks
(DD-I and DD-II; Fig. 3). These are located within a dis-
tance of 125 m along the tunnel (i.e. 45 m of

stratigraphical thickness). The outcropping surfaces of
each type (DD-I and DD-II) are very difficult to assess
(i.e., the features are widely variable and difficult to de-
tect with the naked eye).

5.1. Original rock: limestone

All the observed limestones are mudstones-to-
wackestones suggesting that the depositional environ-
ment was shallow subtidal. This is also supported by
the presence of isopachous cement around grains (re-
placing the earlier acicular cement), and curvilinear
micro-fractures filled with very early marine cement.
The latter are probably the result of synsedimentary tec-
tonic displacement or initial compaction dewatering.
Equant calcite cement in fossil molds (e.g. corals) are
believed to represent early meteoric diagenesis which
has led to the dissolution of aragonitic fossils prior to
the precipitation of calcite. The observed drusy mozaic
fabrics and the syntaxial overgrowth cements (especially
around crinoids) may suggest continuous shallow burial
under meteoric phreatic conditions. In the lower part of
the exposed limestone sequence inside the tunnel,
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Figure 4. Sequence of diagenetic stages in the Jurassic carbonates exposed along the Daraya tunnel (Kesrouane Formation).
The paragenesis of the dedolomitized rocks is presented in detail, separately.
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Figure 5. Transmitted light photomicrographs of gray dolomite (A), beige dolomite (B), and preserved dolomite from the dedolomitized
horizons (*pockets’; crossed polars; C). Note the planar texture in the latter dolomites (B, C) compared to the non-planar crystals character-
izing the gray dolomite. The ‘pocket’ dolomite exhibits sweeping extinction typical of saddle dolomite. Py is pyrite and P is porosity.




10 Fadi H. NADER, Rudy SWENNEN & Raoul OTTENBURGS

compaction stylolites were found. These could be mark-
ers of increased overburden pressure due to burial.
Sparry calcite and poikilotopic cements (which charac-
terize the lower-most zones) also suggest burial
diagenesis in a presumed phreatic environment. The
paragenetic evolution is presented in Fig. 4.

5.2. Original rock: dolomite

Two distinct types of dolomites were observed in the
Daraya Tunnel (zones 7 to 9; Fig. 3). The first type is
gray in hand specimen. It is composed of anhedral dolo-
mite crystals, with sizes not exceeding 400 um (Fig. 5A).
They have a polymodal nonplanar texture. The local oc-
currence of evaporitic-like nodules within these rocks and
the fact that they are stratigraphically bound (they are
not found above zone 7 in Fig. 3) suggest early
dolomitization in shallow marine lagoonal settings. The
rock texture displays iron-oxides, pyrite, clay and organic
matter between the dolomite crystals.

The second dolomite type is beige in hand specimen.
Microscopically, it consists of subhedral to euhedral dolo-
mite crystals with an average size exceeding 400 um (Fig.
5B). These show cloudy centers surrounded by clear ce-

ment rims and generally show undulatory extinction typi-
cal of saddle dolomite. The crystals have a unimodal,
planar-e texture typical of sucrosic dolomite (see Sibley
& Gregg, 1987). The beige dolomites are not
stratigraphically-bound and occur also as scattered pock-
ets in the overlying limestone strata. These dolomites
exhibit a ‘clean’ structure with relatively coarse-crystal-
line texture and high intercrystalline porosity (Fig. 5C).
Although, all types of dolomites exhibit a general molted
red cathodoluminescence pattern, the beige dolomite
crystals that align pores show alternating luminescence
patterns witnessing several distinct layers of dolomite
cement. Field observation of beige dolomite occurrences
associated with volcanic rocks and the nature of the crys-
tals (i.e. saddle dolomites) may point towards rapid
dolomitization by means of hydrothermal activity (cf.
Searl, 1989).

5.3. Dedolomite

Two distinct dedolomitized horizons (DD-I and DD-II)
were recognized in the Daraya sequence (Fig. 3). The
occurrence of both horizons coincides with clear
paleokarst features, such as dissolution conduits entirely
filled up with red-brown soil (Fig. 6A). Recent karst is

Original rock:
Planar-e dolomite

rhombs (crystal . v
size: 300 to 500 um)|, *
in micritic limestone

DD-I
End-member:

End-member:
Rhombic pore |.
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Figure 7. Types of dedolomite fabrics based on the texture of the original rock (more explanation is given in text).
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Figure 6. Photographs showing paleokarst (A) and present-day karst (B) features inside the Daraya tunnel. The former shows no
‘present-day’ water dripping and consists of ancient dissolution conduits and cracks occluded by red-brown paleo-soil (indicated by
an arrow). Some of the recent karst features post-date the tunnel and include various types of speleothems (B).
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Figure 8. Transmitted light and CL photomicrographs of the different dedolomite textures: (A) Partial selective dissolution along
the interface between core and outer rims of the original dolomite (non-luminescent zone inside the dolomite rhombs; typical of
DD-Ia fabric); (B) complete calcitization of the dolomite crystals by non-luminescent calcite crystallites [D] - DD-Ib — and/or
dissolution (white arrow: DD-Id; black arrow: DD-Ie); (C) photomicrograph of a stained thin section showing calcite cement par-
tially occluding dissolution-voids at the interior of the dolomite rhomb [ID] — [DC] is the dolomite cement rims (DD-IIa); (D) CL-
patterns of DD-IIa, calcite is non luminescent, while dolomite phases show dull red-orange luminescence (ID: dolomite core; DC:
dolomite rims); (E) completely dedolomitized rhomb (DD-IIb) — calcite mimic the original dolomite phases [ID and DC] and
selective dissolution is observed in the nucleus and at the ID/DC interface; (F) Dolomite showing slight dedolomitization, the
crystals are fragmented and then corroded as a result of tectonic deformation followed by calcite invasion (DD-Ilc).
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also observed, and some speleothems were formed after
the excavation of the tunnel (Fig. 6B). Such karstification
consists of open dissolution conduits and different types
of speleothems (e.g. dripstones, stalactites). Contrary to
the paleokarst features, these show ‘present-day’ water
seepage.

DD-I is creamy beige in hand specimen. It consists of
euhedral dedolomite crystals (dolomite pseudomorphs),
with an average size in the order of 400 pm, in a micritic
limestone matrix. Fractures and veins with calcite infilling
are also present in the matrix. The rhombs have a
unimodal planar-e texture and lack undulatory extinction,
they constitute approximately 25% of the matrix. Fur-
ther petrographic investigation of these rhombs resulted
in distinguishing 5 different dedolomite fabrics (Fig. 7).

DD-Ia represents dedolomite rhombs with selective cal-
cite replacement or cement along the interface between
the cores and the cement-rims of the original dolomite
crystals. Some of these rhombs show calcite replacement/
cement inside their cores as well. Under CL, the crystals
show clear crystal zoning reflecting the different min-
eral-phases (dolomite/calcite) and the original dolomite
zoning resulting from changes in the water chemistry
(Grover & Read, 1983; Barnaby & Rimstedt, 1989;
Machel, 2000). The calcite inside the rhombs is non-lu-
minescent, while the dolomite shows dull-bright-dull-
luminescence patterns (from crystal-core to rims; Fig.
8A). DD-Ib consists of calcite with a crystallite texture
(calcite crystals are < 50 pum in size); the original rhombic
outline is still preserved. These calcite infills are non-
luminescent (Fig. 8B). DD-Ic has the same attributes as
DD-Ib, but it was subjected to dissolution. If the dissolu-
tion completely removes the calcite crystallites and/or
the original dolomite, a rhombic mold is produced (DD-
le; Fig. 8B). If dissolution is partial, the empty space
might get filled up with transparent calcite cement, the
crystal size of which ranging between 50 and 100 pum
(DD-1d). The discussed fabrics reveal obvious
dedolomitization trends with three main end-members:
1) DD-Ia, a particular case of selective dedolomitization
along original crystalline internal structure; 2) DD-Ib,
completely dedolomitized rhombs; and 3) DD-Ie,
rhombic pores (products of complete dissolution of the
dedolomite fabrics and the original dolomite rhombs).

DD-II is dark beige to brown in hand specimen. It con-
sists of subhedral to euhedral calcitized dolomite crys-
tals with sizes ranging between 500 and 1000 pm. These
have a unimodal planar-e texture. The rock texture shows
intensive structural deformation through the mechanical
fragmentation of the dolomite rhombs and the twinning
of the calcite cement, which might relate to tectonic de-
formation during uplift (Upper-Jurassic and Neogene).
Most of the remaining dolomite rhombs exhibit cloudy
centers surrounded by clear rims.

Fig. 7 shows the 3 main fabrics that are distinguished
within this rock texture. DD-IIa rhombs are marked by
selective dissolution with porosity development along
their core/rim interfaces followed by calcite cement in-
filling the voids inside the rhombs and in the inter-crys-
talline space (Fig. 8C). The remnants of the original dolo-
mite have a dull red-orange luminescence when viewed
under CL. This is well contrasted with the non-lumines-
cent calcite cement (Fig. 8D). DD-IIb shows calcite re-
placement of the original dolomite rhomb with selective
porosity development along the core/rim interface and
inside the core (Fig. 8E). The replacing crystals mimic
the precursor dolomite microfabrics, i.e. the impure dolo-
mite core is replaced by fine crystalline granular calcite,
while the clear outer rims by clear coarser calcite crys-
tals. DD-IIc represents dolomite crystals that are less af-
fected by classical dedolomitization. These crystals show
severe structural deformation (e.g. crystal fracturing and
fragmentation). Here calcite cement fills the cracks (Fig.
8F). Whether DD-IIc should be included within
dedolomite fabrics is debatable. However, the observed
corrosion of the dolomite fragments makes them legiti-
mate to be included in the dedolomite fabrics (cf. Budai
et al., 1984). The different fabrics of DD-II show a clear
dedolomitization trend from the slightly altered dolomite
(DD-IIc) to the completely dedolomitized dolomite (DD-
[Ib), passing by a transitional phase (DD-IIa).

In both types of dedolomites (DD-I and DD-II), the cal-
cite phase (crystallite aggregates and cement) is non-lu-
minescent under CL microscopy, showing a sharp con-
trast with the dull-luminescent dolomite remnants. The
calcite infillings of fractures and veins are also non-lu-
minescent. The non-luminescence suggests calcite pre-
cipitation from oxidizing fluids (Barnaby & Rimstedt,
1989). Although the calcite aggregates of DD-Ib gener-
ally appear non-luminescent, careful observation suggests
minor luminescence zones around the crystallites. This
observation is at the limit of the used petrographical tech-
niques, however, its validation may suggest that: 1)
dedolomitization have left very tiny dull-luminescent
zones of the original dolomitic material in between cal-
cite crystallites, or 2) later calcite (re)crystallization,
within more reducing waters, has affected the crystallites.
In the case of the second interpretation, sub-oxic to re-
ducing waters might have prevailed in progressively bur-
ied dedolomitized rocks deeper than the reach of the sur-
face recharge oxidizing fluids.

6. Geochemistry

Most geochemical data are enumerated in Table 1, which
shows the major and trace elemental composition, the
8"C - 80 results, and the dolomite nonstoichiometry
(M%CaCO.,) of the various samples. The data are grouped
in 7 categories according to their petrographic character-
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istics, namely: 1) limestone, 2) partially dedolomitized
micrite (DD-I), 3) dedolomite (DD-II), 4) saddle dolo-
mite veins, 5) beige dolomite, 6) gray dolomite and 7)
spelean calcite.

Within the DD-I and DD-II categories some further dis-
tinctions are worth mentioning. The DD-I values (Tab. 1,
group 2) represent bulk-rock analyses of dedolomite
rhombs in micritic limestone. In DD-II category, J-22
(typical of DD-IIc fabric; Fig. 5C) shows very slight
dedolomitization and is henceforth considered similar to
the original precursor dolomite, while J-21 is a completely
dedolomitized rock and corresponds to DD-IIb fabric. J-
20 and JT-5 have a typical DD-Ila fabric with consider-
able amounts of both calcite and dolomite phases.

6.1. Major and trace element composition: bulk analyses

56 samples selected along the Daraya tunnel, were used
for characterizing the various lithologies with respect to
major and trace element composition. Fig. 9 (A, B) shows
the resulting Sr to Mg and Fe to K crossplots. The vari-
ous lithologies exhibit relatively well-defined concentra-
tion fields reflecting their distinct elemental compositions.
The beige dolomite is characterized by low Sr content (<
57 ppm) compared to the gray dolomite (Sr > 48 ppm;
Fig. 9A). The minor overlap is mainly due to samples
having a transitional nature between both dolomite rock
types. Interms of Mg concentration, the former is slightly
more enriched than the gray dolomite (by approximately
1 wt.%) which also contains higher mean IR values (in-
soluble residue, in %). The dedolomitized rocks show a
decreasing trend for both Sr and Mg contents. Here, the
slightly dedolomitized rocks are characterized by Sr and
Mg compositions similar to those of the gray dolomite,
whereas the completely dedolomitized rocks have very
low concentrations (Mg ~ 0 wt.%; Sr = 26 ppm).

The Fe to K crossplot shows a clear distinction between
beige and gray dolomites (Fig. 9B). Both Fe and K con-
tents of the gray dolomite (Fe =386 to 1729 ppm; K=91
to 898 ppm) are significantly higher than those of the
beige dolomite (Fe = 47 to 366 ppm; K =7 to 78 ppm).
Nevertheless, a few exceptions do occur in both dolo-
mite types. Beige dolomite with a relatively high content
of iron-oxides and/or clay minerals in matrix will plot
within the field of gray dolomite. The generally higher
concentrations of Fe and K in the gray dolomite may be
due to higher clay contents compared to the beige coun-
terpart (cf. Swennen et al., 1986). The dedolomite ex-
hibits similar K contents to the beige dolomite (ranging
from 27 to 64 ppm), but is somehow less enriched in Fe
compared to the latter and to most of the other litholo-
gies (Fe = 41 to 82 ppm).

The beige and gray dolomites have almost the same Na
composition. The slightly dedolomitized rock shows simi-

mLimestone

+ Dolomite vein
o Beige dolomite | |
4 Gray dolomite

A Dedolomite Z

Mg (wt.%)

1000 —
g
100
3‘ mLimestone
M + Dolomite vein
& Beige dolomite
® # Gray dolomite
i A Dedolomite
10 . , i
10 100 1000 10000
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Figure 9. Mg, Sr, Fe and K compositional characteristics of
some components of the Kesrouane Formation: (A) Sr (in ppm)
versus Mg (in wt.%) crossplot showing a decreasing trend in
both elements with increasing dedolomitization, and distinct
concentration fields for beige and gray dolomites. (B) Fe ver-
sus K (both in ppm) diagram showing a clear concentration
distinction between the beige and gray dolomites.

lar Na contents to those of the gray dolomite rocks (162
ppm). Further dedolomitization leads to Na depletion. The
Na content decrease may imply that dedolomitization oc-
curred under fresh meteoric conditions, as far as the Na
concentrations in diagenetic phases can be used to deduce
the salinity of the diagenetic fluids (Land, 1980). In con-
clusion, we can say that the rock diagenetic stabilization
is characterized by a depletion in Mg, Sr and Na contents.
It is, therefore, likely that meteoric waters were involved
in the dedolomitization process (e.g. Brand & Veizer, 1980).

6.2. Major and trace element composition: sequential
separation

The above-described results deal with bulk sample analy-
ses. The determination of the chemical characteristics of
both original-dolomite and precipitating-calcite phases
is a necessity to further unravel the diagenetic conditions
during which dedolomitization took place. For this pur-
pose a sequential separation technique was optimized (see
methods section) and applied on DD-Ila fabrics where
considerable amounts of both phases are preserved. The
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Figure 10. Diagram showing the general chemical characteris-
tics of both dolomite and calcite phases of DD-IIa. The calcite
phase exhibits lower concentrations of Mg, Sr, Fe and Mn com-
pared to the original dolomite phase.

respective Ca, Mg, Na, Fe, Mn and Sr concentrations are
shown in Fig. 10. The calcite phase has lower Na, Fe and
Sr concentrations compared to the dolomite phase. This
suggests, as concluded before, that dedolomitization re-
leased these elements into the solution, rather than in-
corporated ions of these elements into the calcite-phase.

Surprisingly, Fe is absent in the calcite phase. Consider-
ing the Fe content of the original dolomite rocks (ca. 82
ppm), we are faced with the inevitable question: is Fe
liberated during dedolomitization? If the dedolomitization
occurred in a closed system with respect to Fe, we would
expect the latter to be included in the calcite or into other
Fe-bearing phases. Since no significant Fe-bearing phases
were found within the dedolomitized zones, the problem
remains unsolved.

6.3. Dolomite stoichiometry

According to Lumsden and Chimahusky (1980), dolo-
mite nonstoichiometry, expressed as mole percent (M%)
CaCO,, seems not to be related to most of the petrographic
parameters (e.g. insoluble residue, porosity, rock-type,
fossil component and dolomite crystal size). Neverthe-
less, the stoichiometry gives an idea about the original
identity of the dolomite and its stability (e.g. Sperber et
al., 1984). Less stable nonstoichiometric dolomite have
an intrinsic thermodynamic drive for alteration to more
stable stoichiometric dolomite (Carpenter, 1980; Land,
1980). The most stable dolomite crystals have a
nonstoichiometry ranging between 50.0 and 52.0 M%
CaCO,, while less stable crystals range from 49.0 to 50.0,
and 52.0 to 58.0 M% CaCO, (Lumsden & Chimahusky,
1980). According to Dorobek et al. (1993), the readiness
of the dolomite crystals to be altered is partially control-
led by their nonstoichiometry; this may also be the case
for dedolomitization.

The beige dolomite rocks are characterized by a
nonstoichiometry ranging between 49.8 and 51.7 M%
CaCO3 (see Table 1). These dolomites can be considered

1000 -

100 -
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+ Dolomite vein

© Beige dolomite

& Gray dolomite

49.0 50.0 51.0 52.0 53.0 54.0 55.0 56.0 57.0
M% CaCO,

Figure 11. Dolomite nonstoichiometry expressed by mole %
(M%) CaCO, versus K (in ppm) diagram for the major dis-
cussed rock types (beige, gray dolomites and dedolomites; val-
ues from Table 1). Note that the dedolomites share the same
nonstoichiometry of the gray dolomite and similar K concen-
trations to those of the beige dolomites.

as nearly stoichiometric. The gray dolomite rocks have
nonstoichiometry values between 51.7 and 56.5 M%
CaCO,, hence, they are believed to be less stable. All the
investigated dedolomite fabrics, except DD-Ilc, which is
completely dedolomitized, resulted in similar
nonstoichiometry values of the remaining dolomite rang-
ing between 53.8 and 55.1 M% CaCO, (Fig. 11).

6.4. Carbon and oxygen stable isotopes

The results of the carbon and oxygen isotopic composi-
tion of the Daraya sequence are shown in Fig. 12. Since
the oxygen and carbon isotopic composition of the sea
water shows some variation through geologic time (Qing
et al., 2001), it is necessary to estimate the initial com-
position of the Early Jurassic marine carbonate as a start-
ing isotopic signature. Accordingly, the 8"°C and 8'*0O
values of calcite precipitated from Early Jurassic seawater
are from +1%¢ to +4%0 PDB and -3%o to -1%0 PDB, re-
spectively (Qing et al., 2001).

The analyzed micritic limestone and dolomite define rela-
tively wide 'O compositional ranges (limestone: -2.65%o
to -5.40%c; dolomite: -7.34%o to -8.97%¢), while the 8*C
values lie in a narrow range similar to the original marine
signature. The relatively wide range of 8'*0 values may
suggest multiple-step recrystallization of the limestone and
dolomite (Nielsen et al., 1994). Within the limestone field,
the slight 8"*C values decrease with respect to the original
marine signature could be related to meteoric diagenesis.

The investigated dedolomite rocks define a narrow
compositional field with isotope values ranging from -5.16
t0 -5.59%¢ 80 and -2.32 to -2.64%o 6"°C. These values
represent bulk-rock analyses, and are significantly lower
than the isotopic composition of the original marine car-
bonate. Telogenetic spelean calcite, occurring as void
infilling in pre-existing dolomite veins within the replace-
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Figure 12. Carbon and Oxygen isotopic compositions of the Kesrouane Formation constituents. The gray square represents the

Jurassic marine signature (from Qing ez al. 2001).

ment beige dolomites and dedolomite pockets, resulted in
very depleted 8"°C values ranging between -7.00 and -
7.43%0, with 8'*0 values between -5.81 and -6.27%o. Re-
cent speleothem (formed after the construction of the tun-
nel in 1971) resulted in almost a similar 6'*0O value (-
6.21%0) and more depleted 8"*C (-9.10%o). The dedolomite,
the spelean calcite, and the recent speleothems have al-
most the same 6'*0 signature. This coincides with the low-
est 8'80 values of the limestone within the investigated
sequence. Highly variable (depleted) 8"°C coupled with
relatively invariant 3'%0 characterize fresh meteoric envi-
ronments (Allan & Matthews, 1982; Lohmann, 1988), al-
though it can be interpreted also in other ways (e.g. burial
diagenesis with hydrocarbon maturation defined by Budai
etal., 1984). The ‘meteoric calcite line’ represents a trend
of karst-meteoric alteration of the original limestone and
dolomite by means of surface fluids rich in soil derived
8"C. According to Lohmann (1988), this line also deline-
ates the 8'*0 of the diagenetic fluid.

7. Discussion

The different dedolomite fabrics are the product of the
reaction between precursor rocks and dedolomitizing flu-
ids. Thus, any petrographic description scheme should
start with classifying the dedolomite rocks according to
the lithology of their original rocks. Then, two main fac-
tors seem to control the resulting fabrics, the degree and
mode of dolomitization and subsequent dedolomitization.
In the present study, two dedolomite types, produced from
two different lithologies, are discussed (DD-I originat-
ing from a partially dolomitized micritic limestone, and
DD-II from a completely dolomitized rock). Partial or

complete dedolomitization may lead to different fabrics
(DD-Ia, DD-Ila; and DD-Ib, DDIIb respectively). The
mode of dedolomitization may fashion the resulting fab-
rics. For instance, within the fabrics of DD-I, we can dis-
tinguish the selective from the nonselective
dedolomitization (DD-Ia and DD-Ib, respectively). This
selectivity also affects DD-II, where dedolomite end-
product might be a mimic replica of the original dolo-
mite (DD-IIb).

The 8"C and 'O composition of the dedolomite sug-
gest that the dedolomitizing fluids were karst meteoric
waters. The decrease in 8'°C values with respect to the
original marine carbon signature is explained by the in-
volvement of soil derived 8'"°C. This conclusion fits with
the field observation of paleokarst features associated to
the dedolomitized rock exposures. The non-luminescent
CL pattern of the calcite aggregates and cements (prod-
uct of the dedolomitizing fluids) suggests also that these
waters were oxidizing. As mentioned above, the ‘mete-
oric calcite line’ (8'*0O values between -6.0 and -
5.0%cPDB) may be used in order to estimate the 3'*O
composition of the calcitizing fluids. The graphical
method of Woronick & Land (1985) was followed for
this purpose (Fig. 13). Consequently, for modeled tem-
peratures ranging between 10 and 20°C (known tempera-
ture for caves in Jiita), the original 'O composition of
the meteoric fluids is estimated to range from -3.8 to -
7.2%0 SMOW.

The selective analysis of the calcite and dolomite phases
from dedolomitized rocks resulted in chemical charac-
terization of the remnant dolomite representing the pre-
cursor rocks and the calcite that is related to the
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Figure 13. Graphical display of the oxygen isotopic equilibrium relationship between water, temperature of precipitation and calcite
minerals (Woronick & Land, 1985). Estimation of the 8'*0 composition of the calcitizing waters for modeled temperatures between

10 and 20°C.

dedolomitizing fluids. It also confirmed the conclusions
deduced from bulk analysis. Hence, Mg, Sr, Na, and Fe
were released from the precursor dolomite into the solu-
tion during dedolomitization. But, the precipitating cal-
cite did not incorporate these elements.

By analogy to the aragonite-calcite transformation (cf.
Pingitore, 1978), the main factors controlling the trace
and minor element distribution in cogenetic calcite pre-
cipitation during dedolomitization are: 1) the chemistry
of the original dolomite, 2) the partitioning coefficients
for the ionic trace elements at specific temperatures, 3)
the chemistry of the diagenetic fluid before entering the
system, 4) the flow system (open / closed), and 5) the
non-carbonate chemical reactions. According to Pingitore
(1978), the relative depletion or enrichment of the pro-
duced calcite in a certain trace element compared to the
original rock can be modeled once the first four vari-
ables are known. For instance, Fe, which has a partition-
ing coefficient ranging between 1 and 50 (i.e. > 1; Janssen,
2000) may be depleted in the precipitating calcite if the
initial diagenetic fluid has lower Fe concentrations com-
pared to the original dolomite and when the flow system
is open. From another point of view, reducing conditions
are generally necessary for Fe cations to be incorporated
into the carbonate lattice (Humphrey, 1988; Lohmann,
1988). Thus, the observed lack of Fe in the calcite phase
may be explained by the existence of an open system
where fluids were oxidized and less enriched in Fe com-
pared to the dedolomitized rocks. For the case of Na, the
proposal of dedolomitization by means of fresh waters
might be an adequate argument for its low concentra-
tions in the produced calcite.

In meteoric environments, Mg and Sr cations in solution
are believed to originate mainly from the pre-existing

mineral phases (Lohmann, 1988). An open system may
provide one explanation for the non-incorporation of the
released Sr cations in the precipitating calcite, even if
the initial fluids have Sr concentrations slightly equal or
greater than that of the original dolomite (Pingitore,
1978). Fig. 9A shows a clear Mg and Sr depletion with
increasing dedolomitization. The gray dolomites and the
remaining dolomitic phases in dedolomites share a simi-
lar nonstoichiometry compared to that of the near stoi-
chiometric beige dolomites.

As we have mentioned before, paleo- and recent karst
features are present randomly within the various
lithological zones intercepted by the Daraya tunnel. The
dolomite recrystallization implies alteration to more stoi-
chiometric states and crystalline stability. Therefore, the
nearly stoichiometric beige dolomites are not affected
by dedolomitization (whether paleo- and/or recent karst
features are present). Meteoric calcite cement is observed
only in intercrystalline pores within the beige dolomite
matrix. The insoluble residues (IR%), Fe and K concen-
trations of both beige and gray dolomites favor the pro-
posal of a relationship between clay contents and dolo-
mite nonstoichiometry in the investigated sequence. The
clays seem to have prohibited the ideal (re)crystallization
of gray dolomites (probably by decreasing the rock per-
meability not allowing the circulation of diagenetic flu-
ids). As dolomite (re)crystallization usually leads to more
stoichiometric and ordered crystals, the gray dolomites
remained nonstoichiometric. Similarly, the high clay con-
tent may have played a major role in protecting these
dolomites from dedolomitization (Fig. 11).

Dedolomitization appears to be restricted to the dolomite
pockets that are located within the micritic limestone
rock-mass. These pockets are made up of dolomites that
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Figure 14. Graphical illustration of the concept of dolomite/dedolomite pockets: 1. Micritic limestone, 2. Faulting/fracturing, 3.
Dolomitizing fluids circulation along faults, 4. Dolomitization of limestone surrounding the premises of fluid flow (dolomite pocket),
5. Relative increase of porosity and permeability inside the dolomite pocket compared to the surrounding limestone; upon emer-
gence and karstification, the dolomite pocket becomes a preferential conduit horizon for meteoric waters, and 6. Dedolomitization
inside the pocket.

are nonstoichiometric (similar to the gray dolomite), but
with petrographic and geochemical traits similar to those
of the hydrothermal beige dolomites. Fig. 14 describes
the proposed stages of evolution of these pockets. Local
dolomitization within the limestone occurred through the
hydrothermal fluid activity along faults and/or fractures
similarly to the beige dolomite. This led to the creation
of higher permeability gradient with respect to the sur-
rounding mudstone-wackestone due to the higher
intercrystalline porosity of dolomites. After emergence
and karstification, the dolomite pockets became prefer-
ential zones for the circulation of meteoric calcitizing
fluids and subsequent dedolomitization. No unequivocal
arguments are presently known in order to determine
whether this dedolomitization occurred during the early
emergence of northern Mount-Lebanon in the Late-
Jurassic times, or as a consequence of the final Neogene
uplift of the Lebanese mountain chains.

The present case shows that careful dedolomite inspec-
tion helps to unravel useful information about
dedolomitization and related processes (e.g. dissolution,
cementation). The remaining dedolomite phases hold the
imprints of the diagenetic conditions (e.g. uplift, emer-
gence and Kkarstification), that prevailed at the time of
dedolomitization. Moreover, these phases may serve to
comprehensively assess the dynamic nature of the sys-
tem flow in paleokarst.

8. Summary and Conclusions

In summary, based on petrographic and geochemical data
of the Lower Jurassic dolomites and dedolomites of cen-
tral Lebanon (Kesrouane Formation), the following points
can be concluded:

1. The dedolomite fabrics are controlled primarily by the
lithology of the original rock. A scheme for petro-
graphic classification is proposed based on the origi-
nal rock texture, the degree and mode of dedolomiti-
zation.

2. The dedolomitization of the investigated Jurassic car-
bonates occurred as a result of the migration of karst-
related meteoric waters into previously dolomitized
pockets within the limestone rock-mass, during a pe-
riod of emergence which age could be Late Jurassic
(corresponding to the early uplift of northern Leba-
non) or Neogene (upon the final uplift of the Leba-
nese mountain ranges). Since the dedolomitizing flu-
ids are believed to be fresh oxidizing waters in an open
system, Mg, Sr, Na and Fe were released from the
pre-existing dolomite minerals into the solution with-
out being incorporated in the precipitating calcite.

3. Dolomite stoichiometry of the original rock appears
to play an important role in controlling dedolomi-
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tization, which, in the present case, is restricted to the
less stable nonstoichiometric dolomite.

4. The relatively high clay contents of the gray dolomites
may have prohibited ideal (re)crystallization, and sub-
sequent resetting to more enhanced stoichiometric
states. This may have also protected them from
dedolomitization, although their nonstoichiometry is
similar to that of the remaining dolomite pahses in the
dedolomites.

5. The proper petrographic and geochemical investiga-
tion of dedolomites provides a remarkable tool for
learning something about the diagenetic conditions that
occurred during dedolomitization - in the present case,
these conditions are related to emergence and
karstification. In other words, the followed approach
may be reversed leading to the determination and as-
sessment of paleokarst flow systems from the inspec-
tion of dedolomites.
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