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Abstract
Asymmetric, pendant cements are considered good indicators for early lithification in the vadose zone. In the present study, 
asymmetric cements are recorded in thin-sections of a Lower Jurassic limestone from the Traras Mountains (northwest 
Algeria). Geopetal fabrics, however, indicate that these seemingly “pendant cements” are, in some places, oriented upwards, 
i.e., they have grown in the opposite direction from that expected, or they grew from grains towards the pore centers. These 
observations disprove their origin as gravitational cements precipitated from pendant water droplets on the undersides of 
grains as in the vadose zone. In contrast, a formation in the marine phreatic zone seems more probable. Under high-energy 
conditions, and after an early lithification stage with isopachous cements in the subtidal zone, strong tidally driven hori-
zontal pore-water flow allowed sufficient seawater to pass through the slightly cemented but still highly permeable rock. 
Those grain sides, which were oriented towards the pore center, where faster flowing water prevailed, were more exposed 
to  CaCO3-supersaturated percolating seawater and therefore the cements precipitated here show their greatest thickness. In 
relatively more protected areas around the margins of the pores, asymmetric cements are rarely developed. The resulting 
rock exhibits an unusual, heterogeneous cementation with preferential centripetal nucleation areas.

Keywords Geopetal fabrics · Horizontal permeability · Phreatic zone · Early lithification · Centripetal nucleation

Introduction

Microscopic studies of carbonate cements provide visual 
information with respect to the diagenetic environments in 
which the rocks have been lithified or altered (Schneider-
mann and Harris 1985). Isopachous needle-shaped (acicular 
or fibrous) cements distributed around sedimentary com-
ponents with more or less equal thickness are interpreted 
as precipitated when the pores were completely filled with 

seawater, thereby indicating formation in subtidal conditions 
(e.g., Flügel 2010). Reliable indicators for an early diage-
netic lithification in a vadose setting are meniscus cements 
and pendant cements, the latter also called gravitational, 
microstalactitic or dripstone cements (e.g., Scholle and 
Ulmer-Scholle 2003; Flügel 2010). In such environments, 
pores are only periodically and partially water-filled (e.g., 
Hood and Wallace 2012; Andrieu et al. 2018; Christ et al. 
2018), and the selective collection of water on the undersides 
of grains as pendant droplets is driven principally by gravita-
tional drainage (Tucker and Wright 1990; Collin et al. 2009). 
After multiple phases of drainage and precipitation, visible 
asymmetric cements will develop beneath the grains, in the 
same positions as occupied by the water droplets (Scholle 
and Ulmer-Scholle 2003; Moore 2004). Thus, the thickest 
part of the cements is directed downward, and they thin 
towards the upper sides of the grains. The mineralogy and 
thus the shape of the pendant cement crystals depends on the 
Mg/Ca ratio of the fluid from which they have been precipi-
tated (Molenaar and Venmans 1993; Flügel 2010). In view 
of the high Mg/Ca ratio of seawater, pendent cements in the 
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vadose marine zone are formed by needle-shaped aragonite 
or high magnesium calcite (HMC) crystals. Precipitation 
of  CaCO3 from seawater is enhanced by evaporation dur-
ing low tide or after storm surges, and by  CO2 degassing 
and evaporation of sea spray in the splash zone (Molenaar 
and Venmans 1993). In contrast, pendant cements formed in 
the meteoric vadose zone consist of equant low-magnesium 
calcite crystals (LMC) because of the low Mg/Ca ratio of 
fresh water. The influence of meteoric diagenesis commonly 
results in a variable luminescence of cements under CL, 
indicating changes from reduced to oxidized fluids (Christ 
et al. 2015; Godet et al. 2016; López-Quirós et al. 2016; 
Andrieu et al. 2018; Christ et al. 2018).

Thin-sections of a Lower Jurassic limestone from the 
Ras El Manara section (Zailou Formation) in the Traras 
Mountains (northwest Algeria) reveal asymmetric cements 
resembling gravitational cements. However, the presence 
of numerous geopetal fabrics highlights the fact that these 
seemingly “pendant cements” are oriented in various direc-
tions, some of them are even oriented upwards, contrary to 
a gravitational cement interpretation. Topics of the present 
paper are a detailed description of these unusual asymmetric 
cements, a determination of their nature, whether vadose or 
phreatic, and finally a development of a hypothesis explain-
ing their formation.

Geological and geographical situation

The studied area is a part of the Traras Mountains, which 
belonged to the northern margin of the Tlemcen Domain in 
the Western Tethys (Fig. 1a). The Traras Mountains acquired 
their major structural features before the Middle Miocene 
transgression after several tectonic events (Guardia 1975). 
Today, they are located in northwest Algeria and represent 
the continuation of the Moroccan Béni Snassène Mountains. 
They are limited to the north by the Mediterranean Sea, to 
the east by the Tafna valley, to the west by the eastern part 
of Béni Snassène, and to the south by the Maghnia depres-
sion (Fig. 1b).

The Traras Mountains are formed of a Paleozoic base-
ment, covered by Mesozoic, Cenozoic, and Quaternary 
sedimentary deposits. Carbonate deposits accumulated in 
the Early and Middle Jurassic, from the early Pliensbachian 
to the early Bathonian (Ameur 1999). The first Jurassic sea 
flooded the Tlemcen Domain during the early Pliensbachian 

along depressions created by the first stage of the Tethys 
seafloor spreading. During this time, the Traras Mountains 
were divided into at least three distinct basins, showing steep 
and rapid transitions between them (commonly within less 
than 1 km) (Elmi et al. 2009). Each of these basins is repre-
sented by a mosaic of sub-basins, separated by shoal areas. 
Shallow inner-platform deposits accumulated (Zailou Lime-
stones Formation) that are thick in the basins and thin in 
marginal shallow sand-shoals. In the late Pliensbachian, a 
second fragmentation took place in the region of the Traras 
Mountains. Outer platform environments developed and they 
are now represented by the Tissedoûra Formation (Fig. 1c), 
which consists of cherty limestones with an ammonite and 
brachiopod fauna. At the end of the late Pliensbachian, the 
western areas were characterized by an ongoing deepening 
and consequently the deposition of outer platform carbon-
ates (basal deposits of the Bayada Fm), while the eastern 
Traras Mountain area was elevated, with little or no sedi-
mentation (Fig. 1c).

The studied section “Ras El Manara” (120 m) occu-
pied the northern part of the Dahr Diss massif. This massif 
belongs to the Beni Ouarsous sector, located in the northern 
part of the Traras Mountains (Fig. 1c, d). The GPS coordi-
nates are 35°7′50.69″N–1°38′41.00″W (Fig. 1e). The sec-
tion consists only of the Taouia Limestone Member of the 
Zailou Formation and exposes the upper part of the middle 
lower Pliensbachian Ibex zone (Fig. 1c) (Ameur 1999). No 
younger sediments are exposed in this area.

Materials and methods

Petrography and diagenesis

The studied limestone bed crops out in the middle part of 
the Ras El Manara section (lower Pliensbachian) (Figs. 1c, 
2a). Facies determination and environmental interpretation 
of the Ras El Manara section are based on field observa-
tions, and a petrographic study of 71 thin-sections stained 
with alizarin–potassium ferricyanide in order to distinguish 
between ferrous and ferric iron incorporated in the calcite 
lattice (Dickson 1966). Several samples were taken from 
the upper part of the studied bed and six additional thin-
sections were cut in the vertical plane. Facies and diagen-
esis were studied in transmitted and polarized light using 
an optical microscope, and by cathodoluminescence (CL) 
microscopy, in order to characterize early cement features. 
The CL analyses were carried out at the GeoZentrum Nord-
bayern, Friedrich-Alexander-Universität Erlangen-Nürnberg 
(Germany), using a Technosyn 8200 MK II luminoscope 
system operating under 14–16-kV accelerating voltage and 
200–300-μA beam current.

Fig. 1  Geological setting of the Traras Mountains and geographic 
position of the studied area. a Position of Traras basins in the Pliens-
bachian. b Simplified geological map of the Traras Mountains. c 
Lithostratigraphic subdivision of the Traras Mountains during the 
Pliensbachian (after Ameur 1999). d Geographic position of the stud-
ied sector. e Position of the Ras El Manara section

◂
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Geochemical analysis

Stable carbon and oxygen isotopes have been measured from 
40 bulk samples (Fig. 3a; Table 1). In order to reconstruct 
the early diagenetic environments of the recorded asym-
metric cements, four samples from the asymmetric fibrous 
cements (AFC) and two from isopachous fibrous cements I 
(IFC-I) were sampled using a microscope-mounted micro-
drill. For comparison, six additional samples from the same 
thin-sections were drilled; three from sparry calcite cements 
and three from different grains (oncoids, coral fragments) 
(Fig. 3b; Table 2). In view of their small sizes, no samples 
were taken from the isopachous fibrous cements II (IFC-II) 
or the dark sediments (DS). Both microdrilling and stable 
isotope analysis were carried out at the GeoZentrum Nor-
dbayern, Friedrich-Alexander-Universität Erlangen-Nürn-
berg (Germany). About 5–10 mg of powder was obtained 
per sample. The powders were reacted with 100% phos-
phoric acid at 70 °C using a Gasbench II connected to a 
Thermo Finnigan Five Plus mass spectrometer. All values 
are reported in per mil relative to V-PDB by assigning δ13C 
and δ18O values of + 1.95‰ and − 2.20‰ to NBS19 and 
− 46.6‰ and 26.7‰ to LSVEC, respectively. Reproducibil-
ity and accuracy were monitored by replicate analysis of lab-
oratory standards calibrated to NBS19 and LSVEC and were 
better than ± 0.05‰ (1σ) and ± 0.09‰ (1σ), respectively.

Results

Paleoenvironmental setting of the Ras El Manara 
section

The Ras El Manara section (120 m) has been subdivided 
into 15 facies, grouped into four facies associations, namely 
inter-supratidal, restricted lagoon, open lagoon, and shoal 
(Fig. 4; Table 3). They are arranged into small-scale shal-
lowing-upward cycles and were developed within inner-
ramp environments above fair-weather wave base (Fig. 5). 
Each cycle is formed by subtidal deposits alternating with 
inter- to supratidal deposits. The subtidal portion of each 
cycle consists of restricted and open lagoonal deposits, 

whereas fine–grained tidal flat deposits or beach depos-
its characterize the inter-supratidal environment (Fig. 2a). 
Detailed description, occurrence, and interpretation of the 
facies are summarized in Table 3.

Sedimentology of the studied bed (sample 24)

The studied limestone bed (sample 24; Figs. 2, 3) is laterally 
continuous and has a thickness of about 4 m. Its lower part 
is formed by peloidal packstone showing fenestral fabrics 
(keystone vugs) and micritic meniscus cements (Fig. 2b). It 
is truncated by an erosional surface (Fig. 2c). The upper part 
of the bed consists of ooidal grainstone and locally oncoi-
dal rudstone facies, starting with large spherical oncoids 
(1–3 cm) with smooth surfaces (Fig. 2c1), and passing ver-
tically, in normal grading, to small, rounded to subrounded 
oncoids (1 cm) (Fig. 2c2). In thin-section, the upper part 
of this bed shows abundant oncoids embedded within an 
ooidal grainstone “matrix” (Fig. 2d); these oncoids are 
spherical to subspherical and range in size from 1 to 2 cm. 
They show bioclastic nuclei and micritic cortices, alternat-
ing with organism-bearing laminae (porostromate layers). 
They have smooth surfaces and in some places are broken. 
The ooids are micritic, small (0.5–1.5 mm), well to moder-
ately sorted, and some of them are also broken. Only a few 
bioclasts are present, represented commonly by reworked, 
rounded coral fragments. Other bioclasts are surrounded by 
thin micritic laminae, forming superficial oncoids (Fig. 2d). 
All the grains, with their different sizes, touch each other 
(point contacts), and create different pore-sizes (Fig. 2d). 
The intergranular space between grains is mostly filled by 
sparry blocky calcite and subordinate micrite (Fig. 2d).

Diagenesis and geochemical characteristics

The studied interval shows superimposition of several early 
diagenetic features, forming a polygenic discontinuity sur-
face (Immenhauser et al. 2000) or composite surface (Sattler 
et al. 2005; Andrieu et al. 2018) (Table 4).

Isopachous fibrous cements I and II (IFC‑I and IFC‑II)

Two generations of isopachous fibrous cement have been 
observed. The first generation (IFC-I) is composed of isopa-
chous fibrous fringes, which surround all the components 
(ooids, oncoids, and bioclasts) (Figs. 6a, c, e and 7h). The 
thicknesses range between 60 and 100 μm. A second gen-
eration of very thin isopachous fibrous cement (30–60 μm) 
(IFC-II) precipitated above a dark sediment (DS) (see below) 
(Figs. 6a, c, e and 7d, h). Both of these are non-ferroan as 
indicated by their pink color after alizarin–potassium fer-
ricyanide staining. Under cathodoluminescence (CL), both 
exhibit no luminescence (Fig. 6b, d, f). The stable carbon 

Fig. 2  a Ras El Manara outcrop and section. b In thin-section, 
the lower part of the studied bed is a peloidal packstone with mic-
ritic meniscus cements (orange arrows) and keystone vugs (yellow 
arrows). c Field observation of the studied interval. Oncoids with 
normal grading deposited upon an erosional surface. d General view 
of the studied interval in thin-section with rounded oncoids (pink 
arrows), some of them are broken (blue arrows), embedded within an 
ooidal grainstone with some bioclasts (yellow arrows) (see the text 
for more detailed description). The ooids are also broken in some 
places (green arrows). Three types of pore can be distinguished: large 
(3–12  mm; yellow dished square), medium (1–3  mm; blue dished 
square, and small (< 1 mm; red dished square)

◂
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isotope values for the IFC-I vary between + 0.7 and + 1.1%, 
and the oxygen isotope values between − 3.9 and − 5.3‰.

Dark sediments (DS)

Within the IFC, above IFC-I, a very thin dark zone is devel-
oped (Figs. 7 e, g, h; 8e). It is also observed within the 

asymmetric cements (see below). In cathodoluminescence, 
it shows orange to red luminescence (Fig. 8f).

Geopetal fabrics (GF)

Geopetal micrite (GF) appears in several intergranular 
pores ranging in size between 600 μm and 11 mm. They 
are all consistent in their orientation with each other and 

Fig. 3  a, b Carbon and oxygen isotope ratios of the whole Ras El 
Manara section in the lower Pliensbachian (bulk samples) (see Fig. 2 
for legend explanation). c Carbon and oxygen isotope ratios of the 

polished sample. The two photos below show the position of the sam-
pled cements and grains in sample 24 (see Table 2 for number expla-
nations)
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with the bedding surfaces. The remaining voids above 
the geopetal micritic fillings are filled with sparry calcite 
(Figs. 6a, c, e and 7e, f), which displays an orange to red 
color under cathodoluminescence (Fig. 6b, d, f).

Asymmetrical fibrous cements (AFC)

Several grains exhibit strongly asymmetrical fibrous crusts 
with thicknesses ranging from 100 to 500 μm. They show 
two generations: a first generation (AFC-I) overgrow-
ing the IFC-I and a second one (AFC-II) upon the IFC-II. 
Unlike gravitational dripstone cements, the thickest parts 
of these asymmetrical cement crusts do not show a com-
mon downward growth direction, but grew in various direc-
tions, usually towards the pore centers (centripetal growth) 
(Figs. 7d−h and 8c), but locally even upward (Figs. 6a, c, 
e and 7c, e, f). Moreover, in some cases they have nucle-
ated on different sides of the same grain (Fig. 7e). The 
thickest asymmetrical cements are observed in larger pores 
(3–12 mm) (Figs. 6a and 7c, e–g), whereas they are rarer 
and thinner in medium-sized pores (Fig. 7d) (1–3 mm), and 
absent in small ones (< 1 mm) (Fig. 9). In the CL, these 
cements are non-luminescent (Fig. 6b, d, f). Their stable 
carbon isotope values vary between − 0.1 and + 2.4‰, the 
oxygen isotope values between − 4.2 and − 7.1‰.

Aragonitic shells

Original aragonitic bioclasts such as corals and gastropods 
now consist of dogtooth cements, which show mostly no 
luminescence, than by two generations of granular calcite 
with variable luminescence (brown and bright). They do not 
show any relics of their original structure (Fig. 7b).

Dogtooth cements (DC)

Dogtooth cement shave grown above the geopetal fabrics, 
around grains (Fig.  6d) and within dissolved bioclasts 
(Fig. 7b). They are formed by limpid scalenohedral crystals 
100–150 μm in length and are not developed continuously 

Table 1  Carbon and oxygen isotope composition (bulk samples) of 
the Ras El Manara section

Samples δ13C (‰) δ18O (‰)

R.M 2 1.72 − 5.55
R.M 3 0.12 − 5.39
R.M 5b 1.89 − 6.40
RM6 1.10 − 5.45
R.M 7 0.68 − 4.84
R.M 8b − 0.07 − 4.80
R.M 12b 1.15 − 5.21
R.M 12s 0.52 − 5.10
R.M 13 0.78 − 5.62
R.M 14 1.22 − 5.97
R.M 17 1.48 − 5.25
R.M 19b 1.04 − 4.66
R.M 19s 1.00 − 4.68
R.M 22s 0.74 − 4.96
R.M 23 0.64 − 5.17
R.M 24b 0.79 − 5.57
R.M 25s 1.33 − 6.67
R.M 26 2.00 − 7.23
R.M 27s − 2.46 − 6.40
R.M 28 1.68 − 5.64
R.M 30 0.79 − 5.27
R.M32s 0.77 − 4.78
R.M 33s 0.78 − 5.23
R.M 35s 1.36 − 5.35
R.M 37s 0.50 − 5.43
R.M 38s 0.89 − 5.44
R.M 39b − 0.17 − 5.67
R.M 39s 1.19 − 5.28
RM40 0.58 − 5.87
RM41 0.37 − 5.96
R.M 42s 0.51 − 5.14
R.M 45s − 0.18 − 5.61
R.M 46b 1.13 − 5.42
R.M 46s 1.01 − 5.38
R.M 47m 1.19 − 5.98
R.M 47s 1.28 − 6.90
R.M 48m − 3.50 − 6.57
RM49c − 4.64 − 6.41
RM 49d 0.20 − 5.38
R.M 49e − 4.50 − 6.23
RM50s 0.70 − 5.69

Table 2  Carbon and oxygen isotopic composition of different constit-
uents in sample 24 (see Fig. 3 for precise sample positions)

Grain/cement Sample δ13C (‰) δ18O (‰)

Isopachous fibrous cement (IFC-I) S1 1.08 − 3.92
Isopachous fibrous cement (IFC-I) S2 0.68 − 5.33
Asymmetric fibrous cement (AFC) S3 2.32 − 7.08
Asymmetric fibrous cement (AFC) S4 2.40 − 4.20
Asymmetric fibrous cement (AFC) S5 − 0.09 − 5.87
Asymmetric fibrous cement (AFC) S6 0.96 − 4.95
Sparry calcite cement S7 − 1.46 − 5.80
Sparry calcite cement S8 0.55 − 8.65
Sparry calcite cement S9 1.51 − 4.32
Grains (piece of coral) S10 1.03 − 4.85
Grain (oncoid) S11 0.7 − 5.34
Grain (oncoid) S12 1.5 − 4.04
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Fig. 4  Microfacies of the Ras El Manara section. a Peloidal pack-
stone with benthic foraminifera (yellow arrow) micritic meniscus 
cement (orange arrows) (F1d; no 18). Note the presence of keystone 
vugs (blue arrow). b Oncoidal rudstone exhibiting needle-shaped 
pendant (gravitational) cements (arrows) indicating early lithifica-
tion in the marine vadose zone (beach rock) (F2; no 27 s). c Mixed 
peloidal-quartz packstone. The peloids are rounded to surrounded, 
whereas the quartz grains show angular to subangular form (F3a; no 
7). d Lithioperna scutata (bivalve) within micritic matrix, showing 

micritization (white arrows), and microbial laminae (yellow arrows) 
(F3b; no 25). e Oncoidal-bioclastic rudstone (F4b; no 33b). The 
oncoids are micritic and spherical to subspherical, the bioclasts are 
corals (Cr), green algae (G.A), and crinoids. f Oncoidal rudstone with 
peloidal packstone matrix (F5c; no 39). The oncoids show bumpy 
surfaces (yellow arrow). They are characterized by micritic laminae 
(m.l.) alternating with organism-bearing laminae (o-b.l) (porostro-
mate layers), or have an unlaminated meshwork
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around the grains. Except for the youngest parts, which show 
bright orange luminescence, these cements mostly display 
no luminescence (Fig. 6d). They are considered generally as 
LMC (Durlet and Loreau 1996; Andrieu et al. 2017).

Blocky calcite cements (BC)

Two generations of blocky calcite have been recognized. 
The first (Bc1) one is characterized by brown luminescence 

surrounded by bright luminescence (Fig. 7b); the second 
(Bc2) one shows only brown luminescence (Fig. 7b).

Interpretation and discussion

Although resembling gravitational cements, which pre-
cipitate under a gravity control, the processes leading to 
the formation of the asymmetric cements (AFC) must be 

Table 3  Main facies and depositional environmental setting

Facies Component Facies association

Inter-supratidal
F1a—homogenous micritic mudstone Unfossiliferous burrowed micrite with birdseyes menis-

cus cements and geopetal fabrics, pyrite
Tidal flats

F1b—cyanobacteria dasycladacean rudstone Garwoodia, green algae, well-sorted peloids (200 μm), 
aggregate grains, birdseyes and geopetal fabrics

F1c—fenestrate laminated bindstone Well-sorted tiny peloids alternating with micritic layers, 
lumpstone, fenestrate laminated fabrics

F1d—fenestrate aggregate-peloidal packstone Peloids (250 μm), lumpstone, elongated small oncoids, 
ooids, benthic foraminifera, keystone vugs (Fig. 4a)

F2—oncoidal rudstone with pendant cement Elliptical porostromate oncoids (0.5–1 cm) with 
bioclastic nuclei, poorly sorted ooids and peloids, 
Cayeuxia, cortoids, needle-shaped pendant cement 
(Fig. 4b)

Beach

F3a—mixed quartz-ooidal-peloidal packstone Tangential ooids, radial ooids (300 μm) moderately to 
well sorted peloids (200 μm), angular to subangular 
quartz (400 μm) (10–50%), cortoids, grapestone 
(Fig. 4c)

Shallow restricted lagoon

F3b—Lithiotis bivalves within micritic matrix Lithioperna scutata genera embedded within micritic 
matrix, showing geopetal fabric, micritization, and 
microbial mats (Fig. 4d)

Shallow open lagoon
F4a—Bioclastic-oncoidal rudstone Gastropods, green algae, corals, benthic foraminif-

era, oncoids, peloids, ooids, cortoids, grapestone, 
Solenopora

Open lagoon with moderate 
to high energy

F4b—oncoidal-bioclastic rudstone Micritic oncoids, spherical to subspherical, 1–2 cm 
in size, mixed with green algae, corals and crinoids 
(Fig. 4e)

F4c—peloidal-bioclastic packstone Rounded to subrounded peloids moderately sorted, 
mixed with gastropods, sponges, corals, echinoids 
spines, foraminifera, elliptical oncoids (1 cm), cor-
toids and grapestones

F4d—oncoidal rudstone within ooidal grainstone Porostromate oncoids (up to 6 mm) with smooth sur-
face rudstone, embedded within radial and tangential 
ooids (700 µm), show

F5a—peloidal packstone Small, rounded to subrounded, moderately sorted 
peloids, benthic foraminifera

Open lagoon with low energy

F5b—asymmetrical oncoid-peloid rudstone Elongated asymmetrical small oncoids (2–10 mm) with 
bioclastic nuclei, small peloids, well-sorted ooids and 
cortoids benthic foraminifera

F5c—oncoidal rudstone with peloidal packstone matrix Spherical and subspherical porostromate oncoids 
(1–3 cm), peloids ooids, aggregates, cortoids, corals, 
benthic foraminifera (Fig. 4f)

F6a—tangential ooidal grainstone Moderate- to well-sorted tangential ooids (500–
800 μm)

Shoal
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completely different, because they grew in different direc-
tions. Thus, they neither reflect the original orientation of 
the strata nor a vadose diagenetic zone. The sedimentologi-
cal and diagenetic history of this composite surface is inter-
preted as follows:

Step 1: Deposition of the sediment (Fig. 10a)

The investigated sediment is dominated by moderately 
sorted ooidal sands, admixed with some bioclasts and poros-
tromate oncoids with smooth surfaces. Some of the oncoids 
are broken. The moderate sorting of the ooids indicates their 
reworking within the shallow proximal lagoon, probably by 
tidal currents or stirring of the sediments by storms (Flügel 
2010). Porostromate oncoids develop preferentially in a 

lagoonal setting with low to moderate energy (e.g., Védrine 
et al. 2007; Pederson et al. 2015). Their smooth surface indi-
cates transport by storms or tidal currents from a nearby 
area (calm lagoon) to a proximal lagoon, in which they were 
admixed with ooids. The lack of mud in this step indicates 
high water energy. As a result, a mixture of components of 
very different grain size has been formed, characterized also 
by very different pore sizes (Fig. 10a).

Step 2: First generation of isopachous fibrous 
cements I (IFC‑I) (Fig. 10b)

Early cementation started on the seafloor by precipitation 
of the first generation of isopachous fibrous cement around 
all the grains. Isopachous fibrous cements are considered 

Fig. 5  Facies model and environmental reconstruction of the Ras El Manara section during the lower Pliensbachian

Table 4  Summarized petrographic characteristics of carbonate cements of the Ras El Manara section

Diagenetic phase Features Cathodoluminescence Occurrence

Isopachous fibrous cement I (IFC-I) Fibrous cement, 60–100 µm in 
length, non-ferroan

Non-luminescent Facies: F4d, sample: S24s

Isopachous fibrous cement II (IFC-II) Fibrous cement, 60–100 µm in 
length, non-ferroan

Non-luminescent Facies: F4d, sample: S24s

Asymmetric fibrous cement I and II 
(AFC-I and AFC-II)

Fibrous asymmetric crust of 100–
500 µm in length and non-ferroan, 
centripetal growth

Non-luminescent Facies: F4d, sample: S24s

Geopetal fabrics (GF) Micrite 600 µm to 11 mm in length, 
followed by sparry calcite cements, 
non-ferroan

Orange to red luminescence Facies: F1a–F1b; F4d, sample: S6, 
S24s

Dogtooth cement (DC) Scalenohedral fringes or isolated 
crystals of 100–150 µm in length

Non-luminescent surrounded 
by bright yellow band

Facies: F4d, sample: S24s

Dark sediments (DS) Fibrous cement 20–50 µm in length, 
non-ferroan

Orange to red luminescence Facies: F4d, sample: S24s

Pendant cement (PC) Fibrous asymmetric pendant crust 
of 100–300 µm in length and non-
ferroan

Non-luminescent Facies: F2, sample: S27s

Meniscus micritic cement (MMC) Asymmetric micritic cement between 
grains, 100–200 µm in length

Orange to red luminescence Facies: F1a–F1c, F4de sample: S6, 
S17–S20, S24b, S30, S32s, S40–
S45, S49e
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Fig. 6  a Ooidal-oncoidal rudstone showing isopachous fibrous 
cements I and II (IFC-I and IFC-II), asymmetric cements I and II 
(AFC-I and AFC-II) and geopetal fabrics (GF). The asymmetric 
cements nucleate towards the top and in some places from the side 
towards the pore center. b The same sample under CL. Both IFC 
and AC show no luminescence. The geopetal micrite as well as the 

micrite-filled pores exhibit bright luminescence. c Oncoidal rudstone 
showing asymmetric AFC-II cements, nucleating towards the top 
and from the top towards the bottom. IFC-I and IFC-II are also well 
preserved. d The same sample under CL; no distinction can be made 
between the AFC-I and AFC-II as both are non-luminescent. e AFC-I 
grown upward. f Same as e, under CL, the AFC is non-luminescent
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as good indicators of the phreatic marine zone (Tucker and 
Wright 1990; Flügel 2010). Their initial mineralogy is gener-
ally aragonite or high magnesium calcite (HMC) precipitated 
from seawater as fibrous crystals, before being altered to low 
magnesium calcite (LMC) during later diagenesis (Durlet 
and Loreau 1996; Knoerich and Mutti 2003; Richter et al. 
2003; Andrieu et al. 2018). The pink color of alizarin–potas-
sium ferricyanide stained IFC and the dark luminescence 
under CL indicate precipitation in well-oxygenated condi-
tions on the seafloor or during very shallow burial (Vincent 
2001; Brigaud et al. 2009b). The positive carbon isotope 
values (median + 0.9‰) are similar to those recorded in the 
bulk samples of the lagoonal deposits of the logged section 
(median + 1.1‰; Fig. 3a, b) and also to published middle 
early Pliensbachian values (Jenkyns et al. 2002; Price et al. 
2016). They probably reflect the original δ13C values, and 
thus, confirm their marine nature. However, the negative 
oxygen isotope values (∅ − 4.6‰) suggest burial condi-
tions for the later alteration of the cements. Permeability 
is generally high in sand-sized unconsolidated carbonate 
sediments deposited above fair weather-wave base (Christ 
et al. 2015) and this holds also for the samples investigated 
here. High-energy conditions and a low sedimentation rate 
guarantee seawater renewal in the uppermost porous sedi-
ments below the sediment–water interface and thus provide 
a permanent and sufficient supply of  CaCO3 (Marshall and 
Ashton 1980; Molenaar and Zijlstra 1997; Coimbra et al. 
2009; Christ et al. 2015). In view of the high permeability, 
the supersaturated seawater could move easily through pores 

and trigger calcium carbonate precipitation from the super-
saturated seawater (cp. Longman 1980; Tucker and Wright 
1990; Molenaar and Venmans 1993), thereby forming the 
first generation of early cements—the isopachous fibrous 
cements (IFC-I) (Fig. 10b). Grammer et al. (1999) have 
shown that sediments on carbonate platforms can lithify by 
marine cementation rapidly within just a few months. Thus, 
although probably still in a high-energy environment, pre-
cipitation of IFC-I stabilized the sediments on the seafloor, 
and the grains did not move anymore, forming a slightly 
lithified seafloor (Christ et al. 2015). Since no bioerosion 
or epibiota growing on hard substrate have been observed, 
it is hard to consider the sediment as a “true” hardground 
(Hart et al. 2005). However, Brett and Brookfield (1984) 
showed that near shoals a short phase of seafloor exposure 
combined with strong seafloor abrasion and erosion is suffi-
cient to form hardgrounds or firmgrounds without ecological 
effects (epibiota).

Step 3: First generation of asymmetric fibrous 
cements (AFC‑I) (Fig. 10c)

To our knowledge, so far, no asymmetric cements have been 
documented that have grown in different directions within a 
single sample. Instead, asymmetric cements are only known 
as gravitational cements on the lower side of components, 
i.e., they are all pointing in the same direction. Such cements 
can only form in the vadose zone (Purser 1969), either in 
meteoric environments above the ground water level, or in 
marine settings immediately above sea level (in beach rocks 
or intra-/supratidal settings). Gravitational cements have 
been recorded, e.g., by Müller (1971), Ronchi et al. (2010) 
and Dickson and Kenter (2014). They were all interpreted 
as being formed within the diagenetic vadose zone (mete-
oric or marine) during subaerial exposure, and bound cycles 
formed during sea-level fall (subaerial unconformity “SU”; 
e.g., Brigaud et al. 2009a; Smeester et al. 2013; Ritter and 
Goldstein 2013; Brigaud et al. 2014; Andrieu et al. 2017). 
Also, in the Ras El Manara section, such acicular pendent 
cements have been found (Fig. 4b) in a layer at 53 m, ca. 
8 m above the layer investigated here (sample 27; Fig. 2a), 
clearly indicating a marine vadose diagenetic environment.

Although similar to pendant cements at a first glance, 
the asymmetric cements documented in sample 24 show an 
important difference to the gravitational cements described 
above as they have grown in different directions, either 
upward or towards the pore center. This strongly argues 
against their formation within the vadose zone and therefore 
requires a different explanation.

The asymmetric fibrous cements grew on the first gen-
eration of isopachous fibrous cements (IFC-I) (Fig. 10c). 
In contrast to the IFC, which precipitated all around the 
grains with the same thickness, the AFC-I exhibits a 

Fig. 7  a Oncoids embedded within ooids (rudstone). b Original arag-
onitic shell is replaced first by dogtooth cements (mostly non-lumi-
nescent), followed by two generations of granular calcite showing 
different luminescence (brown and bright). c AFC growing towards 
the pore center. They are well developed on the tops of the exposed 
sides of small components (orange arrows), but less obvious upon the 
large exposed component (yellow arrows). d AFC-I (yellow arrows) 
and AFC-II (orange arrows) developed moderately towards the center 
of a medium-sized pore. e The AFC develop preferentially in large 
and medium-sized pores. The AFC-I (yellow arrows) and AFC-II 
(orange arrows) grew towards the top and slightly from the bottom 
upon the large broken oncoids (pink arrows). The almost equal thick-
ness of the cements upon the exposed large grain hides its appear-
ance as AFC. Within the medium-sized pores, AFC-I (blue arrows) 
and AFC-II (green arrows) are moderately developed, growing from 
the exposed sides towards the pore center. Upon the same grain 
(oncoid), AFC can grow in different directions; they are well devel-
oped (thick) facing the large pore, but moderately developed (thin-
ner) when growing into the medium-sized pore (white arrows). f AFC 
developed either more or less upward (yellow arrows), or towards the 
pore center (orange arrows). Only the geopetal fabrics can emphasize 
the correct orientation of the thin-section. g AFC growing towards 
the pore center. As in the previous case (c), they are thicker upon the 
small component. The thin dark sediment (DS) is visible between the 
cement fibers of the IFC (illustrated in the sketch). h Thick AFC-I 
(yellow arrows) and AFC-II (orange arrows) developed towards the 
center of a large pore. Note that all thin-section photomicrographs are 
oriented correctly

◂
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clear relationship to the pore network of the rock, with 
the thickest cements growing in the largest pores, and a 
preferred growth direction toward the center of the pore. 

Therefore, the f luid flow conditions within the pore 
network as well as the pore size must have had a strong 
influence.

Fig. 8  a, b AFC developed in the marine vadose zone (no. 27). a Pen-
dant cements (PC), well developed on the bottom of oncoids and ori-
ented in a downward direction. b Under CL, they exhibit minor but 
somewhat patchy luminescence. c–f Asymmetric cements developed 
in the phreatic marine zone (no. 24). c The long axes (probably the 
C axes) of the AFC crystals point towards the pore center (centrip-

etal growth). d The long axes of the AFC crystals pointing upward 
as indicated by the geopetal micrite filling (ascendant growth). e The 
long axes of asymmetric cements are pointing more or less towards 
the pore center, resembling pendant cements of the vadose zone. f 
Same area as e. Under CL, they exhibit a non-luminescence
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The precipitation rate of carbonate cements in general is 
determined mostly by the rate of carbonate  (CO3) ion supply 
to the crystal surfaces (Given and Wilkinson 1985; Nieder-
mayr et al. 2013), and therefore the fluid chemistry plays 
an important role (Given and Wilkinson 1985). Fibrous or 
acicular crystals like the ones forming the AFC indicate high 
Mg/Ca ratios of the fluids as well as rapid precipitation of 
the crystals (Swart 2015; Christ et al. 2015). High Mg/Ca 
ratios are typical for marine water, which indicates that the 
crystals must have formed in very shallow burial conditions 
where the pores were still filled with seawater. The AFC 
is non-luminescent, which indicates that the mineralogical 
transformation from the unstable aragonite or HMC crystals 
to LMC took place in an oxidizing environment.

Interestingly, these AFC nucleate in a selective way, only 
upon the exposed sides of grains, which indicates the impor-
tance of flow force controlling the rates of fluid exchange at 
the site of precipitation, as shown by Given and Wilkinson 
(1985). Godinho et al. (2016) found that the flow within 
pores is faster in the center and decreases towards the mar-
gins (Fig. 11a). Grain surfaces, which are exposed to the 
center of the pores, therefore experience a stronger pore-
water flow than more distant grains (Fig. 11b) and also a 
higher supply of carbonate ions. Consequently, cement 
growth can be much faster on the exposed parts of the 
grains, especially the small ones, resulting in the asymmetry 
of the cements (Figs. 11c, 12). In contrast, in the pore mar-
gins, asymmetric cements are rarely developed (Fig. 11b, 
c), because of the reduced pore-water flow near the edges 
of the pores.

The thickest AFC are observed in the biggest pores 
(Figs. 9, 10). The smaller the pores, the rarer and thinner 

are the AFC; in some small pores they are even absent. 
In fact, a relationship between pore size and cement pre-
cipitation (crystallization) has been documented by sev-
eral authors (e.g., Putnis et al. 1995; Putnis and Mauthe 
2001; Emmanuel and Berkowitz 2007; Espinoza-Marzal 
and Scherer 2010; Putnis 2015; Liu and Jacques 2017). 
These authors highlighted the fact that precipitation pref-
erentially occurs in larger pores, whereas the small pores 
can maintain high supersaturation but without crystalliza-
tion. This is because when fluids circulate from areas of 
small pores of high supersaturation to large pores, the fluid 
will lose the equilibrium with regard to the porous matrix, 
and thereby triggering cement precipitation (Emmanuel 
and Berkowitz 2007). Another explanation, given by Liu 
and Jacques (2017), is that when diffusion of the solu-
tion is faster in the large pores, precipitation will occur 
only in large pores, where the supersaturated carbonate 
solution entered first. This interpretation could support 
our model, because the first stage of cementation (IFC-I) 
only slightly reduced the overall permeability but might 
have (almost) closed the smaller pores, so reducing the 
fluid flow through them. Consequently, the supersaturated, 
marine water preferentially circulates through the larger 
pores, enhancing cement precipitation there.

This interpretation is in accordance with the stable 
isotope data. The stable carbon and oxygen isotope val-
ues from the layer that has clearly experienced subaerial 
exposure (showing pendant and meniscus cements) exhibit 
negative carbon isotope values of about − 3.8‰ and also 
negative oxygen values (∅δ18O = − 6.4‰; Fig. 3a, b), 
which could reflect diagenetic stabilization in the meteoric 
environment, allowing percolation of light, soil-derived 
 CO2 during the exposure. In contrast, the carbon isotope 
values of the AFC are mainly positive (∅δ13C = 1.5‰) 
and are similar to those recorded in isopachous cements of 
the same sample (∅δ13C = 0.9‰), which argues for forma-
tion within the phreatic zone. However, the negative oxy-
gen isotope values (∅ − 5.7‰) suggest recrystallization 
of the former aragonite or high-magnesium calcite into 
low-magnesium calcite during shallow burial conditions.

Usually, downward, gravitationally driven water pen-
etration through permeable sands is invoked to explain 
early  CaCO3 cementation, with isopachous cements 
in the phreatic zone and with pendant and/or meniscus 
cements in the vadose zone (e.g., Molenaar and Zijlstra 
1997; Christ et al. 2015). However, flow replenishment 
through a vertical permeability, which is slightly decreased 
after the first stage of early cementation, cannot explain 
the growth of the asymmetric cements growing towards 
the pore centers, and in some places even in the opposite 
direction of geopetal fabrics (upward). Therefore, horizon-
tal flow of marine waters through pores provides an alter-
native. But which processes would be responsible for such 

Fig. 9  Relationship between pore diameter and cement thickness of 
the examples shown in Figs.  6, 7 and 8. Colored dots visualize the 
trend of thicker fibrous asymmetrical cements in larger pores. Orange 
dots, small pores; green dots, medium pores; blue dots, large pores
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a horizontal pore-water flow, and why are such cements so 
rare in the geological record?

We propose the following hypothesis: in intertidal sedi-
ments pore-water flow in the shallow subsurface is usually 
driven by the tides (Pomar et al. 2012; Christ et al. 2015). 
During low tides, a large part of the water covering the shal-
low platform during high tides is drained by tidal channels. 
Depending on the permeability of the sediment, however, a 
significant part of the water might also flow back through 
the sediment resulting in a more or less horizontal pore-
water flow (Fig. 13). Such a scenario could well explain 
both the vadose cements in sample 27 as well as the AFC in 
sample 24. The question why these cements have not been 
observed so far in other platforms is difficult to answer. It 
might be related to specific conditions in the investigated 
carbonate platform allowing the horizontal pore-water flow 
(sorting, lack of mud) in combination with highly variably 
pore diameters. It has to be considered also that the maxi-
mum vertical pore-water flow per tide is limited by the range 
of the tides (usually a few meters maximum, commonly less 
than a meter). In contrast, horizontal pore-water flow can 
easily be orders of magnitudes higher depending on platform 
geometry, for example, when passing through a narrow and 
small shallow area, as the one studied here (Carpman and 
Leijon 2014). However, it is also possible that such cements 
are in fact more common but have been overlooked so far. 
In the samples investigated here the AFC are very obvious 
because of the subsequent filling of the pores with micritic 
sediment (Figs. 6, 7).

Step 4: Dark sediment (Fig. 10d)

A thin dark zone is observed between IFC-I and IFC-II 
(Fig. 6a) and between AFC-I and AFC-II. It probably rep-
resents fine sediment, which was flushed into the deposit by 
slightly turbid, mud-bearing water during a period of less 
agitated seawater conditions (Fig. 10d). The fine sediment, 
or at least a fraction of it, was trapped in the space between 
the needle-shaped crystals of IFC-I or AFC-I (Fig. 7g), or 
in protected interspaces between components (Figs. 6a, 8e).

Step 5: Second generation of isopachous fibrous 
cement (IFC‑II) (Fig. 10e)

Thin isopachous cement has grown upon the dark sedi-
ments, which reflects the return to the high-energy condi-
tions. These cements have been distributed equally around 
the grains probably by vertical or even horizontal percola-
tion of seawater providing the calcium carbonate (Fig. 10e). 
However, the minor thickness might be related to moderate 
hydrodynamic conditions, which provided insufficient car-
bonate for precipitating thick isopachous cement.

Step 6: Second generation of asymmetric fibrous 
cements (AFC‑II) (Fig. 10e)

Like the first generation, also the second asymmetric 
cements developed in different directions but usually 
towards the pore center (Fig. 10e), and therefore grew mostly 
on top of the first generation of asymmetrical cements (AFC-
I) (Fig. 7e), or upon the second thin isopachous cements 
(Fig. 6a). In view of the fact that the initial grain distribution 
has been maintained since the first early cementation, this 
second generation of asymmetric cements nucleates on the 
same component sides close to the pore center. In addition, 
AFC-II is thicker in the larger pores compared to the smaller 
ones, which suggests a similar process of formation as for 
AFC-I (see above).

Step 7: Formation of micritic geopetal fabrics (GF) 
(Fig. 10f)

After the precipitation of the IFC and AFC, muddy sediment 
was flushed into the pore space (Fig. 10f) and filled some of 
the pores geopetally (e.g., Fig. 7e, f) and others completely 
(Fig. 7d). The source of this sediment is unclear, as is the 
environment of its formation. It could have been precipitated 
from seawater (whitings) and subsequently washed into the 
open pore space of the slightly cemented rock. However, it 
also might have been formed during exposure, either from 
the erosion of a lithified substratum (Aissaoui and Purser 
1983), or within small meteoric water lenses (Andrieu et al. 
2018). The bright luminescence of both types of micrite sug-
gests the incorporation of  Mn2+ during lithification (Hiatt 
and Pufahl 2014), which probably took place in reducing, 
i.e., oxygen-depleted pore-water during shallow-marine 
burial diagenesis (cf. Melim et al. 2002).

Step 8: Generation of dogtooth cements (Fig. 10g)

Dogtooth cements (Fig. 10g) can precipitate in a wide 
variety of environments, from the meteoric to the shal-
low burial realm (Flügel 2010; Andrieu et al. 2018). The 
non-luminescence under CL indicates precipitation in 

Fig. 10  Sketch showing the different steps of early cementation. a 
Poorly sorted sediment composed of a mixture of ooids, oncoids, and 
bioclasts. b Precipitation of the first generation of isopachous fibrous 
cement (IFC-I) under high-energy conditions in highly permeable 
sediment. c Formation of the first generation of asymmetric cement 
(AFC-I) under strong horizontal fluid flow. d Small amounts of dark 
sediment were washed in during a period of calm water-energy. e 
Formation of the second step of isopachous fibrous cement (IFC-II), 
followed by the second generation of asymmetric cement (AFC-II). 
f Micritic geopetal filling in some pores, which represent the second 
period of calm energy-water. g Generation of dogtooth cements above 
GF, around grains or filling the moldic pores of bioclasts. h Sparry 
calcite cement filling the remaining pore space. L.P large pores, M.P 
medium pores, S.P small pores

◂
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oxidizing water, whereas the bright band at the distal end 
might indicate either the onset of reducing pore-water 
conditions during early burial, enabling the incorporation 
of  Mn+2, or it might reflect variation of redox conditions 
within the meteoric zone (Godet et al. 2016).

Step 9: Generation of blocky calcite cement 
(Fig. 10h)

Blocky calcite cements fill the rest of porosity. The first stage 
which is characterized by brown and bright luminescence 

Fig. 11  Strongly simplified sketch showing the pore-water flow. a 
The velocity is highest in the center of the pore within a pore-net-
work. b Detail of a explaining the mechanism of asymmetric cement 
development within the phreatic marine zone: the  CaCO3 supply is 

much higher within the pore center with its high velocity. c Those 
sides of the component, which are exposed to the pore center are 
prone to cementation, whereas in the less exposed areas, where the 
velocity is low, cements are rarely observed
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(Fig. 7b) indicates proportional incorporation of  Mn+2 and 
 Fe+2 during precipitation (Fig. 10h). The second stage (Bc2), 
which is brown in CL indicates oxygen-depleted conditions 
during the late diagenetic stage, allowing only the incorpo-
ration of  Fe+2.

Summary and conclusions

The term asymmetric, non-isopachous cement is commonly 
used as a synonym for pendant, microstalactitic and gravita-
tional cement, which is routinely used to identify the vadose 
zone (Flügel 2010; Vuillemin et al. 2011; Csoma and Gold-
stein 2013; Li et al. 2017; Andrieu et al. 2018). In the present 

study, we highlight the fact that asymmetric cement can also 
be formed within the phreatic zone, under strong horizontal 
pore-water circulation. In an ideal case, the cement crys-
tals nucleate from different grains and grow preferentially 
towards the pore center (centripetal growth) (Fig. 14. IIa) 
or (2) they are developed upon one side, towards the top, 
forming ascending asymmetric cements (Fig. 14. IIb). In 
some places (3), they grew downward like pendant cements, 
and in this case they should be called pendant-like cements 
(Fig. 14. IIc). As stated above, “true” pendant cements indi-
cate subaerial exposure and thus, e.g., a sequence bound-
ary, formed at the top of a cycle during a relative sea-level 
drop and exposure. In contrast, the recorded asymmetric 
cements probably form within an early lithified submerged 

Fig. 12  Distribution of asymmetric fibrous cements (AFC) around 
different grains. a The AFC are thick upon exposed grains (ooids) 
and thin upon large smooth grain surfaces (oncoids). b The  CaCO3 
supply (blue arrows) is supposed to be (1) lower and more equally 
distributed along large, smooth grain surfaces, resulting in thin AFC, 

but (2) is locally elevated upon the exposed sides of small grains, giv-
ing rise to thick AFC (somewhat similar to a river bank with weak 
currents (≈ large, smooth component) and a jetty, which is exposed to 
strong currents (≈ smaller, exposed components)

Fig. 13  Sketch explaining the formation of different types of AFC within the vadose zone with vertical pore-water flow (resulting in “true” pen-
dant cements), and in the phreatic zone with horizontal pore-water flow (resulting in non-pendant asymmetrical cements)
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substrate (firm-/hardground), and thus might represent a 
maximum regressive surface (MRS) or maximum flood-
ing surface (MFS) (e.g., Brigaud et al. 2014; Christ et al. 
2015; Andrieu et al. 2017). To our knowledge, asymmetric 
cements as described in the present paper have not been 
described from elsewhere so far, which means that they are 
rare. In our case, early marine cementation (IFC-I) played an 
important role to maintain the pore network and favor AFC 
precipitation under strong horizontal pore-water circulation.

Our conclusions are as follows:

1. Thin-sections from a Lower Jurassic limestone of the 
Ras El Manara section (Zailou Formation) in the Traras 
Mountains (northwest Algeria) reveal cements that at 

first glance resemble pendant, gravitational cements. 
However, these asymmetrical fibrous cements (AFC) are 
oriented in different directions, locally even upwards, 
and grew on those grain sides of ooids, oncoids and 
bioclasts pointing towards the pore centers, ruling out 
growth in vadose conditions. Such cements have not 
been described so far from other sections.

2. Petrographic study (polarizing microscope, cathodolu-
minescence) as well as isotopic data indicate precipita-
tion of the AFC in the marine phreatic zone.

3. A hypothesis is proposed assuming a strong horizontal 
pore-fluid flow within the marine phreatic zone, prob-
ably induced by tides, to be responsible for the AFC, 

Fig. 14  Different types of asymmetric cements. I Asymmetric fibrous 
cements developed in the marine vadose zone. As a result of vertical 
drainage, water percolates downward and sticks on the bottom side 
of components (pendant droplets), then forming asymmetric pendant 
cements after multiple phases of precipitation and drainage (Fig. 8a). 
II Asymmetric cements developed in the marine phreatic zone. a In 
an ideal case, the asymmetric cements grow towards the pore center 

forming asymmetric centripetal cements (Fig. 8c). b Similar to a but 
with very different grain sizes, resulting in crust-like cements grow-
ing on large, smooth grain and asymmetrical cements growing on 
smaller grains (Fig.  8d). c In some places, asymmetrical cements 
are developed predominantly downward, but only slightly towards 
the pore center and resemble real pendant cement, i.e., “pendant-like 
cements” (Fig. 8e)
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which nucleate on exposed grains and preferentially 
grow towards pore centers.

4. Those grain sides, which are close to the pore center, 
where the flow velocity is highest, receive most  CaCO3 
passing through the pores and therefore show the thick-
est cement. In contrast, in the relatively protected areas 
at the margins of the pores or in small pores, these asym-
metric cements are thin or even absent, because of the 
more or less stagnant pore-water flow.

5. In terms of sequence stratigraphy, asymmetric pendant 
cements form generally near the top of sequence during 
subaerial exposure, whereas the asymmetric cements 
documented here, which formed within lithified sub-
merged surfaces, could represent a maximum regres-
sive surface or maximum flooding surface. Therefore, 
especially in samples showing only a few asymmetrical 
cements, very careful observations are required in order 
to avoid misinterpretation. Consequently, the terms 
“pendant”, “microstalactitic” and “gravitational cement” 
should only be used when a sufficient number of such 
cements are observed, or when at least the vadose zone 
is independently confirmed by the presence of other 
indices such as meniscus cements.

6. The term “asymmetric cements” is not synonymous to 
pendant cements but includes all types of non-isopa-
chous cements formed either in a vadose or phreatic 
zone setting.
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