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ABSTRACT

This paper presents an integrated petrographic–geochemical–geomechanical

study of the growth mechanisms of carbonate and chert concretions observed

at outcrop and core from the Upper Cretaceous to Eocene organic-rich carbo-

nate mudrocks, central Jordan. It provides evidence for displacive and

replacive concretion growth from the analysis of primary lithological charac-

teristics, compaction strain and deformation structures associated with con-

cretion growth. Concretions were analysed to determine the primary

lithological controls on their development and the measurement of strain in

the host rock to develop a method for constraining the growth mode and

their paragenesis. Concretions exhibit either a replacive or displacive growth

mode largely dependent on the original host lithology. Displacive concre-

tions exhibit irregular shapes and semi-fibrous internal structures in contrast

to regular shapes and microcrystalline textures observed for replacive con-

cretions. Cement fraction is high in both carbonate concretion types, indicat-

ing early formation in high-porosity sediments at shallow burial depths. The

strain field around displacive concretions is vertically asymmetrical. Conver-

sely, it is symmetrical with uniform differential compaction for the replacive

concretions. Evidence for displacive growth comes from triangular areas of

chert at the lateral margins of some carbonate concretions, interpreted as

areas of reduced strain. Another indicator is the forced asymmetrical folding

of heterolithic host rocks around displacive concretions, with displacive car-

bonate units separated by trace laminae of the original (chert) beds. Envelop-

ing chert beds exhibit early-formed radial silica fractures with increased

aperture size in the areas of maximum curvature. Carbon isotopic signatures

of carbonate concretions show a strong correlation between concretion cen-

tres and host rock, suggesting a relatively shallow depth (first few tens of

metres) of initial growth. Carbonate concretions are interpreted to have

formed at shallow depths in the presence of alkaline pore waters rich in dis-

solved organic carbon in the presence of Mg2+ ions, available organic matter

and redox-sensitive metals such as U and Mo. A paragenetic history for the

different concretion types is presented.
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INTRODUCTION

The occurrence of concretions in mudrocks is a
typical diagenetic characteristic of the host rock
formation (Astin & Scotchman, 1988) that
strongly reflects the primary sediment composi-
tions and pore water chemistry (Raiswell, 1971,
1976, 1988; Huggett, 1994; Sellés-Martinez, 1996;
Hesse & Schacht, 2011; Dale et al., 2014; Gaines &
Vorhies, 2016). Concretion composition varies
from dominantly carbonate minerals to micro-
crystalline quartz, most commonly with single
dominant mineralogy for individual concretions
(i.e. carbonate concretions or silica concretions).
More rarely, concretions with concentric zones of
carbonate and silica (Raiswell, 1971; Nelson &
Lawrence, 1984), clay concretions (for example,
kaolinite) and pyrite nodules/concretions (e.g.
Emmings et al., 2020) are also recorded. In addi-
tion, pyrite often rims or is enriched in con-
centric layers within carbonate and chert
concretions (e.g. Xiao et al., 2010). Gypsum, bar-
yte and phosphate concretions are also important
in some fine-grained sediments because they can
help to constrain the paragenetic model
(Emmings et al., 2020). Compositional differences
in concretions have been attributed to the varia-
tion in the diagenetic environment during con-
cretion formation, which is controlled by the
composition of the host rock (sediment) and
depositional environment (Woo & Khim, 2006).
The nature of the concretion cement, texture and
porosity can help to constrain the mode and
depth of the concretion growth (Raiswell, 1971).
The majority of concretions are documented in

mudstones (e.g. Dix & Mullins, 1987; Astin &
Scotchman, 1988; Hesslebo & Palmer, 1992; Hug-
gett, 1994; Mozley, 1996; Raiswell & Fisher, 2000;
Raiswell et al., 2002; Pearson & Nelson, 2005; Mar-
shall & Pirrie, 2013; Gaines & Vorhies, 2016). How-
ever, some of the examples described here are
present in heterolithic phosphorite strata (chalky
marl–chert–phosphate lithofacies). Concretions
can be associated with natural fractures, which
makes them of potential interest to resource eva-
luation wherever natural fractures in shales or
mudrocks are relevant (for example, petroleum

seal analysis, shale gas exploitation). In some
cases, fractures are self-contained (for example,
septarian fractures; Astin, 1986), truncate (for
example, bitumen-filled fractures; Abu-Mahfouz
et al., 2020) or develop immediately adjacent to
the concretions in different geometrical arrays
(Rodrigues et al., 2009; Hooker et al., 2017, 2019;
Meng et al., 2018; Abu-Mahfouz, 2019).
Concretions commonly exhibit one mode of

growth that reveals its formation mechanism
(e.g. Raiswell, 1971; Sellés-Martinez, 1996; Pear-
son & Nelson, 2005; Woo & Khim, 2006; Mar-
shall & Pirrie, 2013). However, a few studies
have reported two modes of growth in the same
concretion body, which usually occur as alter-
nating zones (e.g. Gaines & Vorhies, 2016; Liu
et al., 2019).
Identifying the mechanism(s) that control con-

cretion growth is commonly problematic (Rais-
well & Fisher, 2000), but growth mode can be
constrained by integrated petrographic, geochem-
ical and geomechanical investigations, the main
aim of this study. Examining the changes in the
competency, pore pressure and diagenetic path-
ways in the surrounding rock from one layer to
another contributes to our understanding of con-
cretion growth. The abundance of carbonate and
chert concretions in the Upper Cretaceous–
Eocene strata of Jordan, known as the Jordan Oil
Shale (JOS), offers an opportunity to examine the
different modes of concretion growth in a variety
of host rock lithologies. Another aim of this study
is to place the mode of concretion growth in a
stratigraphical context, and relate this to the
diagenetic and burial history of the host rocks.
The relative timing of concretion growth was con-
strained in this study by an analysis of the
amount of compaction in the concretion by com-
parison with the adjacent host rocks (cf.
Craig, 1985; Astin & Scotchman, 1988) and an
interpretation of relative stages of lithification at,
or below, the sediment–water interface. This
extends a previous attempt to quantify differen-
tial compaction around concretions by Hooker
et al. (2017) and integrates the findings of this
strain analysis with the sedimentological and pet-
rographical observations.
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METHODOLOGY

Sample selection

Observations of concretions in the ‘Jordan Oil
Shales’ (JOS) were conducted at outcrops and in
cores. Field observations focused on a contex-
tual study of the distribution of different types
of concretions, and their association with varied
host-rock lithologies and associated fractures.
Concretions were sampled from outcrop and
core for petrographic and geochemical analysis.
Subsamples were systematically selected from
the centre to edge of concretions from each indi-
vidual concretion horizon. Fifteen cores (C1–

C15) that intersected the JOS from central Jordan
were described, logged and sampled (Fig. 1A).
Five key outcrop locations in central and south
Jordan were logged and sampled; Harrana, El-
Lajjun, Qatrana, Sultani and Wadi Al-Bustani
(Fig. 1A and B; Fig. S1; Table S1).

Methods

Geochemical and petrographical investigations
were conducted on selected samples in order to
understand the growth mechanisms of the con-
cretions. Concretions were recorded in the field
and in the core with the aid of digital pho-
tographs. Stable isotope analyses of the bulk

Fig. 1. (A) Map of Jordan showing the location of the study cores (red triangles) and outcrops (green circles; 1:
Harrana outcrop, 2: El-Lajjun quarry, 3: Qatrana Roadcut; 4: Sultani Quarry, 5: Wadi Al-Bustani outcrop). (B) A
schematic columnar section showing the lithology of the studied succession. Note the distribution of the chert
and carbonate concretions. On the right, a representation of the study succession from the different study out-
crops. Brown line represents the whole succession in Wadi Al-Bustani; grey line represents the Qatrana Roadcut;
green line represents the Sultani and El-Lajjun Quarries; yellow line represents the Harrana Outcrop. Grey-framed
photograph from the Qatrana Roadcut; green-framed photograph from the Sultani Quarry; yellow-framed photo-
graph from the Harrana Outcrop. Note the different concretion horizons (beige ellipsoids and circles). Note that
specific concretion morphologies are restricted to specific concretion layers. Person for scale is ca 1.8 m tall.
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carbon δ13C and oxygen δ18O from calcite were
conducted on systematically selected subsam-
ples (centre to edge) from carbonate concretions
using a MAT-253 mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA). Before
conducting the analysis, the powdered samples
were cleaned using hydrogen peroxide (H2O2)
and dried in the oven at 40°C. Concentrated
phosphoric acid (H3PO4) was added to the sam-
ples to produce the CO2 for analysis.
Petrographic study was performed on thin sec-

tions prepared from samples taken from carbo-
nate/chert concretions and their host rocks
using cross-polarized light under a Nikon-
Optophot Microscope (Nikon, Tokyo, Japan)
linked to a high-resolution digital camera.
Selected samples of concretions and host rocks
were investigated under an FEI-Quanta-650-FEG
Scanning Electron Microscope (SEM; FEI
Quanta, Hillsboro, OR, USA) at a working dis-
tance of 10 mm. Backscattered scanning electron
microscopy (BSE) images were generated to
study the mineral compositions and textures of
samples. Elemental mapping was performed
using an energy dispersive spectrometer (EDS)
attached to the SEM.

GEOLOGICAL FRAMEWORK

Jordan is situated at the north-western margin of
the Arabian Plate. The Upper Cretaceous–Eocene
succession, which includes organic-rich phos-
phorite and bituminous chalky marls, is also
informally known as the Jordan Oil Shale (Alqu-
dah et al., 2015). It represents a passive conti-
nental margin sequence deposited on a shallow-
water pelagic–hemi-pelagic ramp succession
(Belqa Group) that was initiated in Coniacian
times in marked contrast to the underlying Cen-
omanian to Turonian rimmed carbonate shelf
(Ajlun Group) (Powell & Moh’d, 2011). During
Maastrichtian to Eocene times, progressive
south-eastward onlap of Neo-Tethys resulted in
increasingly deeper water, pelagic sedimentation
influenced by oceanic upwelling that resulted in
the deposition of phosphorite and organic-rich
calcareous mudstones. Structures and sedimen-
tation were greatly influenced by syn-
depositional and post-depositional tectonics
(Abu-Jaber et al., 1989). Hence, the Upper
Cretaceous–Lower Eocene organic-rich carbonate
mudrocks of Jordan were deposited in local, iso-
lated depocentres on the carbonate platform
(Powell & Moh’d, 2011). The area experienced

rift flank uplift in the later Neogene during the
establishment of the Dead-Sea Rift System (Fein-
stein et al., 2013). This uplift led to an eastward
tilt from the outcropping rim of JOS at the Dead
Sea escarpment, to reach maximum present-day
burial depths of just over 1000 m in eastern Jor-
dan, part of the Arabian Platform. Representa-
tive burial history curves can be found in Abu-
Mahfouz et al. (2019).
In the central Jordan study area, the structure is

mainly controlled by normal, high-angle faults
trending NNW–SSE, and for the most part concave
to the north-east. Block faulting along curved
faults with opposing downthrows led to the forma-
tion of the Sultani depression, a north-west/south-
east trending graben structure. The main structural
feature in the El-Lajjun area is the El-Lajjoun Gra-
ben, which controls a topographical depression
surrounded to the East and West by north–south
striking faults (Shawabkeh, 1991).
The study interval (JOS) comprises three for-

mations (upper Belqa Group) in an upward
sequence: Al-Hisa Phosphorite Formation
(AHP), Muwaqqar Chalk Marl Formation
(MCM); and Umm Rijam Chert Limestone For-
mation (URC) (Fig. 1B, Table S1; Powell, 1989),
exposed at the outcrop. The heterolithic AHP
consists mainly of phosphorite comprising gran-
ular phosphate, phosphatic chert, shelly lime-
stone, chalky marl, porcellanite and bituminous
marl. This formation contains abundant bivalves
(including oysters), fish/reptile fragments and
foraminifera suggesting a shallow-water pelagic
depositional environment (Powell &
Moh’d, 2011; Grohmann et al., 2023). Chert and
carbonate concretions are abundant in the AHP.
The overlying MCM comprises interbedded bitu-
minous marl (oil shale), thin phosphatic lime-
stone, marly limestone and chert beds with
abundant concretions in the lower part, homoge-
nous chalky and bituminous marl in the middle
part, and yellowish marl, chalky marl and black
chert in the upper part. The URC is composed
of alternating beds of chalky limestones, chalky
marl, marly limestones, limestones, and abun-
dant chert beds and concretions. Carbonate con-
cretions and burrowed ‘firm grounds’ are
abundant at the MCM/URC boundary (Fig. 1B).
Shell fragments, fish teeth and bones, and
microfossils (calcareous nanoplankton and fora-
minifera) are present in this formation. These
lithofacies and biofacies indicate a deepwater
environment of deposition for the URC (Powell
& Moh’d, 2011; Alqudah et al., 2015; Grohmann
et al., 2023).
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Discontinuous outcrops in central Jordan,
expose the major part of the study succession
(Fig. 1B), while the outcrop in Wadi Al-Bustani
(south Jordan) exposes the entire succession
(Fig. S1A). The present study subdivides the
JOS study succession into three main units
(Lower, Middle and Upper) (Fig. 1B) based on
lithotypes and the presence (Lower and Upper
units) or absence (Middle Unit) of chert
beds/concretions. These informal units are
broadly coincident with the formations outlined
above.
Total organic carbon (TOC) values in these

rocks range from 3 to 30% with increased TOC
values in the lower part of the succession, the
MCM (Alqudah et al., 2015; Hakimi et al., 2016;
März et al., 2016; Abu-Mahfouz et al., 2019,
2020, 2022a, 2022b, 2023; Grohmann et al.,
2021, 2023). The rocks exhibit a complex diage-
netic history (Powell & Moh’d, 2012; Hooker
et al., 2017; Huggett et al., 2017), with an abun-
dance of different diagenetic features (for exam-
ple, chert beds, chert/carbonate concretions and
early diagenetic folding). Huggett et al. (2017)
linked the diagenesis in these organic-rich rocks
to the fluctuating sedimentary environment of
this shelf depositional system, and its influence
on the composition of the deposited sediment
and the early burial diagenetic environment.
According to their study, most cementation is
believed to have occurred early, generally within
the first 10 m of burial (and entirely within the
first 100 m of burial).

MACROSCOPIC CHARACTERIZATION
OF CONCRETIONS

Composition and stratigraphical distribution

Four main compositional end members are
observed: (i) carbonate concretions (Figs 2A, 2G,
3A and 3B); (ii) chert concretions (Fig. 2H
and J); (iii) composite concretions composed of
concentric zonation of carbonate and silica
(Figs 2B, 2E, 2F, 2I and 3C); and (iv) ‘winged’
concretions with chert filling triangular areas at
their lateral margins (Figs 2C, 2D, 3D and S2B).
The composite concretions consist either of a
chert concretion core enclosed by a carbonate
zone (Fig. 2E, 2F and 2I) or of a carbonate con-
cretion core surrounded by a chert zone
(Fig. 2F).
Specific compositional types of concretions

are restricted to specific concretion ‘horizons’,

that is, a single horizon has only one type (i.e.
carbonate or chert) of concretion that is charac-
terized by a specific morphology (Fig. 1B).
Carbonate and chert concretions are mainly

clustered in distinct zones in the lower unit (for
example, the Qatrana roadcut; AHP) and upper
part of the study succession (the Harrana out-
crop; URC; Fig. 1B). Carbonate concretions are
occasionally observed in the middle part (MCM)
(for example, El-Lajjun quarry) in the chalk marl
layers. The full succession is exposed in Wadi
Al-Bustani (Fig. S1A), where the distribution
and orientation of the concretions were studied
in a continuous section. This locality also
afforded an exposure of concretions on an exten-
sive bedding plane (Fig. S1B), allowing the plan-
form distribution and morphology to be
observed in detail.

Morphology and dimensions

A wide range of concretion morphologies is
observed (Figs 2 and 3); these are defined as fol-
lows:

Type I-carbonate concretions (Type I-carb):
Symmetrical, regular microcrystalline carbonate
concretions, generally preserving original pri-
mary lamination, typically present in the MCM.
Type II-carbonate concretions (Type II-carb):

Asymmetrical, irregular microcrystalline carbo-
nate concretions, lacking primary lamination in
the carbonate but may preserve traces of original
chert laminae; they are typically present in
the AHP (and rarely observed in the lower
MCM). Type I-chert concretions (Type I-ch):
Regular/irregular chert concretions that are
usually associated with folded veins, typically
present in AHP.
Type II-chert concretions (Type II-ch): Regular/

irregular chert concretions that are characterized
by a transitional boundary with the surrounding
sediments. They usually show a halo around
them and are typically present in the AHP.

Some examples are observed to be symmetri-
cal about a plane parallel to bedding (Figs 2A,
2G, 3A and 3B). Symmetrical concretions exhibit
varied morphologies, including spherical, ellip-
tical, tabular or lenticular, with different compo-
sitions. In the core, chert concretions in the
AHP/lower MCM are commonly elliptical or len-
ticular and rarely irregular (Fig. 3H). Carbonate
concretions in the core are commonly observed
to be symmetrical, with spherical or elliptical
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Fig. 3. (A) to (D) Field photographs showing examples of the different types of carbonate and chert concretions
observed in the study outcrops. C, carbonate; CC, carbonate concretion; Ch, chert; Marl, phosphatic marl. (A) Spherical
carbonate concretion in the Sultani Quarry (MCM). (B) Elliptical carbonate concretion in the Sultani Quarry (MCM).
Lens cap is 5 cm. (C) Zoned carbonate-chert concretion in the Sultani Quarry (MCM). (D) Carbonate concretion with tri-
angular shapes filled by chert at the edges in the Sultani Quarry (MCM). Hammer handle for scale (total hammer length
32 cm). (E) Core photograph of carbonate concretion in phosphatic marl interval from the Lower Unit (Al-Hisa Phosphor-
ite Formation – AHP), Core C5. CV, Calcite Vein. Core width is 10 cm. Note the alignment of grains (laminae trace). (F)
Backscattered electron (BSE) image of inset in (E) showing the bending of sediment around microfossils (yellow arrow).
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morphology (Figs 2G and 3C). Lenticular carbo-
nate concretions are rarely found in the study
succession (Fig. 2A). ‘Winged’ carbonate concre-
tions with chert filling triangular pinch points at
the concretion margins (Figs 2C and 3D) are
only found in lenticular forms. A few examples
of carbonate concretions with irregular (asymme-
trical) shapes were observed in the core.
Dimensions measured in the core are mini-

mum estimates, given that most concretions
were only partly intersected, but range from cen-
timetres to decimetres. Outcrop examples
allowed lateral examination of the different
shapes of concretions, their dimensions and
their relationship to the host rocks. Concretions
observed at outcrop span a wide range of sizes,
with diameters ranging from 15 cm to more than
3 m for carbonate concretions, and from 10 to
60 cm for chert concretions (Fig. S4). The hori-
zontal concretion spacing in individual beds
ranges from several centimetres to several metres
(Fig. S4), with an average spacing of 2 m for car-
bonate concretions and 20 cm for chert concre-
tions in all localities. Different concretion
horizons exhibit a range in their horizontal spa-
cing characteristics, due, for example, to possi-
ble differences in sites of nucleation, pore water
composition, flux or dominant mode of solute
transport (Chan et al., 2007).

Relationships to host rock

The relationship between concretions and sedi-
mentary structures (layering, lamination) in the
host rocks is critical for establishing the mode of
growth (Sellés-Martinez, 1996; Gaines &
Vorhies, 2016). Sedimentary laminae can be
traced from the host laterally into many of the
observed carbonate concretions (Fig. 2G); suggest-
ing a replacive growth mode for these concretions
(Raiswell, 1971; Gaines & Vorhies, 2016). In this
type of concretion (Type I-carb; Fig. 4), the con-
cretions usually show symmetrical (regular)
morphologies with the laminae folding around
concretions in relatively symmetrical patterns in
the vertical plane. This symmetrical folding in
the surrounding laminae is mainly observed
where there are similar bed thicknesses in the
stiffer layers directly above and below the concre-
tion. The pattern of folding around these concre-
tions is interpreted as evidence for differential
compaction around the concretions, and is
further taken to suggest early diagenetic growth
of the concretions in relatively unconsolidated
sediment (cf. Lash & Blood, 2004).

In Type II-carb concretions (present in the
AHP Formation), the concretions exhibit irregu-
lar morphologies (Figs 2C and 5), laminae and
sedimentary features are not generally observed
in the concretionary body, although thin traces
of original chert laminae may define distinct
concretion increments (Fig. 5B and C). In these
examples, the original chert bed can be seen to
split into two or more displacive limestone con-
cretion units (for example, DG1–4) in Fig. 5B.
Type I-chert concretions usually preserve origi-

nal laminae and sedimentary structures and exhi-
bit compactional deformation of host laminae,
conforming to diagnostic indicators of replacive
growth (Raiswell, 1971; Sellés-Martinez, 1996;
Lash & Blood, 2004; Gaines & Vorhies, 2016; Hoo-
ker et al., 2017; Abu-Mahfouz, 2019).
Type II chert concretions are characterized by

reaction rims around the periphery of concretions
(Abu-Mahfouz et al., 2020) and lack the compac-
tional deformation of enclosing sedimentary
laminae (Fig. 2J). These authors consider Type II-
chert as forming at a later diagenetic stage.
Several remarkable examples of symmetrical

(Type I-carb) and asymmetrical (Type II-carb)
carbonate concretions are seen in the AHP out-
crop in distinct concretion horizons (see Figs 4
and 5). In such examples, the bedding lamina-
tions can be easily traced through the concre-
tion, but with an increased bed thickness
compared to the adjacent bed. In these cases,
the host bed deformation reflects the differential
compaction around the concretions (Figs 3B and
4), where beds exhibit thinning and bending
around the concretion. This geometry implies
early replacive concretion growth (Rais-
well, 1971; Sellés-Martinez, 1996; Lash &
Blood, 2004; Gaines & Vorhies, 2016). Irregular
concretions (Type II-carb) appear to push the
laminae apart in asymmetrical geometries, sug-
gesting a displacive concretion growth (Sellés-
Martinez, 1996). Such concretions have no sedi-
mentary structures preserved inside the concre-
tion body, and they usually show asymmetrical
folding of the beds surrounding the concretion
(Figs 5A, 8 and S5). However, where multiple
displacive growth units have developed within
individual chert beds, traces of original chert
may be preserved (Fig. 5B).

Relationships to fracturing

Both carbonate and chert concretions are, in
many cases, observed to be associated with nat-
ural fractures, particularly for those concretions

� 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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that exhibit irregular (asymmetrical) morpholo-
gies (Figs 2H, 2J, 5 and 8). Three main relation-
ships between fractures and concretions were
observed: (i) fractures confined to the concretion
body; (ii) fractures that fan around the concre-
tion with the folding of the overlying or under-
lying layers maintaining orthogonal relationships
with those layers; and (iii) fractures that transect
from the host the concretion body (Figs 2, 5A, 7,
8 and S5). In the latter, fractures generally termi-
nate towards the concretion centre, with the
highest fracture aperture at the concretion mar-
gin tapering towards a tip at the concretion cen-
tre (Fig. 2J). In such cases, fractures are always
cemented.

Septarian fractures
Type II-carb concretions often exhibit a ‘septar-
ian’ structure (Fig. 7A), with cemented fractures
cutting across the concretion core. These

septarian fractures were observed in carbonate
concretions restricted to specific concretion hor-
izons in the lower interval of MCM. They are
present as a single fracture or as a network of
interconnected fractures, and usually tend to
cluster at the concretion centre (Raiswell, 1971;
Astin, 1986) and taper towards the concretion
margins (Fig. 7A).

Folded calcite veins
Early undeformed, straight calcite veins were
observed in cores to cross-cut Type I-ch concre-
tions and continue with folded tips in the adja-
cent host beds (Fig. 2H). These externally folded
calcite veins are interpreted to have formed at
an early stage and folded by subsequent sedi-
ment compaction resulting from volume change
caused by silica diagenesis (Abu-Mahfouz, 2019;
Hooker et al., 2019). Their cross-cutting relation-
ships with Type I-ch concretions indicate an

Fig. 4. (A) Carbonate concretion
(Type I-carb) in the Qatrana
Roadcut (Al-Hisa Phosphorite
Formation – AHP) preserves the
primary laminae entirely in the
concretion body. The yellow
rectangle is a close-up of the cone-
in-cone structure in the bedding-
parallel vein enveloping the
concretion. (B) Drawing of (A).
Hammer length 0.45 m, lens cap is
5 cm.

� 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 5. Field photographs showing
carbonate concretions displaying
displacive growth in the Qatrana
roadcut, Al-Hisa Phosphorite
Formation. (A) Carbonate concretion
(Type-II carb) with an asymmetrical
bending of thin chert beds around the
concretion body. Note the orientation
of silica veins (white lines) in the
chert beds and the bending of the
small-concretion horizon (black
elliptical shapes). (‘A’ to ‘D’) Sample
points (see Fig. 10). Notebook for
scale is 12 x 19 cm). (B) Asymmetrical
Type-II carbonate limestone
concretion showing displacive
growth phases (DG1 to DG4). Note
the relatively slightly disturbed
underlying bed of granular phosphate
and marl that acted as a constraining
bed during concretion growth. Lateral
migration of carbonate ions resulted
in the splitting of the original double
chert bed along marl partings into
three displaced growth units (DG1 to
DG3) comprising microcrystalline
limestone (ML) and marked by thin
chert lamina (CL). A higher growth
unit (DG4) was, in turn, constrained
by the top chert at the base and is
overlain by thinned host rocks on the
crest of the fold. Concretion growth
thickness in units DG1 to DG3 is in
the order of 4:1 compared to the
original chert bed. Scale increments
on the scale, 1 cm. (C) Near-
symmetrical Type II – carbonate
displacive limestone concretion
showing three displacive growth
units (DG1 to DG3) comprising
microcrystalline limestone (ML). The
underlying bed of granular
phosphate/phosphatic marl acted as a
constraining bed during concretion
growth so that concretion is not
exactly symmetrical. The split in the
original chert bed is seen on both
sides of the concretion; growth
phases are delineated by thin chert
tracer laminae (CL). White lines
illustrate the orientation of early-
formed silica veins. Concretion
growth thickness in units DG1 to DG3
is in the order of 4:1 compared to the
original chert bed. Ch, chert. Scale
increments on the scale, 1 cm. CC,
carbonate concretion; Ch, chert; CL,
chert lamina; DG1-DG4, displacive
growth stages; ML, marly limestone.

� 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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early formation of these concretions (Abu-
Mahfouz et al., 2020). Type II-ch concretions
were observed to be cross-cut by, or associated
with, bitumen veins (Fig. 2J).

Silica veins
Silica veins are confined to the chert beds in the
AHP in the Qatrana outcrop where they are
associated with Type II-carb concretions
(Figs 5A and S5). These veins are consistently
oriented orthogonal to the bed boundary, and
they fan with the folding of the chert beds
around concretions, displaying a ‘radial’ vein
orientation (Figs 5A and S5B to D). Vein aper-
tures are larger in the areas of greatest fold
amplitude (average width 0.8 cm) around con-
cretions, compared with the apertures of veins
present in undeformed parts of the host rock
layers (average aperture size of 2.9 cm; Fig. S5E
and F).

Late calcite and gypsum veins
Calcite veins were also observed to be associated
with carbonate concretions in the outcrops
(Fig. S5C and D). These veins are planar with
small apertures (average of 1.1 cm). They range
from a few centimetres to a few metres in length
and commonly cross-cut both Type I-carb and
Type II-carb concretions and their respective
host rocks, suggesting that these veins are late,
and post-date the formation of both concretion
types.
Fibrous, bedding-parallel calcite veins (in the

Qatrana outcrop; AHP) and others filled by gyp-
sum (in the Sultani quarry; MCM) were
observed to curve around carbonate and chert
concretions concordantly with the deformed
bedding maintaining a consistent fibre direction
(Figs 4 and 7B). Other examples show bedding-
parallel gypsum veins cross-cutting carbonate
concretions (Fig. S6), implying a late development

Fig. 6. (A) and (B) Photomicrographs showing a range of features observed inside the chert concretions, including
well-preserved (un-compacted) foraminifera and fossil ghosts (‘G’). (C) Backscattered electron (BSE) image of chert
concretion from the Lower Unit, Core 13. Note that Silica represents >90%. Orange-dotted shapes show ‘ghosts’
of Radiolaria and foraminifera. OM, organic matter; Ph, phosphorite; Si, silica. (D) BSE image showing the grada-
tional boundary of the chert concretion.

� 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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of these gypsum veins, post-dating the concre-
tion formation.
Open fractures (barren or partially-cemented

fractures) are also observed confined to the chert
beds that are folded around Type II-carb concre-
tions (Fig. 8) in a similar manner to silica-filled
veins These open fractures occur in the highly
deformed parts of beds, but with apertures exhi-
biting a narrow range of 0.8 to 1.0 cm.

Folding associated with concretions

Carbonate and chert concretions are generally
associated with thinning (attenuation) and sym-
metrical folding of the overlying and underlying
beds (Figs 3B, 4 and 5B), particularly around
those concretions that exhibit symmetrical
morphologies (Type I-carb, Type I-ch and

Type II-ch). However, Type II-carb concretions
in the AHP are usually associated with asymme-
trical folding of the host beds/laminae such that
fold amplitude is either greater or smaller in
beds above relative to those below the concre-
tion (Figs 5A to 5C, 8 and S5).
An important factor in the shape of the host

rock folding associated with the concretions is
the relative stiffness of the beds comprising the
immediate host sediments. Host sediments of
Type II-carb concretions, for example, are char-
acterized by strong contrasts in the distribution
of layer stiffness related to the presence and
thickness of bedded cherts. Wherever chert beds
exhibit different bed thicknesses around the
Type II-carb concretion, the thinner chert and
chalky marl beds exhibit larger fold amplitude
than the thicker chert beds (Fig. 5A). This

Fig. 7. (A) Septarian fractures in
displacive carbonate concretion in
the Sultani Quarry (MCM). (B)
Bedding-parallel gypsum vein
bending around a composite
concretion composed of a
concentric zonation of carbonate
and silica. BGV, Bedding-parallel
gypsum veins. Lens cap is 5 cm.
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suggests that the gross fold geometry of the chert
beds, around Type II-carb concretions, is depen-
dent on the constraining effect of thicker (early
lithified) chert beds that resulted in greater
mechanical strength, thus impeding vertical
deformation (either above or below).

MICROSCOPIC CHARACTERIZATION

Host rock

The studied interval consists of variable propor-
tions of calcite, quartz, organic matter and
apatite, with local amounts of chalcedony, dolo-
mite, minor pyrite and sphalerite. Magnesium
smectite is typically a minor component (<3%)
that occurs in the marl intervals. Clay occurs in
minor amounts (<5%). Minor Mg smectite is
usually observed to be intergrown with calcite
and micro quartz.
The organic particles show no visible struc-

ture and are typically sulphur rich. Bitumen-
filled microfossils are abundant in the host rock
in the MCM (Fig. S3).

Chert concretions

Chert concretions (Type I-ch and Type II-ch)
sampled from the cores and outcrops are com-
posed mainly (ca 95%) of microcrystalline quartz
(Fig. 6 and Fig. S7). Small amounts (5%) of cal-
cite, pyrite and fluorapatite are locally present
(Fig. 6A to C). Traces of organic matter are also
observed as an amorphous texture in thin sec-
tions. Silica-cemented radiolaria and foraminifera

tests are occasionally observed in Type I-ch con-
cretions (Fig. S7). At the margin and outside these
Type I-ch concretions, microfossils, including
well-preserved foraminifera, are cemented by cal-
cite (Fig. 6A and D). These concretions mainly
show passive cementation of sediment, where
cement normally occupies the pore space. These
Type I-ch concretions also typically display gra-
dational boundaries (Fig. 6D).
Most of the Type I-ch concretions examined

in the study succession exhibit preserved traces
of laminae, sedimentary structures and ‘ghosts’
of fossils (Fig. 6). These are diagnostic textural
features that are generally taken to imply repla-
cive alteration of the original carbonate grains
by microcrystalline quartz (Maliva & Siever,
1988; Sellés-Martinez, 1996; De Craen et al.,
1998; Raiswell & Fisher, 2000).
Type II-ch concretions exhibit preserved lami-

nae and sedimentary structures and have transi-
tional boundaries with the host rock (Fig. 2J),
which also conform to diagnostic criteria of repla-
cive concretion growth (Sellés-Martinez, 1996).
The overall texture in Type II-ch concretions sug-
gests a progressive process of silicification that
appears to have occurred during or after calcite
cementation of microfossil tests (Abu-Mahfouz
et al., 2020).

Carbonate concretions

Carbonate concretions (Type I-carb and Type II-
carb) are composed mainly (>90%) of calcite and
show a microcrystalline texture (Figs 9 and S3).
The calcite microcrystals are distributed in a very
fine-grained matrix (Figs 9 and 10). The matrix

Fig. 8. Field photograph showing
open fractures/joints (black lines) in
chert beds bending around a
displacive carbonate concretion in
Al-Hisa Phosphorite Formation,
Qatranah road cut. CC, Carbonate
Concretion; Ch, Chert. Lens cap is
5 cm.
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Fig. 10. (A) and (B) Microphotographs showing the composition of a systematically sampled, displacive carbonate
concretion (Al-Hisa Phosphorite Formation). Note the multiple directions of the randomly aligned semi-fibrous
calcite crystals. (C) Backscattered electron (BSE) image showing the texture of the concretion. (D) BSE image
showing the texture of the host rock (chalky marl) that abuts the concretion. Locations of the samples (A) to (D)
are shown in Fig. 5A.

Fig. 9. Microphotographs of a systematically sampled (centre to edge) displacive carbonate concretion (Al-Hisa
Phosphorite Formation, field photograph on left) showing the change in porosity, grain size and amount of cement
from the centre (A) towards the margin of the concretion (C). HR, host rock; P, pore space. Note the decrease in
the size of pore spaces from the centre towards the edge. Note the preserved bone fragment in (C) and the aligned
grains in laminae in the host rock (D).
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includes bioclasts, coccolith platelets, and micro-
crystalline low-Mg calcite cement and calcite
crystals cementing fossil remains and foramini-
fera tests (Fig. 3E and F). The calcite is of both
detrital and authigenic origin, although it is hard
to infer the exact amount of the authigenic mate-
rial due to the recrystallization of the matrix.
Apatite occurs in cavities of fossil fragments
(Fig. S3). Microfossils and fish/vertebrate bone
remains are preserved as relatively undeformed
bioclasts inside Type I-carb concretions (Fig. 9A
and C).
In Type I-carb concretions, sedimentary lami-

nae are traceable as aligned grains where the
laminae can be traced as alternating dark and
light bands (Figs 3F and 9). These concretions
usually exhibit gradational boundaries. Planar
calcite veins are observed to cross-cut these con-
cretions, indicating that the concretion forma-
tion pre-dates the development of these veins.
In contrast, Type II-carb concretions are

observed in thin sections to show no preserved
sedimentary structure/lamination in the matrix
calcite crystals in the form of micro-spar (at the
microscopic sale) and show unaligned patterns
(Fig. 10), suggesting a displacive mode of growth
(Huggett, 1994; Liu et al., 2019). This type of con-
cretion usually exhibits a sharp boundary with the
host sediments. However, where displacive
growth has split an original chert bed along marl
partings, thin laminae of the original chert can be
traced through the displacive carbonate concretion
thus partitioning growth units (Fig. 5B and C).

Systematic microscopic examination of carbo-
nate concretions (Type I-carb and Type II-carb),
from centre to edge, also shows that the calcite
crystal size, porosity and percentage of cement
change with distance from the centre. In general,
the size of calcite crystals increases towards the
concretion margins (Figs 9 and 10).
Point count-based microscopic investigation of

both types of carbonate concretion shows that the
percentage of cement fraction ranges between
70% and 80%, suggesting an early development
of these concretions, which is consistent with
previous diagenetic histories for the JOS (Powell
& Moh’d, 2012; Huggett et al., 2017).

STABLE ISOTOPE ANALYSIS

The stable isotope data of both the Type I-carb
and Type II-carb concretions and their asso-
ciated calcite veins are shown in Table 2. The
carbon isotopic ratios of both concretion types
exhibit a relatively narrow range of samples ana-
lysed from the centre to the edge of each type of
concretion (δ13C values range from −7.13 to
−6.07‰ for Type I-carb and from −10.58 to
−8.15‰ for Type II-carb; Table 2; Fig. 11). How-
ever, the results show that the edges are more
depleted in carbon δ13C than the centres. In gen-
eral, the δ13C isotopic signatures of the centres
(−8.15 to −6.83‰) of the concretions analysed
are closer to those of the host rock samples
(−9.40 to −7.17‰), implying an organic origin

Fig. 11. Plot of stable isotope data of carbonate concretions and planar calcite veins transecting the
concretions. VPDB = Vienna PeeDee Belemnite.
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of the carbon (Hesslebo & Palmer, 1992; Yoshida
et al., 2018). This suggests that the source of the
isotopically light carbon was likely either
directly from the decomposition of organic mat-
ter (for example, within the zone of sulphate
reduction) or biogenic methane (Irwin
et al., 1977), which could be derived locally or
possibly from underlying strata (for example,
phosphate or organic phytoplankton-rich marl).
The oxygen (δ18O) isotopic values range from

−9.35 to −4.38‰ of all the analysed Type I-carb
and Type II-carb concretions. These δ18O isoto-
pic compositions suggest that the concretion for-
mation commenced at shallow burial depth (low
temperature of precipitation), but continued dur-
ing progressive burial (Raiswell, 1971; De Craen
et al., 1998; Raiswell & Fisher, 2000; Woo &
Khim, 2006; Marshall & Pirrie, 2013; Gaines &
Vorhies, 2016). The δ18O ratios also suggest that
the precipitation occurred not far under the
sediment–water interface mainly from CO2 pro-
duced by sulphate-reducing bacteria (Irwin
et al., 1977).
The carbon isotopic values of planar calcite

veins transecting Type I-carb and Type II-carb
concretions range from −11.1 to −9.13‰, indi-
cating that the veins are more depleted in car-
bon than the concretions and the host rocks
(Fig. 11). Taken together with their cross-cutting
relationship these results indicate that the pla-
nar calcite veins formed at a late stage, probably
during tectonic uplift.

STRAIN ANALYSIS AROUND
CONCRETIONS

Strain analysis offers an opportunity to examine
the amount of deformation that rock units have
undergone during burial and uplift (Fos-
sen, 2016). It also provides significant informa-
tion about the mechanisms of deformation.
Primary, unconsolidated sediments compact
through progressive burial and associated dewa-
tering (Garrison, 1981), or when undergoing
diagenesis and lithification in different degrees.
Many deformational features such as layer thin-
ning and bending around concretions, stylolite
formation or deformation of pre-existing struc-
tures can be attributed to compaction.
Strain was measured in the present study

around the different types of concretions. The
distinctive appearance of lamina boundaries in
the beds that host concretions provides good
visual markers for original depositional relation-
ships (Fig. 12A and B) and thus allows a unique
opportunity to calculate the degree of compac-
tional strain around a given concretion (Hooker
et al., 2017). Exposures in quarries and roadcuts
allowed the patterns and extent of the folding
associated with concretions to be assessed in
detail, allowing analysis of the relative timing of
growth, and differentiation of different growth
modes.
Two types of strain fields were observed in

both the core and outcrop: (i) a symmetrical

Fig. 12. Quantification of compaction around replacive concretions. TN, un-compacted bedding thickness (thick-
ness between the beds immediately above and below concretions); TL, compacted bedding thickness (thickness
between same horizons, lateral to the concretion). (A) Core photograph of carbonate concretion showing differen-
tial compaction around a replacive concretion. (B) Illustration of laminae before and after compaction. Compac-
tion ratio is (TN/TL).
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strain field, where beds are deformed in a verti-
cally symmetrical manner around concretions
(Figs 2A, 2I, 3B and 12); and (ii) a vertically
asymmetrical strain field (Type II-carb), where
concretions show vertically asymmetrical
degrees of localized folding, and deformed beds
show higher curvatures and amplitudes around
concretions (Figs 5, 8 and S5). In the latter, the
beds appear to have been folded due to a forced
folding process with space in the host rocks lost
to make way for the concretions as distin-
guished from differential compaction. More
competent, mechanically isotropic beds such as
thick chert or granular phosphate are seen to
constrain the asymmetry of many of the Type II-
carb concretions in the heterolithic AHP (Fig. 5).
Compaction strain analysis, which is related

to the symmetrical strain field, was performed
around Type I-ch, Type II-ch and Type I-carb
concretions. The compaction, in this case, is
represented by the deformation occurring in the
lamina thinning around concretions due to dif-
ferential compaction processes governed by
gravity (Fig. 12A and B). The compaction ratio
of the thicknesses of the deformed beds in the
strain field was measured, both within and
around concretions and in the undeformed part
of the same beds. The strain shadow, the defor-
mation zone around the concretion (Lash &
Blood, 2004, 2007), disappears within a distance
up to 2 m above and below the concretion.
According to Hooker et al. (2017), the concre-

tion compaction ratio (CN) for replacive concre-
tion can be calculated as follows:

CN ¼ TN=TL

where:
TN: is the original thickness of a stratigraphic

package across the concretion vertically.
TL: is the compacted thickness of the same

package lateral to the concretion.
The results of the compaction strain analysis

are displayed in Tables 3 and 4. Compaction
ratios quantified, from the core, for the Type I-
ch and Type II-ch concretions display an aver-
age of 2.18, whereas the average compaction
ratio for the Type I-carb concretions is 3.33.
The compaction ratios, in the outcrops, of the

Type I-ch and Type II-ch concretions, are lower
(average of 2.5) than those for the Type I-carb
concretions (average value of 3).
In the case of displacive concretions (i.e. Type

II-carb), where the strain field is considered
asymmetrical, the strain is described as the

deformation of the forcibly folded beds around
concretions. However, compaction strain analysis
was not applicable around these Type II-carb
concretions because this method only applies to
differential compaction, for replacive concretions.

CONCRETION CLASSIFICATION BASED
ON THE MODE OF FORMATION

Based on the above-described macroscopic and
microscopic textural characteristics of the four
different concretion types observed in the study
interval and their influence on host rock lami-
nae, two main types of concretions were identi-
fied based on their growth mode (i.e. formation
mechanism): replacive concretions and displa-
cive concretions (Table 1). Replacive concretions
are those that display regular morphologies,
ghosts of microfossils and infilled porosity, and
well-preserved primary sedimentary structures
and laminae within the concretion body, indi-
cating a replacive growth mechanism (Maliva &
Siever, 1988; Sellés-Martinez, 1996; De Craen
et al., 1998; Raiswell & Fisher, 2000; Gaines &
Vorhies, 2016). In this type of concretion
growth, the strain field around the concretion
body is symmetrical. Based on the above, repla-
cive growth is observed in Type I-chert, Type II-
chert and Type I-carb concretions.
In contrast, displacive concretions are usually

observed as irregular shapes and show sharp
contact with the host rock, random crystal
arrangements and no internal sedimentary struc-
tures (Huggett, 1994; Liu et al., 2019), although
they may preserve traces of primary chert lami-
nae. The strain field around the concretion body
in this type of concretion growth is asymmetri-
cal. This mode of growth is mainly observed in
Type II-carb concretions.

DISCUSSION

Concretion diagenesis and chemical
conditions for concretion formation

The formation of both the silica and carbonate
cement in the JOS is attributed to the effects of
their dissolution/precipitation and pore fluid
chemistry. Chert in the Upper Cretaceous–
Eocene study interval has a biogenic silica ori-
gin, and it is thought to have formed by the
replacement of diatoms, radiolaria and silicofla-
gellates by opal-CT, and then by quartz
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(Kolodny, 1969; Kolodny et al., 1980; Moshko-
vitz et al., 1983). This is supported by the pre-
sence of sphalerite as a pre-dominant early

diagenetic sulphide mineral in the same interval
as reported by Huggett et al. (2017). Zinc is
necessary for the growth of diatoms (Varela
et al., 2011) and is released into the pore water
when these organisms die and decay. This
strongly supports the biogenic origin of the
silica. The transition of biogenic silica from
opal-A to opal-CT and subsequently to crypto-
crystalline quartz is known to produce volu-
metric changes in semi-lithified silica-carbonate
sediments (Kastner et al., 1977; Isaacs, 1982;
Murray et al., 1992; Behl & Garrison, 1994)
including deformation structures (Eichhubl &
Behl, 1998; Davies et al., 1999; Davies, 2005).
This is considered to be the driving mechanism
for brecciated fabrics in individual laminated
chert beds and disharmonic folds in underlying
chert-rich sequences (Powell & Moh’d, 2011: figs
19 and 20). Faster rates of opal-A to opal-CT
transition have been observed in pure silica ooze
layers as compared to those with a higher pro-
portion of clay, and other detrital minerals
(Bohrmann et al., 1994) in Miocene sediments.
Fracturing of chert sols and the development of
gentle folding of the semi-lithified chert beds are
interpreted as the result of volume changes asso-
ciated with the expulsion of pore water during
early diagenesis.

Table 2. Isotope data of carbonate concretions
(including symmetrical and asymmetrical types), their
host rocks and planar calcite veins transecting the
concretions in the Qatrana roadcut. ‘1’ to ‘4’: centre
to edge of the concretion through the host rock.
VPDB = Vienna PeeDee Belemnite.

Sample
δ13C
VPDB %o

δ18O
VPDB %o Growth

1 −8.145 −9.348 Displacive?
2 −9.577 −8.299
3 −10.582 −8.881
Host rock −9.402 −10.239
1 −6.923 −4.920 Replacive?
2 −7.032 −4.379
3 −7.133 −4.678
4 −6.072 −4.972
Host rock −7.171 −5.057
1 −6.831 −5.320 Replacive?
2 −7.122 −6.379
3 −6.931 −7.678
Host rock −7.250 −6.170
Planar calcite vein −10.180 −13.550
Planar calcite vein −9.131 12.120
Planar calcite vein −11.102 −10.210

Table 1. Major diagnostic indicators of replacive and displacive growth of concretions.

Concretion
growth mode

Diagnostic indicators

Macroscopic evidence Microscopic evidence

Replacive
growth

Laminae and sedimentological features can be
traced in the concretion body

Concretions usually exhibit microcrystalline
internal structure

Concretions have regular (uniform) shapes: mainly
spherical and elliptical

Crystals are arranged in aligned patterns

Concretion-associated fractures are rare Preserved internal sedimentary structures
and laminae

Laminae deformed/thinned in a symmetrical
vertical plane resulting in a symmetrical strain
field due to differential compaction

Concretions exhibit transitional boundaries

Displacive
growth

No traces of laminae and sedimentological features
in the concretion body, but individual displacive
units may be delineated by thin chert tracer beds

Concretions exhibit fibrous internal
crystalline structure

Concretions have irregular (non-uniform) shapes Crystals are arranged in a random (un-
aligned) pattern

Concretions are associated with fracturing Sedimentary structures and laminae are not
preserved

Laminae deformation is reflected by an
asymmetrical vertical plane resulting in
an asymmetrical strain field due to force folding

Concretions have sharp contact with host
rocks

Some concretions display triangular spaces filled
by chert at their edges

Concretions have sharp boundaries
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Table 3. Compaction measurements around replacive chert and carbonate concretions in the cores.

Chert concretion Carbonate concretion

Sample
number TN TL

Compaction
ratio (CN)

Sample
number TN TL

Compaction
ratio (CN)

1 5.0 3.0 1.67 1 20.0 5.5 3.64
2 3.0 2. 1.50 2 12.0 7.0 1.71
3 3.5 2.5 1.40 3 20.0 3.2 6.25
4 2.0 1.5 1.33 4 15.0 4.0 3.75
5 5.5 2.0 2.75 5 25.0 3.8 6.58
6 6.0 3.5 1.71 6 14.0 2.5 5.60
7 1.8 1.0 1.80 7 15.5 5.0 3.10
8 4.0 2.5 1.60 8 14.0 4.5 3.11
9 4.0 1.5 2.67 9 20.0 7.0 2.86
10 15.5 5.0 3.10 10 19.0 5.0 3.80
11 11.0 3.0 3.67 11 22.0 7.5 2.93
12 14.0 6.0 2.33 12 20.0 6.0 3.33
13 5.5 2.0 2.75 13 13.0 5.0 2.60
14 4.0 2.0 2.00 14 12.0 3.0 2.67
15 12.0 5.0 2.40 15 5.0 1.5 3.33

16 5.0 2.0 2.50
17 4.5 2.5 1.80
18 4.0 2.0 2.00
19 2.5 1.0 1.74

Average 6.45 2.83 2.18 13.82 4.11 3.33

Table 4. Compaction ratios measured around replacive chert and carbonate concretions from the outcrops.

Chert concretion Carbonate concretion

Sample
number TN TL

Compaction
ratio (CN)

Sample
number TN TL

Compaction
ratio (CN)

1 14.0 5.0 2.80 1 45.0 15.0 3.00
2 17.0 6.0 2.83 2 48.0 17.0 2.82
3 3.75 2.5 1.50 3 50.0 14.0 3.57
4 15.0 6.0 2.50 4 55.0 18.0 3.06
5 14.0 5.0 2.80 5 58.0 20.5 2.83
6 18.0 7.0 2.57 6 46.0 15.0 3.07
7 14.0 5.0 2.80 7 48.0 13.0 3.69
8 10.0 3.5 2.86 8 45.0 13.5 3.33
9 3.0 2.5 2.40 9 55.0 19.0 2.89
10 5.0 2.0 2.50 10 58.0 19.0 3.05
11 5.0 2.5 2.00 11 46.0 16.0 2.88

12 50.0 14.0 3.57
13 74.0 25.0 2.96
14 210.0 60.0 3.50
15 71.0 24.0 3.96
16 80.0 25.0 3.20
17 75.05 24.0 3.15
18 60.5 14.0 4.32
19 40.0 13.0 3.08
20 39.0 15.0 2.60
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Carbonate in the calcite cement in the study
interval is interpreted to be derived from micro-
bial diagenesis (decomposition) of organic
matter, calcareous microfossils (for example,
coccoliths) and phosphomicritization of shelly
material (Soudry & Champetier, 1983; Powell &
Moh’d, 2012). Calcium was derived from sea-
water (Hooker et al., 2017; Huggett et al., 2017).
Dissolution of the host sediment may also have
contributed significantly to the carbonate cement
fraction in all types of concretions. This is evi-
dent by the narrow ranges of the stable isotopic
values of the systematically analysed carbonate
concretions and their host rocks (Fig. 11).
In the study succession, both silica and carbo-

nate diagenetic processes are related to micro-
bial diagenesis of organic matter and are closely
linked in both time and space, with pH, presum-
ably influencing whether silica or carbonate pre-
cipitates (Huggett et al., 2017). According to
these authors, most of the early diagenetic pro-
cesses in the study succession are believed to
have occurred within the first 10 m of burial.
Early diagenesis of chert is also supported by
penecontemporaneous brecciation fabrics in
chert laminae in the lower part of the succession
(Powell & Moh’d, 2011).
Silica and carbonate diageneses are usually

inextricably linked (e.g. Kastner et al., 1977;
Torres et al., 2020). It is argued that carbonate
and silica ions were: (i) exceptionally mobile;
and (ii) highly sensitive to one or more tipping
points, favouring a switch from carbonate to
silica precipitation (or vice versa), during diag-
enesis of the JOS. Kastner et al. (1977), among
others, showed that silica solubility is strongly
coupled to alkalinity and the availability of key
cations such as Mg2+.
It is well-recognized that the occurrence of

certain ions in solution at neutral pH values
enhances silica polymerization (e.g. Bis-
que, 1962; Sheikholeslami et al., 2002). The rate
of transformation of opal-A to opal-CT is found
to be much higher in carbonate (for example,
AHP) than in clay-rich (for example, MCM) sedi-
ments according to Kastner et al. (1977). Those
authors also found that magnesium hydroxide is
important for opal-CT formation. The carbonate
dissolution plays a key role since it provides the
necessary alkalinity and a proportion of the
Mg2+. Seawater, or dissolution of high-Mg
bioclasts, provides extra magnesium for the
magnesium hydroxide required for opal-CT
polymerization (Kastner et al., 1977; Huggett
et al., 2017). Mg2+ ions in pore waters may have

acted as a catalyst for quartz precipitation, con-
tributing to the formation of chert concretions.
The following processes are proposed here to

have operated during early diagenesis. (i) Carbo-
nate concretions precipitated under closed-
system conditions, where porewaters were rich
in dissolved inorganic carbon (DIC), the latter
derived from the dissolution of primary carbo-
nate and degradation of organic matter (or oxi-
dized methane from adjacent organic-rich
sediments), and where the rate of DIC diffusion
out of the system was sluggish, possibly con-
fined by early lithified chert/phosphate beds,
resulting in the preservation of primary carbo-
nate and precipitation of carbonate concretions.
(ii) Quartz concretions precipitated in a low-DIC
system (potentially, but not necessarily, open)
meaning that any primary carbonate was likely
soluble and, therefore, catalysts for quartz preci-
pitation were available (for example, Mg ions).
Thus, the control on quartz versus carbonate
precipitation was potentially simply related to
the fluid flow conditions and DIC. Critically,
closed system precipitation and/or preservation
of primary carbonate implies concurrent retarda-
tion of transformation from opal-A to opal-CT
(see Kastner et al., 1977).
Thus, a process-oriented model could explain

the development of the large asymmetrical and
symmetrical Type II carbonate concretions (in the
heterolithic AHP), which deform underlying and
overlying chert/marl beds often asymmetrically,
depending on the constraining mechanical
strength of the surrounding beds. In Fig. 5A, the
thick chert bed overlying the concretion is inter-
preted to have lithified first (by reaction of moder-
ate to high alkalinity and catalysts derived from
carbonate dissolution or from the overlying sea-
water). It is proposed here that the overlying
early-lithified chert bed promoted closed system
conditions in the underlying strata. The DIC accu-
mulated in the underlying porous chalky marl
beds, leading to migration of DIC ions to nuclea-
tion centres and precipitation of microcrystalline
cement resulting in displacive carbonate concre-
tion growth and, concomitantly, retardation of
lithification of the underlying chert/marls beds.
This resulted in a greater degree of (downward)
deformation in the underlying beds.
Additional examples are shown in Fig. 5B and

C. In Fig. 5B, the constraining bed is a thick
bedded granular phosphate (with thin marl).
The initial early lithified chert bed bifurcates
(splits) along three thin marl partings allowing
displacive carbonate ions to migrate from
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adjacent carbonate-rich beds; three tabular-
shaped units of microcrystalline limestone
showing displacive growth (DG1 to DG3) are
separated by traces of original thin chert lami-
nae. Thin marl laminae within the chert beds
appear to have been the loci for the lateral
migration of carbonate ions in alkaline pore
waters derived from the chalky marl interbeds
resulting in vertical displacive growth (Fig. 5B
and C). A higher displacive concretionary unit
(DG4) was in turn constrained, below, by the
thinned topmost chert bed resulting in upward
asymmetrical growth during the migration of
carbonate ions. Compactional thinning of the
thin beds of chalky marl and chert above the
composite concretion indicates that the latter
formed relatively early during burial diagenesis.
Following on from this hypothesis, the con-

centric Type I-carb concretions may thus indicate
transitions from high DIC (likely closed system)
to low DIC (possibly open system) conditions or
vice versa. The chemistry of the system was
likely driven by high and unsteady rates of input
of labile organic matter, biogenic silica and carbo-
nate derived from the host sediments.
In carbonate concretions, especially Type II-

carb concretions, the concretion growth is
thought to have taken place about 5 to 10 m
below the sediment–water interface in semi-
lithified sediment (cf. Huggett et al., 2017). This
is demonstrated by the absence of hard ground
or erosional surfaces on the crests of concretions
indicating that these concretions were not
exposed on the seafloor.
Early lithification of chert sols and the devel-

opment of vertical fractures, some infilled by
silica also demonstrate partial lithification suffi-
cient to allow shrinkage fractures to develop at
the sediment–water interface or at shallow bur-
ial depths. Fractures may have originated as
syneresis cracks.
The origin of the microcrystalline carbonate

cement in Type II-carb is enigmatic. The associa-
tion of chalky marl and porcellanite beds inter-
bedded with the chert and phosphate (Fig. 5B
and C) indicates that carbonate ions were avail-
able during early diagenesis. Part of the bicarbo-
nate required for concretion development may
have been derived from the decomposition of
microbial organic matter in these sediments,
sourced either from organic phytoplankton in the
marls or fish/vertebrate fragments in the
phosphate-rich beds. Microbial activity is com-
monly seen in the granular phosphate beds
associated with this lithofacies (Powell &

Moh’d, 2012; Gaines & Vorhies, 2016). The carbo-
nate cement may also have been sourced from
the dissolution of the host sediment (marine car-
bonate shells) at shallow burial depths.

Replacive versus displacive growth modes:
diagnostic indicators

Previous studies of concretion growth have
drawn attention to the two contrasting modes of
concretion growth; namely replacive versus dis-
placive. Sellés-Martinez (1996) and Gaines &
Vorhies (2016) in particular, have reviewed diag-
nostic indicators for these two end members.
Sellés-Martinez (1996) stated that, in replacive

growth, the concretion occupies the place of
pre-existing material while growing. In such a
growth mode, the cement is thought to replace
the host material or passively fill the pore space
(Sellés-Martinez, 1996; Marshall & Pirrie, 2013).
The growth of concretions, in this case, results
from super-saturation of DIC in porewaters,
which in mudrocks, usually results from alkali-
nity created by microbial respiration of organic
matter in the primary sediment (e.g. Sellés-
Martinez, 1996). Gaines & Vorhies (2016) also
showed, at the microscale, that in this mode of
growth the carbonate ions integrate into a con-
cretionary body by extensive cementation of
pore spaces, reflecting a pore-filling mechanism
(Raiswell, 1971). This leads to changes in the
porosity of the sediment during the growth of
concretions (Raiswell, 1971).
In replacive concretions, sedimentary laminae

and structures can be clearly traced through the
concretion body (Raiswell, 1971; Sellés-
Martinez, 1996). Examples are clearly seen in
the JOS Type I-ch, Type II-ch and Type I-carb
concretions. Replacive concretions are seen at
specific horizons in the outcrops (Fig. 4), core
samples and relevant borehole images
(Fig. 12A). The growth of replacive concretions
is believed, here, to be strongly linked to sym-
metrical folding patterns (Fig. 3B and Fig. S8),
particularly where there is little or no contrast
in the host lithologies, for example homoge-
neous marl in the MCM. This is revealed by the
deformation occurring in the lamina thinning
around concretions due to differential compac-
tion processes governed by gravity (i.e. symme-
trical strain field).
Displacive concretions, in contrast, can be

recognized by their massive nature with little or
no preserved internal sedimentological features
or laminae (Sellés-Martinez, 1996). However,
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very thin chert tracer laminae may be preserved
between separate displacive units in compound
concretions (for example, Fig. 5B). This general
diagnostic feature was observed (macroscopi-
cally and microscopically) in most of the JOS
displacive concretions, in specific horizons
within the heterolithic AHP. Displacive concre-
tion growth was first recognized by Richard-
son (1921), who reported experimental
deformation of bedding around concretions due
to displacive growth. Saigal & Walton (1988)
and Sellés-Martinez (1996) have also argued that
fracturing of the host rocks around concretions
is a major indicator of the displacive growth of
concretions. This type of concretion is believed
to form under shallow burial conditions (the
first few metres of burial) and against the over-
burden load; displacive growth develops by
force of micro-spar crystallization (Dewers &
Ortoleva, 1990; Sellés-Martinez, 1996). The con-
cretion starts to grow when oversaturation of
parent brines is associated with un-cemented,
highly porous hosts, which is only possible
under shallow burial conditions or by early
overpressuring of sealed beds (Sellés-
Martinez, 1996) as in the case of thick constrain-
ing beds of phosphate or chert. Displacive
growth requires the shear strength of the host to
be very low (Sellés-Martinez, 1996). This growth
mode may also occur during early burial diagen-
esis, which would only be possible if the host
beds have enough plasticity (high fluid content)
to allow deformation by the concretion growth
(Sellés-Martinez, 1996).
Displacement occurs when beds are forced

apart by the growth of minerals (Astin & Scotch-
man, 1988; Sellés-Martinez, 1996; Gaines &
Vorhies, 2016) seen in many examples from out-
crop and core (Figs 5 and 10). In such examples,
the laminae were observed to have been pushed
apart in asymmetrical geometries around the con-
cretion, resulting in a vertically asymmetrical
folding of laminae associated with the asymme-
trical strain field. Asymmetry is dependent on
thick constraining beds, above or below. It is
argued, here, that the laminae forcibly fold
around concretions by the displacive growth of
such asymmetrical concretions (see Fig. 5) in
contrast to differential compaction (i.e. symmetri-
cal strain field linked to symmetrical folding pat-
terns) that occurs around replacive concretions.
At the microscale, displacive concretions (Type

II-carb) show semi-fibrous calcite crystals (in the
form of micro-spar) arranged in random patterns
inside the concretion (Fig. 10A to C). This is

consistent with the texture of the London Clay
displacive carbonate concretions reported by
Huggett (1994) and the displacive zones of the
carbonate concretions in the Xiamaling Forma-
tion in north China reported by Liu et al. (2019).
In addition to the aforementioned indicators,

our study presents new diagnostic indicators of
concretion growth (Table 1). An important indi-
cator is the formation of the triangular chert
areas at the lateral ‘pinch points’ of the concre-
tions (Figs 2C, 2D, 3D and S8). Triangular chert
areas (pinch points) are present in the core,
borehole images and at outcrop (Fig. S8) within
the lower MCM. They are interpreted here to
have formed at the concretion ‘pinch points’
during its displacive carbonate growth within
the host sediment, taking the shape of triangles
in cross-section. The authors interpret these fea-
tures as the result of the diffuse mobilization of
silica from the carbonate-rich areas of the con-
cretion to the lateral pinch points where the
stress was reduced, thereby favouring the preci-
pitation of silica.
Another diagnostic indicator is the forced

folding of the chert beds around Type II-carb
concretions, which supports the argument
related to displacive growth. Chert beds have
been forcibly folded by the displacive develop-
ment of concretions, which is controlled by the
force of crystallization (Dewers & Ortoleva, 1990;
Sellés-Martinez, 1996). This leads to an impor-
tant question of what has controlled the folding
of chert beds around concretions.
The folding, around displacive concretions,

reaches its maximum at the apogee of the con-
cretion (see Fig. 5A and B); indicating that the
asymmetrical nature of the displacive concre-
tions controls this folding. In such cases, displa-
cive growth is interpreted to have occurred
when the host rock was not completely lithified.
In Fig. 5A, the thick chert bed above the concre-
tion is not folded, whereas below, a thinner, less
compacted chert bed intercalated with a set of
marl beds hosts a horizon of small carbonate
concretions that are folded concordantly with
the concretion geometry. This suggests that the
folding of chert beds, around this asymmetrical
concretion, follows the growth and geometry of
the concretion; similar features are seen in
Fig. 5B. As noted above, early lithification of
chert is commonly seen in these strata as is
further evidenced by associated veins. Silica
veins are observed to fan radially in the forcibly
folded chert beds around Type II-carb concre-
tions, and their apertures increase towards the
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maximum curvature (Fig. S5E and F). These
silica veins remained orthogonal to the host
beds (Fig. S5B to D), indicating that they formed
prior to the folding of the chert beds. They are
interpreted to have developed during early diag-
enesis, presumably when the lithification of the
chert beds commenced. This is supported by the
flat tips of these fractures (Fig. S5). The concre-
tions are believed to have forcibly folded the
fractured, semi-lithified chert beds upward and/
or downward (with respect to the concretion
centre) through its growth history. Consistently,
silica veins in the parts of the same chert beds
that preserve their horizontal bedding, remained
in their original vertical orientation (Fig. S5B
to D). Thus, displacive concretionary concre-
tions create increased volume by deforming their
host sediments (Sellés-Martinez, 1996).
Another possibility that may explain our forced

folding hypothesis is that the chert was suffi-
ciently stiff to influence the folding around dis-
placive concretions, but not brittle enough to
fracture, or that the rate of fold growth was so
slow that they acted in a ductile manner (for
example, like salt). Examples of auto-brecciated
chert showing early differential fracturing/micro-
faulting of brittle chert laminae within thick chert
beds are common in the underlying Amman Sili-
cified Limestone (Powell & Moh’d, 2011). The
forced folding, regardless of its driving mechan-
ism, should be distinguished from simple differ-
ential compaction processes by the extremely
localized strain patterns that show asymmetry in
the vertical plane linked to the concretion mor-
phology and growth style.
In summary, the abundance of replacive and

displacive concretions in the study succession
permitted an integrated analysis of the growth
mechanism and characterization of growth mode
with respect to their stratigraphical position
(Fig. 13). Concretion-associated fracturing,
including fracturing occurring inside the concre-
tion body and host rock, is crucial to under-
standing the growth mode of concretions, and is
considered an important indicator of displacive
growth of concretions (Saigal & Walton, 1988;
Sellés-Martinez, 1996).
The fracturing associated with carbonate and

chert beds and concretions (including fractures
cross-cutting concretions) suggests that: (i)
mechanical properties of the strata began to dif-
ferentiate at a very early stage of burial (Hooker
et al., 2017; Abu-Mahfouz et al., 2019), so that
type of concretion is dependent on the lithologi-
cal heterogeneity/homogeneity of the original

Fig. 13. Stratigraphical distribution of the different
types/morphologies of displacive (D) and replacive
(R) carbonate and chert (black) concretions in
the study succession. Note the two types of repla-
cive chert concretions: (i) replacive chert concretion
cross-cut by early folded calcite veins (wiggly
yellow line); and (ii) replacive chert concretion
with reaction rims around the concretion (yellow
circle).
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host sediment; and (ii) there is a strong relation-
ship between diagenesis and deformation (Hug-
gett et al., 2017; Abu-Mahfouz et al., 2020).

Timing of concretion growth

The relative timing of the concretion growth can
be inferred by analysis of the degree of compac-
tion in the concretion compared with the adja-
cent host rocks (Astin & Scotchman, 1988;
Marshall & Pirrie, 2013; Fig. 14), stable isotope
signatures and the growth rate of crystals (Woo &
Khim, 2006). Various studies have reported the
formation of carbonate concretions at shallow
burial depths with different growth rates (e.g.
Abed et al., 2005; Makhlouf & El-Haddad, 2006;
Huggett et al., 2017; Yoshida et al., 2018). The
present study demonstrates that the JOS
carbonate concretions (replacive and displacive)
formed rapidly during early diagenesis at shal-
low burial depths but continued to grow during
burial history with a relatively slow growth rate
(Fig. 15). Evidence for this comes from the fol-
lowing key findings:
At the microscale, the preservation of com-

plete fossils within the carbonate concretions
indicates that the concretions formed soon after
the deposition of the host sediments (Marshall &
Pirrie, 2013; Gao et al., 2020). Fully-preserved

fossils and primary depositional structures
observed in replacive carbonate concretions (see
Fig. 6A) are robust indicators that rapid growth
by pore-filling microcrystalline cement occurred
prior to burial compaction (Huggett et al., 2000;
Raiswell & Fisher, 2000).
The high percentage cement fraction (70 to 80%

of pore space is now filled by cement) in both dis-
placive and replacive carbonate concretions
implies that cementation occurred at an early stage
in the compaction/burial history, where there was
sufficient pore space between the primary grains to
allow the cement to occupy a large volume of the
concretion (Fig. 9; Marshall & Pirrie, 2013). Evi-
dence for rapid growth also includes the presence
of only a single cement texture comprised of micro-
crystalline calcite that is present throughout the
carbonate concretion matrix.
The size of the crystals forming the concretions

can help to unravel the growth history with
regard to the growth rate of concretion (Woo &
Khim, 2006). In the case of the JOS carbonate con-
cretions, the increase in the calcite crystal size at
the concretion margins of the systematically
sampled replacive and displacive concretions
may reflect a decrease in the growth rate during
the later stages of concretion growth or a reduced
strain at the concretion margins permitting larger
crystal growth.

Fig. 14. Diagram showing the different possible occurrences of replacive concretions and their relationships to the
host sediment that illustrates the timing of concretion growth relative to sediment compaction. Ellipses represent
the outer margin of the concretions. (A) Early diagenetic concretion formed before compaction. (B) Early diagenetic
concretion continued to grow during compaction. Note that the beds are deformed inside and outside the concre-
tion; (C) and (D) represent concretions that formed after compaction. Modified from Marshall & Pirrie (2013).
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Geochemically, the narrow ranges of the stable
isotopic values of the systematically analysed
carbonate concretions (δ13C compositions range
from −7.13 to −6.07‰ for replacive concretions

and from −10.58 to −8.15‰ for displacive con-
cretions; and δ18O values range from −9.35 to
−4.38‰ for both concretion types) and their
host rocks (δ13C values range from −9.40 to

Fig. 15. Paragenetic sequence of concretion formation and cement of the associated fracture sets. The timing of
the different features is relatively constrained based on cross-cutting relationships (between fractures and concre-
tions), compaction ratio/burial history and stable isotopes analyses. AHP, Al-Hisa Phosphorite Formation; MCM,
Muwaqqer Chalk-Marl Formation; QCS, Qirma Sandstone Formation; URC, Umm Rijam Chert-Limestone Forma-
tion; WSC, Wadi Shallalah Chalk Formation.
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−7.17‰) (Table 2; Fig. 11) suggest an early for-
mation of concretions at shallow depths. This
narrow range suggests that pore water chemistry
remained similar during growth and that the
concretion growth over time did not occur
rapidly. The δ13C values of carbonates that form
the concretion matrix are usually used to charac-
terize specific microbial pathways that were
responsible for commencing and maintaining
concretion growth, and constrain the timing and
duration of growth (Coleman & Raiswell, 1981,
1995; Mozley & Burns, 1993; Fisher et al., 1998;
Raiswell & Fisher, 2000, 2004; Raiswell
et al., 2002; Dale et al., 2014; Loyd et al., 2014).
The narrow isotopic ranges, along with the find-
ing that the concretion margins are usually more
depleted than the centres (isotopic values of the
centres are close to the host-rock values) and the
δ18O isotopic compositions (low temperatures of
precipitation) of both Type-1 carb (replacive)
and Type II-carb (displacive) concretions suggest
that concretion formation commenced at shal-
low burial depth, but may have continued dur-
ing progressive burial (Raiswell, 1971; De Craen
et al., 1998; Raiswell & Fisher, 2000; Woo &
Khim, 2006; Marshall & Pirrie, 2013; Gaines &
Vorhies, 2016). The δ18O ratios (−9.35 to
−4.38‰) indicate that the precipitation occurred
not far below the sediment–water interface,
mostly from CO2 produced by sulphate-reducing
bacteria (Irwin et al., 1977).
Different relationships between concretions and

their associated fractures also help to constrain
the timing of concretion growth. The presence of
septarian fractures inside the Type II-carb concre-
tions (MCM) strongly indicates an early formation
of these concretions (Fig. 7A; Raiswell, 1971;
Astin, 1986; Astin & Scotchman, 1988; Hesslebo
& Palmer, 1992; Marshall & Pirrie, 2013; Gao
et al., 2020). Septarian fractures have been
reported in many mudstone-dominated succes-
sions such as the Lias Group (Lower Jurassic) and
Kimmeridge Clay Formation (Upper Jurassic) in
Dorset, UK (e.g. Hesslebo & Palmer, 1992; Wolff
et al., 1992; Kiriakoulakis et al., 2000). Hesslebo
& Palmer (1992) argued that septarian cracks
formed within concretions probably during the
early stages of burial at burial depths of no greater
than 30 m. Some authors have characterized sep-
tarian fractures as tensile fractures that usually
form during the burial and compaction of the
host sediments (Astin, 1986; Maltman, 1994;
Sellés-Martinez, 1996; Hounslow, 1997).
Astin (1986) argued that they are tensile fractures
that form by dehydration during diagenesis.

Hounslow (1997) suggested that they might form
over a wide depth range. However, Houn-
slow (1997) suggests that a condition for their for-
mation is that the pore pressure is higher inside
the concretion than in the host sediment, thereby
generating local overpressuring that led to inter-
nal fracturing. It was suggested that this may have
occurred because early cementation reduced the
permeability of the concretion, confining the
fluids in the concretion. Sellés-Martinez (1996)
proposed that it is possible for septarian cracks to
develop due to the increase of stress around a
stiff concretion in plastic sediment, suggesting
that overpressuring is not essential for septarian
fracturing (Raiswell & Fisher, 2000). Wetzel (1992)
noted that septarian fracture formation may be
initiated by both plastic deformation and dewa-
tering of the concretion body.
The radial orientation of silica veins in the

thin chert beds around displacive carbonate con-
cretions (Fig. 5A) implies that growth of the car-
bonate concretion post-dates early fracturing of
the chert and subsequent infilling by silica, the
latter thought to be coeval with the folding of
the chert beds. Radial fanning of silica veins is
usually associated with an increase in the aper-
ture size of silica veins (up to 3 cm width) at
the areas of maximum curvature (Fig. S5C to F),
providing robust evidence of the early formation
of these Type II-carb concretions. The progres-
sive concretion growth appears to have contribu-
ted to the increase of the vein aperture and
silica fill; early fracturing is also supported by
the orthogonal direction of similar veins in the
adjacent level-bedded chert (Fig. S5B to D).
Vertical planar calcite veins, in contrast, were

observed in many examples to cross-cut the carbo-
nate concretions and the surrounding beds
(Fig. S5C and D), indicating that these veins post-
date the growth of the concretions. This is sup-
ported by the stable isotopic data that show that
cross-cutting calcite veins are more depleted in car-
bon and show the most negative δ18O signatures
compared to concretions and the host sediments.
The bending of a horizon of small carbonate

concretions around a displacive carbonate con-
cretion in the AHP (Fig. 5A) is another piece of
evidence that this deformation occurred due to
the displacive growth of the main concretion, as
indicated by the downward bending that is con-
cordant with the concretion shape and growth.
Additionally, joint fractures at the lower bound-
ary of the overlying thick chert bed indicate that
the fracturing had occurred in this bed prior to
concretion growth, possibly as a result of the
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Fig. 16. Schematic drawing illustrating the sequence of diagenetic events (A) to (G) in heterolithic (Al-Hisa Phos-
phorite Formation – AHP – A to D) and homogeneous (Muwaqqer Chalk-Marl Formation/Umm Rijam Chert-
Limestone Formation – MCM/URC – E to F) primary lithologies in the study section. (A) to (D) Deposition of
phosphorite, chert (opal-A to opal-CT and siliceous chert transition) in the AHP; the formation of displacive (B1,
B2) and replacive (B3) carbonate concretions, early formed silica veins (A), and replacive chert concretions is
shown in (B) to (D) at shallow burial depths in the presence of alkaline pore waters with dissolved inorganic car-
bon (DIC); the formation, at greater burial depths, of folded calcite veins, bitumen veins (BV) and chert ‘wings’ is
shown in (D) and (C), respectively. (E) and (F) Illustrate the deposition of chalky marl (MCM) and chalky marl
with chert (URC) with the formation of replacive carbonate concretions. Late-stage tectonic uplift resulted in pla-
nar calcite veins cross-cutting concretions and host rocks (G). Ch, chert; CH4, methane; ChM, chalky marl; CV, late
calcite veins; DIC, dissolved inorganic carbon; ML, microcrystalline limestone; Ph, phosphate; Si, silica.
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early lithified chert becoming more brittle dur-
ing shallow burial diagenesis.
Another strong line of evidence on the early

timing of concretion growth is the formation of
triangular areas that are filled by chert at the lat-
eral margins of some of the displacive carbonate
concretions (ear-like shape; Figs 2C, 2D, 3D and
S8). These triangular chert spaces indicate the
migration of mobilized silica ions to lateral mar-
gins of the concretion where the compressional
growth pressure was reduced; they are inter-
preted as forming during later stages of carbonate
concretion growth in a semi-closed system with
reduced DIC that favoured the migration of silica
ions to these marginal regions. The ‘chert wings’
are distinguished from the ‘displacive splitting’
of primary chert beds seen in Fig. 5B and C.
Geomechanically, the compaction ratios of

replacive carbonate concretions indicate that
these concretions formed rapidly in the first few
metres, prior to any significant compaction, and
continued to grow during burial and compaction
(Fig. 15). This is indicated by the enhanced dif-
ferential compaction of the host mudstone lead-
ing to the bending of shale and marl laminae
around concretions (Marshall & Pirrie, 2013).
Although the deflection of bedding around the

concretions is a primary feature associated with
different types of concretions (Raiswell, 1971;
Mozley, 1996; Raiswell & Fisher, 2000; Rodri-
gues et al., 2009), the beds were observed to
show a high and an asymmetrical deflection (i.e.
asymmetrical strain field) around displacive
concretions (Fig. 3B and Fig. S7), which contrast
with symmetrical differential compaction
around replacive concretions.
The aforementioned interpretation of the early

formation of carbonate concretions also applies
to Type I-ch concretions. The cross-cutting rela-
tionship with the early folded calcite veins
(Fig. 2H) is a strong line of evidence that these
concretions formed at a very early stage of burial.
Type II-ch concretions (Fig. 2J) are, however,

believed to have formed relatively later (Fig. 15),
and their formation (silica diagenesis) has pro-
moted hydrocarbon expulsion resulting in bitu-
men fractures that later cross-cut these
concretions (Abu-Mahfouz et al., 2020). In addi-
tion, no evidence of cross-cutting by folded cal-
cite veins was observed in this type of concretion.
To summarize, Fig. 16 shows the sequence of

events (through time) from the deposition of the
host rocks [carbonates, organic matter and chert
sols (opal CT-chert transition)], through the forma-
tion of folded calcite veins, silica veins, concretion

development, development of reaction rims
around chert concretions, and late calcite veins.

CONCLUSIONS

1 This study makes a new contribution to the
understanding of the growth modes of concre-
tions in organic-rich, heterolithic phosphorites
and bituminous carbonate mudrocks.
2 Carbonate and chert concretions are abun-

dant in the upper and lower intervals of the
upper Maastrichtian to Eocene study succession
in central Jordan. Specific concretion types and
compositions typically occur in specific strati-
graphic horizons, their structure and mode of
development largely controlled by the lithologi-
cal nature of the original host sediment (rock),
that is cherty phosphorite versus bituminous
chalky mudrock.
3 Two main modes of growth were observed

in these rocks: (i) displacive concretion growth;
and (ii) replacive concretion growth.
4 This study presents new evidence for dis-

placive concretion growth based on: (i) asymme-
trical folding (due to displacive growth
pressure) associated with the asymmetrical
strain field around concretions, and silica vein
arrays; (ii) the formation of triangular chert areas
at the margins of carbonate concretions; and (iii)
the semi-fibrous nature of calcite crystals form-
ing these concretions.
5 Based on macroscopic and microscopic evi-

dence and stable isotope results, concretion for-
mation is interpreted as commencing at shallow
burial depth in the presence of alkaline pore
waters with abundant Mg2+ ions. The presence
of available organic matter (from phytoplankton
and fish/vertebrate clasts) and redox-sensitive
metals such as U and Mo derived mainly from
phosphate and organic matter may have
favoured concretion genesis through migration
of pore waters rich in dissolved organic carbon.
Growth continued during progressive burial for
Type I-carbonate concretions.
6 Displacive Type II-carbonate concretions in

the AHP are interpreted to have formed in a
semi-closed system, locally confined by thick,
mechanically stronger, beds of chert or phos-
phate. In contrast, replacive Type I carbonate
concretions are thought to have developed more
slowly in homogeneous chalky marl (locally
bituminous) sediments.
7 Chert concretions are interpreted to have

different timing of development: early for
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replacive Type I-chert concretions with folded
calcite veins and late for Type II-chert concre-
tions with halo/reaction rims and bitumen
veins.
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Supporting Information

Additional information may be found in the online
version of this article:

Figure S1. (A) Field photograph showing the AHP,
MCM and URC formations exposed at Wadi Al-Bus-
tani, south Jordan. Height of section ca 60 m. (B)
Field photograph showing the concretions on a bed-
ding plane in Wadi AL-Bustani (hammer circled for
scale).

Figure S2. Example of fractures and concretions from
the borehole images. CC, Carbonate Concretion; Ch,
Chert.

Figure S3. BSE image of replacive carbonate concre-
tion from the MCM, Core C9.

Figure S4. Histogram showing the diameter values
(the longer axis in spherical concretions) of carbonate
and chert concretions in all the study outcrops.
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Figure S5. (A) Field photograph showing folding of
chert beds around a horizon of carbonate concretions
in the Qatrana Roadcut (AHP). (B) Field photograph
showing silica veins orthogonal to the chert beds
bending around the concretion. (C) Zoom-in of the
red square in (A) showing an asymmetrical carbonate
concretion with a folding of the chert bed underlying
the concretion. (D) Drawing of (C), showing silica
veins (white lines) confined to the chert bed bending
around the concretion and planar calcite veins (red
lines) that crosscut the carbonate concretion and the
host beds. SV, Silica Vein; CV, Calcite Vein. Note the
maximum aperture size in the areas that show a high
degree of folding. (E) Frequency distribution of the
fracture aperture of silica veins observed in the chert
beds around carbonate concretions in the area with
maximum folding (areas of localized deformation). (F)

Frequency distribution of the fracture aperture of
silica veins in the non-folded/undeformed parts (i.e.
away from the concretion) of the same host (chert)
beds.

Figure S6. Bedding-parallel gypsum veins transecting
a carbonate concretion.

Figure S7. Microphotograph in polarized light show-
ing a chalcedony-filled radiolarian test.

Figure S8. Examples from the core (A), borehole
image logs (B) and outcrop (C) of triangular spaces
formed at the pinch points at the margins of the car-
bonate concretions. Ch: Chert; CC, Carbonate Concre-
tion; S. Lst, Silicified Limestone.

Table S1. Table summarizes the locations and key
information about the study outcrops.
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