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Abstract

A discussion of the most relevant morphological features of concretionary bodies and the different classifications, and the
criteria involved in these classifications is presented, together with suggestions for improvements to the various classification
schemes. The meaning of syngenetic, diagenetic and epigenetic related to the relative timing and environment of growth of
concretionary bodies is also reviewed and discussed. The replacement of mixed morphogenetic classifications, which lead to
conflicting results, by classification categories based on textural features is proposed. Because the identification of the
genetic environment of a concretionary body tells little about its history, I recommend defining growth patterns in which the
successive steps associated with changes in composition and /or texture and the development of new structures are recorded.
A new path is presented that accounts for the contradiction between textural and isotope features, which suggests
respectively syngenetic and diagenetic (or even epigenetic) signatures. This new path is characterized by the preservation of
large porosities over very long time spans and down to depths that are somewhat greater than expected, due to the inhibition
of normal compaction caused by early overpressuring. This overpressuring is the result of the development of hydraulic seals
since approximately the syngenetic phase times. The concepts of ‘‘force of crystallization’’ and ‘‘displacive growth’’ are
also reviewed. It is being suggested to discard some controversial interpretations of their actual importance for true
concretionary displacive growth under epigenetic conditions. In accordance with other authors, the conclusion is reached that
displacive growth is only possible if the shear strength of the host is very low and the stress field within the host is almost
hydrostatic. A new model (the Symcompactional Concretionary Growth Model) is proposed which explains how a
concretionary body, generally a nodule, can grow while its host thins down by compaction.

This overpressured-undercompacted model will be useful for the interpretation of an assemblage of features such as
injection dikes, hydraulic breccias, cone-in-cone sructures, among others that are thought to be representative of the former
presence of overpressured horizons. These overpressured horizons could serve as detachment planes in paleotectonically
active basins. Seals that could have controlled the movement of brines and hydrocarbons during the diagenetic evolution of
the basin can also be assessed; this is relevant for the identification of maturation conditions. The potential development of
secondary fracture permeability due to hydraulic fracturing in buried areas of the basin can also be evaluated based on the
identification of formerly overpressured horizons in outcrops.

““The origin of concretions is generally a geological puzzle” Clifton (1957).
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1. Introduction

Authigenic precipitates in the form of veins, con-
cretions or cements (concretionary bodies — CB's
— as they shall be called throughout this paper)
have been extensively described and studied morpho-
logically and genetically, since the earliest times of
sedimentology. Nevertheless, the above statement of
Clifton (1957) still holds, and features not adequately
explained and subject to debate, still remain. The
reasons why veins form under some circumstances
and concretions in others and how and why exten-
sive cementation can predate, follow or replace both
are a few of such questions. Another is why the
chemistry and isotope composition of some concre-
tions are more complex than expected from their
textures. An additional problem arises when it is
proposed that a concretion, 2 m in diameter, is
formed by cementation of soft muds in the upper-
most centimeters of the sea bottom.

Further problems arise when a classification is
attempted. As in many other fields of geology (and
sciences in general) there is an unavoidable tendency
to mix descriptive features and genetic interpreta-
tions. Because genetic interpretations are modified
through time (which seems to be an inexorable rule)
classifications become more and more confusing and
even misleading. This has also happened in the case
of the classification of CB’s. Genetic implications of
textural features have ruled out some classifications.
Therefore several discussions on these problems are
presented attempting to unify descriptive and classi-
fication criteria.

A review of current terminology relating to mor-
phological types of CB’s and their classification
schemes, along with a brief discussion on growth
stages (a subject historically intertwined with their
classification) is also presented. One of the goals of
this paper is to establish a new growth pattern for
CB’s, one that considers that the growth of such
bodies can contiue over very long periods of time,
from the syngenetic to the metamorphic stages, which
could not be clearly differentiated by former classifi-
cations. This *‘overpressured-undercompacted cell
(OUC) model”, stresses the preservation of high
initial porosities over longer time spans and up to

depths higher than generally assumed. In this model,
textures trapped in the growing CB would reflect sea
bottom ones regardless of the fact that precipitation
starts long after deposition. Identification of such a
pattern would lead to the recognition of early seals,
the assessment of the stratigraphic position of over-
pressured horizons in the sedimentary record and the
relative timing of fluid expulsion and/or injection.
The recognition of overpressured-undercompacted
horizons would also introduce second order correc-
tions in burial depth curves and decompaction calcu-
lations, as compaction of a certain layer could actu-
ally be highly asynchronous with those under- and
overlying it as long as certain environmental condi-
tions (the OUC path) are met. The proposed OUC
model can also assist with the identification of possi-
ble detachment horizons in paleotectonically active
basins. Moreover. it can also relate concretion-
bearing horizons in outcrops to overpressured, poten-
tially highly porous or intensely hydrofractured lev-
els present as lateral continuations of the former in
the buried sections of the basin. From the point of
view of fluid circulation at depth, the new model
stresses the possibility of large amounts of fluids,
formerly trapped in pore spaces, to be released after
the seals break. The identification of potential units
for the development of abnormally high secondary
porosities by cement dissolution at advanced diage-
netic stages (resurrected porosity) could be another
application of the OUC model. Former interpreta-
tions of the origin and evolution of ooidal and
stratabound deposits in economic geology may also
be modified with this model.

This paper is subdivided into four main parts in
order to follow a relatively organized sequence that
starts with the description of the broad aspects of the
general features of host layers, presents a description
of morphological CB’s types and associated features
relevant to environmental interpretations, continues
with a discussion on different classification systems,
their applications and limitations and ends with a
discussion on growth scenarios and their weak points.
A redefinition of traditional stages is proposed and
the importance of describing growth patterns rather
than simply defining a syn-, dia- or epigenetic origin
is stressed. Additionally, the so-called ‘‘syncompac-
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tional growth mechanism’’ replacing what was
loosely defined before as ‘displacive growth’ in the
diagenetic stage, is also proposed.

2. General remarks

Modes of occurrence and growth mechanisms of
CB’s will be briefly described and discussed in this
chapter. Most questions relate to the growth mecha-
nisms. Paraphrasing Dewers and Ortoleva (1990),
the effects of the sophisticated studies of solution
chemistry, lithology, multiphase rock rheology and
growth kinetics on the interpretation of growth mod-
els still remain to be investigated.

2.1. Occurrence and general features

Although widespread in time and space, CB’s in a
basin are generally restricted to a single or several
distinct beds representing the sedimentary record.
They can be found in marine and continental envi-
ronments. Non-marine conditions give rise to CB’s
such as oolites and pisolites, pedologic nodules and
espeleothemes (see Carozzi, 1972; Curtis and Cole-
man, 1986; Aassoumi et al., 1992; Aso et al., 1992;
Gonzalez et al.,, 1992 and Jones and Kahle, 1993,
among others). Although CB’s can grow directly
inside organisms (pearls, kidney-stones) or indirectly
from biologically controlled reactions (framboidal
pyrite), most CB’s have an inorganic origin in the
sense that they precipitate from saturated brines. This
does not mean that most of the reactions controlling
the evolution of brines during diagenesis are not
influenced by the decay of organic matter and hydro-
carbon chemistry. The fact that CB’s are usually
local concentrations (‘‘segregations’’) of mineral
species which were formerly dispersed as secondary
components in the host (quartz in limestones, car-
bonate in shales and sandstones, pyrite in black
shales, etc.) initially encouraged the study of concre-
tionary growth to identify the mechanisms responsi-
ble for dissolution and reprecipitation. The first at-
tempts concerned the ‘‘free energy budget’” in dis-
persed and concentrated stocks. Later on, it was
discovered that dissolution-reprecipitation reactions
were not that simple and many environmental condi-

tions (like circulation of fluids) are of the utmost
importance.

The areal extent of concretion-bearing layers has
made them useful tools for correlation and stresses
that when conditions for concretionary growth are
met, they occur at a regional scale. They can syn-
chronously develop in coastal plains and the inner-
most parts of the basin. Most concretions are found
close to (but not lying on) the base of their host. The
reasons why they concentrate at a specific level
cannot be easily explained. Presence of fossils (or
organic matter) has been invoked as a positive factor
inducing precipitation but the presence of concre-
tions cannot always be linked to the presence of
organic matter or fossils. In several cases concretions
seem to be associated not to a definite lithology or
facies arrangement but to physico-chemical condi-
tions that are reached synchronously in a broad area
of the basin. Some of them start to grow in the
water—sediment interface (or even precipitate di-
rectly from the body of water), whilst others are
formed under several kilometers of overburden. Most
concretions consist of carbonate and are associated
with clayey horizons, but not exclusively as they
may have different mineralogies and can also be
hosted by sandy, limy and volcaniclastic horizons.

Evidence for preservation of hydrocarbons inside
concretions has been reported by Weeks (1953, 1957)
and Clifton (1957) and Glover (1957) among others.
Sondheimer et al. (1966) analyze fossil fish carcasses
that “‘burn when ignited’’. Isotope relationships in
CB-forming minerals have proved to be rather com-
plex. Although isotopic studies must be considered
an important tool to decipher the growth environ-
ment of CB’s, they usually produce results that
challenge simple relationships (Weber et al., 1964;
Sondheimer et al., 1966; Berner, 1968; Oertel and
Curtis, 1972; Hudson, 1978; Gautier, 1982; Mar-
shall, 1982; Hennessy and Knauth, 1985; Siegel et
al., 1987; Criss et al., 1988; Dix and Mullins, 1993;
Mozley and Burns, 1993a,b; Prosser et al.,, 1993,
1994; Morad and De Ros, 1994). Most authors as-
cribe their conflicting isotopic results to complex
fluid circulation patterns and /or mixing of waters
coming up or going down respectively, from deep
seated brines or younger meteoric sources. The iso-
topic composition of many CB’s which were as-
signed a syngenetic origin, proves the influence of
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parent waters having an isotopic composition which
is rather different from the present-day oceanic ones.
In several cases this would reflect reactions taking
place under at least several hundred meters of burial
and complex fluid circulation patterns. Although
Macaulay et al. (1992) found strong evidence for the
persistence of stratified waters in the diagenetic envi-
ronment for at least 35 million years, this does not
appear to be the usual situation. Sometimes irregular,
otherwise spherical or flattened parallel to the layer-
ing, their shape is associated with mechanical and
physico-chemical parameters during the growth stage.
The fact that a preferred orientation of the long axis
of concretions can be observed in some outcrops, has
led researchers to assign this anisotropy of shape to
depositional conditions (primary fabric of enclosing
sediments) or hydraulic parameters (anisotropic flow
in the host), two features that are generally linked.
Relative timing of authigenic precipitation episodes
can usually be established on the basis of textural
relationships, chemical variations and isotopic paths
(e.g. Hudson, 1978; Dix and Muilins, 1987; Craig,
1985 in Collinson, 1994), but absolute rates of for-
mation of CB’s seem to be quite unpredictable,
taking into account the many variables involved. A
few attempts have been made to this end. Pantin
(1958), performed some isotope analyses on carbon
in calcite which yielded a value of somewhere be-
tween 7500 yr and 20,000 yr. Boles et al. (1985)
obtained greater figures for the giant Moeraki Boul-
ders, 140,000 yr for a 18-cm radius concretion and
4,000,000 yr for one with a 95-cm radius, but the
authors themselves severely criticized the method-
ologies used to determine the ages. Sondheimer et al.
(1966) describe some very recent calcite concretions
containing carcasses of fishes fossilized over a time
span of approximately 1350 years, aithough some
uncertainties about the original isotopic composition
of Carbon in the fossilizing environment jeopardized
their results. Prosser et al. (1993) have restricted the
time span required for the formation of either contin-
uous cement layers or discontinuous large stratabound
concretions studied to about 65 m.y. Jansa and
Noguera-Urrea (1990) estimate that precipitation of
different cementation pulses in their study lasted
about 75 m.y. Meanwhile the concretions-bearing
unit was buried from 200 m to 1600 m. On the other
hand, the crusts covering objects in submerged ar-

chaeological sites just a few centuries old, clearly
show how fast chemical precipitation can take place
under favorable conditions.

2.2. Features in host and neighboring layers

Some additional features of host layers and those
in their vicinity like the presence of hydraulic seals
and associated fluid scape structures, such as injec-
tion dikes and hydraulic breccias, are related to the
occurrence of precipitated bodies. They will be de-
scribed and analyzed in the following paragraphs. As
the mechanisms for the development of hydraulic
fractures which are the conduits for fluids and flu-
idized materials that were squeezed from the over-
pressured layer have not been definitively estab-
lished, a short paragraph is also devoted to this
question. Fluid pressures exceeding the hydrostatic
pressure, have long been recognized in sedimentary
basins and many reasons for their development have
been found. A discussion of these subjects is beyond
the scope of this review and the reader is referred to
the papers of Thomeer and Bottema (1961), Bishop
(1979), Carstens and Dypvyk (1981), Barker (1987),
Cosgrove (1991), Cassidy and Ranganathan (1992),
Luo and Vasseur (1992, 1993), Miller and Luk (1993)
and Cartwright (1994) for further information.

Hydraulic seals: Actual fluid pressure in a forma-
tion, different from the normal ‘‘hydrostatic’” one
for that depth (assuming normal compaction trends
during burial), is currently referred to as ‘‘abnormal
pressure’’. Abnormal pressures can be either higher
or lower than normal and the terms ‘‘overpressure’
and ‘‘underpressure’’ are respectively applied to
these cases. Overpressuring is not an unusual feature.
During the burial history of a sedimentary unit, there
is a need to keep the velocity at which excess fluids
are generated (by normal compaction, hydrocarbon
generation, etc.) and that at which they are expelled
from their source rocks, in balance. If generation
cannot be counterbalanced by outward migration of
fluids, overpressure results. The presence of rela-
tively more impermeable strata (aquitards,
aquicludes) may be an impediment to the normal
escape of fluids and generates what is known as an
hydraulic seal. The following would appear to be a
suitable definition of ‘‘seal’’ for the present purpose:
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A sedimentary layer, facies configuration or tectonic
structure producing a low permeability barrier rela-
tive to the surrounding beds and allowing accumula-
tion and preservation of fluid pressures. However a
discussion about the degree of efficiency and dura-
tion can modify this definition (see Bredenhoeft and
Hanshaw, 1968; Hanshaw and Bredenhoeft, 1968;
Bradley, 1975 and Deming, 1994 for further details
on the interpretation). Effective porosity, pressure
gradients, mineralogy, clast size and morphology
among others, define the efficiency of a seal, which
can also display anisotropic behavior.

Hydraulic fractures: The recognition of hydraulic
fractures and associated structures in ancient and
modern environments, is a key to the identification
of formerly overpressured horizons and associated
seals. These fractures result from the influence of
fluid pressures on the stress field, modifying effec-
tive stresses, which are being lowered, but leaving
the shear stress unchanged. Although the weakening
effect of pore fluids can induce shear fractures under
compressional stress, most perpendicular-to-layer,
tensile fractures in sedimentary rocks are thought to
be the result of a tensile (least effective) stress
(Price, 1975; Carter et al., 1990; Sibson, 1990).
However, Lorenz et al. (1991) discuss the existence
of tensile fractures due to pore pressure which does
not actually exceed the least compressive stress in
real systems and propose an alternative mechanism
for fracture development based on the anisotropy of
the stress field. The highly localized layer-parallel
shear stresses arising from the viscosity contrast
between adjacent compacted and undercompacted
horizons should not be neglected in the study of the
process leading to fracture, in the same way that they
lead to the more easily recognized boudinage pro-
cess. Hydraulic fractures can grow either normal to
(McA. Powell, 1969; Behrmann, 1991) or parallel
with layering (Srivastava and Engelder, 1990; Cos-
grove, 1991; Vernik, 1994) and in many cases they
follow pre-existing discontinuities.

Injection dikes and other fluid escape structures.
Clastic infilling of fractures in sedimentary horizons
that closely resemble igneous features but are actu-
ally filled with clastic material have been recognized
and interpreted early in the history of sedimentology
(see Maltman, 1994). They are generally referred to

as “‘clastic dikes’’ without distinction as to the origin
of the infillings, which can either come from the
surface or from buried layers. The terms ‘‘injection
dike’’ or ‘‘Neptunian dike’’ are preferable to those
cases in which it is clear that the infilling material
comes from a neighboring layer and has been mobi-
lized by fluidization and injection mechanisms; the
term ‘‘debris dikes’’ is suggested when the infilling
of exposed fractures and joints are products of ero-
sion.

Injection dikes result from the infilling of ten-
sional fractures with material that comes from the
destruction of primary structures in under- or overly-
ing units. Destructive mechanisms are fluidization by
overpressure and destabilization of under- and over-
consolidated materials by changes in the stress field
(see Jones, 1994). Pressure gradients between the
fluidized layer and the fractured layer allow mobi-
lization of the plastic material which is injected into
the fractures. Injection sills are the horizontal equiva-
lent of the structure. An interesting discussion on the
origin and mechanism of emplacement of injection
dikes can be found in McA. Powell (1969, 1970) and
also in Criss et al. (1988) (see fig. 4 in his paper) and
in Martel and Gibling (1993). McA. Powell (1970)
ataches great importance to fluid pressures in the
mechanism of fracturing of host rocks and infilling
of dikes, giving evidence for the pushing apart of
dike walls and of minor but actual deformation of
bed lamination due to the forced intrusion of flu-
idized material. The proportion of carbonate content
found in the dikes (up to 60%) is relatively greater
than that found in the host (about 10%) and reflects
the higher porosity of the dike material (with greater
fluid content) than that of the host layers. These were
already lithified at the time of injection, and there-
fore precluded late compaction of the dike material.
Hydraulic dikes of microscopic dimensions have been
described associated with cone-in-cone structures
(Woodland, 1964; Becq-Giraudon, 1990). Dikes and
diapirs at the microscale, as those illustrated in
Carstens (1985), are given here a different interpreta-
tion, linking them not to dendritic growth of pyrite
— as the author does — but to pore pressure
induced deformation.

Criss et al. (1988) have shown the association of
CB’s with fluid escape structures at the outcrop scale
and how some of these bodies have been driven by
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the fluidized sediment and injected into clastic dikes
and sills. This is relevant and confirms the fact that
concretion-bearing layers are still uncemented and
fluid saturated while these bodies continue to grow.
Some of the mobilized concretions show evidence of
plastic deformation during transport which is also an
important feature to consider for the analysis of the
mechanical behavior of CB’s during compaction and
changes in the stress field induced by fluid pressure
or depth variations.

The explosive crushing of a rock due to hydraulic
fracturing produces a hydraulic breccia often charac-
terized by the exclusive presence of angular frag-
ments of walk rocks. They are different from fault
breccias that may not have a hydraulic origin and
involve other complementary mechanisms, like
milling due to the relative motion of the hanging and
foot walls. However, they can be associated with
thém under certain circumstances. It is not uncom-
mon to find the combined effect of brecciation and
injection resulting in a mixed material with angular
particles of consolidated sediment (derivated from
the hydraulic crushing of the dike-hosting layer) with
clastic material (squeezed from the neighboring flu-
idized bed). If clastic infilling is not possible but
fractures are kept open by pore fluids, veins will
grow following the crack-seal mechanism and will
remain as evidence of the process. Some other inter-
esting structures can arise if the hydrofractures reach
the sea bed (e.g. Holzer and Clark, 1993; Kelley et
al., 1994). Extrusion of fluidized material may form
mounds on the sea bed (or even be dispersed by
marine currents) and result in the collapse of the
depleted chambers. Nichols et al. (1994) describe
physical models of features related to fluidization
and fluid escape structures, making interesting state-
ments about the instability of overpressured-under-
compacted layered systems. The reader is referred to
this work for further information.

In summary, when high fluid pressures are associ-
ated with the co-existence of competent and soft
layers (the competent layer being generally the hy-
draulic seal) different mechanical properties result in
the development of different structures in each layer.
Those materials that (depending on the degree of
compaction or cementation) behave in a brittle way
will develop hydraulic fractures while those preserv-
ing or acquiring plastic rheologies will flow because

T
T

=

Fig. 1. Development of hydraulic fractures and injection of flu-
idized sediment to form a neptunian dike. I depicts initial condi-
tions: a competent layer (a) overlies a soft one (b). Although both
can be overpressured. only b can behave as a particulate medium
when fluid pressure equals the least stress. In the transition from 1
to Il hydraulic fracture of the competent unit (probably under
extensional conditions) allows injection of fluidized b into the
opening spaces producing clastic dikes. The process would stop
when excess fluid pressure dissipates and b loses its fluid be-
haviour. After that fluid (but not clasts) can move from b to a to
infill veins. As a consequence of this continuous loss of fluid and
the decay of pore pressure to normal hydrostatic values, normal
compaction of b is achieved through time.

of pressure gradients. The infill (sometimes forced)
of the hydraulic fractures generates injection dikes. If
the overpressured horizon is not fluidized and there
is no available sediment source to fill the hydraulic
fractures, brines will precipitate their solubles result-
ing in normal-to-bedding veins of diagenetic age.
Fig. 1 depicts the process.

2.3. Force of crystallization and displacive growth

Force of crystallization was first discussed by
Weyl (1959) as a concept contrary to that of pressure
solution. He tried to estimate the energy balance,
describing the tendency of a certain mineral to crys-
tallize or dissolve within specified environmental
conditions. External stresses, namely an applied load
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and fluid pressure, were fundamental to his reason-
ing. Different authors subsequently extended the ap-
plication of the term to cases of replacement of one
mineral by another, that is to say to compare the
forces of crystallization and solution of different
mineral phases, the one a solid state, the other a
supersaturated brine. Some authors have overempha-
sized the force of crystallization (see definitions of
the epigenetic stage below) assuming that it is possi-
ble for the growing crystal to push aside indurated
host rocks. The fact that concretions were thought to
be ‘‘foreign’’ to host rock, ignoring that they actu-
ally cemented and incorporated it, made it necessary
to find a mechanism to explain how this growth was
possible. The candidate was displacive growth and
the means were the forces of crystallization. Entering
a circular argument, the textural and structural fea-
tures that previously led to postulate that concretions
grow late in the diagenetic history of the sediment,
were used afterwards as proof of their growth against
the confining host. In such a case it is necessary for
the forces of crystallization to overcome the shear
strength of indurated rocks. The only mechanism to
deform a solid under normal burial conditions, is to
overcome its yield resistance. When shear stress
overcomes shear strength the material deforms. If it
is brittle, fracturing and local inverse fault-like struc-
tures, which are not actually observed, are expected.
On the other hand, plastic deformation (flow of the
host after its shear strength has been overcome) will
only be possible if large amounts of fluid are re-
tained and bonds between particles are extremely
weak, a condition not usually associated with the
epigenetic scenario, unless early and continuous
overpressured conditions had been met previously. If
the involved materials are consolidated (and unless
bonds between clasts are broken by mechanical forces
or chemical processes), they would only acquire a
plastic theology under metamorphic conditions, thus
removing the subject from the present area of inter-
est. To conclude this analysis, it is clear that the
forces of crystallization and concretionary growth
should be given their true meaning, restricting their
application to those events for which they have been
defined.

“‘Force of crystallization is of renewed interest as
a diagenetic replacement mechanism’’ state Dewers
and Ortoleva (1990). It is worth emphasizing the

importance of the term ‘‘replacement’” in this sen-
tence, which by no means is interchangeable with
‘‘growth’’, as many researchers seem to understand
it and thus requires a careful look at the meaning and
possibilities of actual displacive growth. Dewers and
Ortoleva point out that crystallization forces can
result in displacive growth only if the host is not
very viscous. Further on in their paper they exem-
plify that this would be the case of a concretion (they
are actually dealing with a siliceous nodule) growing
in relatively unconsolidated sediments. If it is vis-
cous enough and, moreover if it is rigid, growth is
restrained to regions of dissolution of a pre-existing
mineral, but there is no possibility at all of actual
displacive growth. It has been ruled out by the
rheology of the host. Displacive growth forces, al-
though real, are very weak if compared with the
shear strength of materials under most common geo-
logical situations. Taking it to extremes, a crystal
growing from a seed in the bottom of a crystalliza-
tion vase has to displace the surrounding water!
Anisotropies in the stress field probably have a
strong influence on the dissolution—precipitation
equilibrium, as isotropic (that is to say hydrostatic)
conditions probably favor precipitation whilst
anisotropic conditions inhibit crystallization. It is
important to take into account the fact that the force
of crystallization is highly sensitive to average effec-
tive stress (which in turn is itself related to the
normal stress and the fluid pressure). Experiments
carried out by Becker and Day (1916) (quoted in
Weyl, 1959) show a dramatic fall in growth with
only a 0.7 mg weight placed on the seed crystal.
They found that its rate of growth was 1:25 com-
pared to an unloaded specimen. Discussions favoring
the hypothesis of displacive growth of single crystals
and nodules can be found in Criss et al. (1988), Bain
(1990), Dewers and Ortoleva (1990). Strong argu-
ments against are given in Shearman et al. (1972),
based on the statement that concretionary growth
forces could never lift the sedimentary column over-
lying the veins he was studying. It will be very
difficult to accept that crystallization forces can actu-
ally do any important work against the overload. It
must be underlined also that as suggested above,
most elements given in the past as evidence for
displacive growth can be reversed and used as evi-
dence that compaction actually post-dates authigenic
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concretionary growth, no matter if it was displacive
or replacive. In this sense it can be argued that if
orientation of flaky elements (bending of schistosity
around the concretions) is assigned to ‘‘pushing
aside’” by crystal growth forces, these forces should
have acted from the very beginning (producing a
series of concentric spheres of oriented clay and
mica platelets or fossil debris) and random fabrics
should not be preserved inside the concretion, which
contradicts the available descriptions. The structural
relationships of layering or schistosity inside and
outside a CB and their bearing on the time and
growth mechanisms, are going to be dealt with fur-
ther on.

Displacive growth can be taken as the main growth
mechanism for nodular bodies when oversaturation
of parent brines is associated with uncemented, highly
porous hosts. This is only possible under shallow
burial conditions or through early overpressuring of
sealed layers. If conditions for precipitation are met,
but displacive growth is not possible (due to the fact
that bonds between particles exceed crystallization
forces) the new mineral will fill the available pore
spaces. On the contrary, if there are no fluid filled
spaces to crystallize, the brines will remain oversatu-
rated until a point is reached at which they become
reactive with solid phases. Replacive growth would
then be possible either by replacement of early ce-
ments or by corrosion and replacement of the clastic
framework of the host. Any displacive growth (veins
or nodules) will be possible against the overload in a
sedimentary basin if overpressuring does not act as a
jack and pushes the sedimentary framework aside.
The author is doubtful at this point, if this process
can actually be called ‘‘displacive’” as long as the
mechanical work is not done by the crystallization
forces themselves. The term ‘‘expansive’” seems to
better define CB /host relationships. No other growth
mechanisms different from inclusive, replacive, dis-
placive and expansive ones can be envisioned, but
this simple scheme appears to account for real situa-
tions and overcomes previous misuses and conflict-
ing observations.

3. Classification of concretionary bodies

The first steps in acquisition of knowledge are
generally description and classification of the objects

of study. But as stated before, classification of natu-
ral objects has always brought about complex prob-
lems, because it is seldom easy to separate the fields
of description and interpretation clearly. The organi-
zation of CB’s into categories has not escaped this
stigma and will be discussed further on when refer-
ring to growth environments.

Some of the terms describing CB’s are apparently
applied, without strict definitions, which makes their
meaning very loose (i.e. ‘‘concretion’’). Moreover,
sometimes they have even lost their original meaning
through time (i.e. ‘‘epigenetic’’). In several cases,
their use is almost subconscious and qualifications
are given without explicit reference to a classifica-
tion scheme. As done in previous sections of this
paper, CB’s are given shapes, compositions, textures,
etc., but without a prior attempt to organize them
into categories bases on these. Pettijohn (1976) dif-
ferentiates four groups of mineral segregations,
namely nodules, regular crystalline growths (spheru-
lites, dovetail crystals), concretions in a restricted
sense and finally veins, geodes, septarians and all
those forms associated with open cavities. Several
objections can be made to this scheme, e.g. septarian
features are more related to nodules or concretions
than to veins, nodules are only replacive, etc.

Many different criteria for the classification of
CB’s are available such as their shape, morphologi-
cal features, chemical composition and textural rela-
tionships (see Table 1). On the basis of these primary
“‘descriptive’’ classifications, chronological relation-
ships, modes of emplacement and genesis have been
proposed. These are the most controversial of all, as
they involve unavoidable subjective interpretations.

3.1. Descriptive classifications

Descriptive classifications are a first approach to
the study of any subject. Their importance is that
they are based on objective observations and are not
yet influenced by subjective criteria. This clearly
shows that until clear and efficient descriptive classi-
fications are available, any interpretation will be
short-lived.

Differentiation according to shape: From the point
of view of their shape CB’s can be grouped into:
irregular, botroidal, spherical, elliptical, lensoidal,
tabular and unshaped. The difference between ellipti-
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Table 1
Classification systems for concretionary bodies. See text for dis-
cussion

Descriptions Shape Irregular
Botroidal
Spherical
Ellipsoidal
Lensoidal
Tabular
Unshaped
Euhedral
Transitional
Anhedral
Pseudomorphic
Polycrystalline
Carbonate
Sulfur

Sulfate
Phosphate
Siliceous

etc.
Parasedimentary
Synsedimentary
Precompactional
Syncompactional
Postcompactional
Cement

Vein

Nodule
Concretion

Crystallinity

Mineralogy

Relationship with host

Morphology

Interpretations  Mode of emplacement Coplacive
Displacive
Replacive
Syngenetic
Diagenetic
Epigenetic
OUC path

Environment of growth

cal and lensoidal rests on the fact that elliptical
bodies are not controlled by structures in the host
whilst most lensoidal are (see plate XXXV in Gres-
ley, 1894). Tabular refers to veins and concretions in
which two dimensions are considerably greater than
the third. Unshaped refers to all those cementations
with diffuse borders or bounded by sedimentary
contacts, not having a definite border of themselves
(which makes them different from irregular ones).
Another attempt to classify CB’s according to
their shape is associated with their crystallinity and
applies mainly to nodules. Euhedral, transitional,
anhedral, polycrystalline and pseudomorphic types of
CB’s may be identified, bearing the following char-

acteristics. Euhedral individuals may be found alone
or in more or less interfering arrays. Transitional
forms result from the incorporation of impurities
(usually clastics from the host) in the crystalline
framework, giving them a poikilotopic texture,
though crystalline forms are still identifiable. This
structure can be considered a mixed, a ‘‘nodule’’
because it is made not only of a pure mineral but of
a single crystalline individual, and as a ‘‘concretion’’
since it cements the clastic framework. Anhedral
shapes are the result of anhedral growth and when
they are the product of replacement of pre-existing
euhedral minerals they give origin to pseudomorphic
shapes. Pseudomorphism may also occur after bio-
logic remains (silicified wood, pyritized ammonites,
etc.). The application of this classification can be
illustrated by gypsum, which can be found as
translucent, sometimes twinned euhedral crystals en-
closed in clayey sediments, but also as anhedral
gypsum nodules or veins. In between these ‘‘end
forms’’ are ‘‘sand crystals’” displaying crystalline
shapes but incorporating large amounts of their host.

Morphological types: Based on their morphology
(anatomy for several authors) CB’s are grouped in:
cements, veins, nodules and concretions. The last
one displays several subtypes. Table 2 summarizes
the most outstanding features of these bodies, to be
described and discussed in forthcoming section due
to their importance in establishing genetic relation-
ships.

Structural relationships: The relationship between
the structure of CB’s and that of the host makes it
possible to divide them into: parasedimentary (the
CB has grown out of its host), synsedimentary (the
CB has grown during deposition of the host layer),
precompactional (the CB has grown after deposition
of the host but has finished growing before it at-
tained any perceptible degree of compaction, syn-
compactional (at least an important part of the growth
pattern is contemporaneous with compaction), post-
compactional (the growth of the CB postdates the
complete compaction of the host). This classification
will obviously help to establish the relative timing
between different generations of CB’s coexisting in a
single layer (see e.g. Raiswell, 1971).

Mineral composition: Based on their chemistry
CB’s can be divided into two initial fields, one
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corresponding to monomineralic individuals, the
other to polymineralic ones. Most nodules fall into
the first category, whilst concretions and subtypes
fall into the other, but polymineralic nodules and
monomineralic concretions are not exceptional. The
degree of development of crystal lattices can be used
for further subdivisions (amorphous, cryptocrys-
talline, radial spherulitic, fibrous, etc., can be some
of these subcategories).

3.2. Interpretative classifications

Interpretative classifications are based on different
features, that change according to their purpose. In
this respect genetic classifications that aim at recon-
structing the environment and the mechanism of
growth in relationship to morphology and composi-
tion, are the most common ones.

Emplacement mechanism: The most simple ge-
netic classification divides CB’s according to their
mechanism of emplacement. The term coplacive

(proposal of this paper) describes the fact that both,
clasts and CB’s enter the sedimentary system at the
same time. The CB’s may fall from the overlying
water body, or grow at the sediment—water contact.
Displacive relationships correspond to those CB’s
that make room for themselves pushing away their
host (parent brines or sediments). The replacive cate-
gory includes all those CB’s that originated in the
chemical reaction of parent solutions with their host.
Pseudomorphosis can be a common result of this
mechanism.

Environmental (or ‘‘stage’”) classification: Classi-
fication of CB’s according to their time of growth
relative to that of host sediment deposition results
from textural relationships, as stated above, in search
of a useful tool to describe growth scenarios. Unfor-
tunately, this classification has been mixed from the
very beginning with depth of burial and other envi-
ronmental parameters like the degree of compaction
of host layers. Most often used by researchers has
been the subdivision into ‘‘syn-’’, ‘‘dia-"" and ‘‘epi-

Table 3

Relevant features associated with main types in genetic classification. See text for discussion

Stage Features Problems

Syngenetic Sea bottom to a few centimetres Concretionary growth rates greater than sedimentation ones

Fluid saturated particulate host
Low temperatureHigh void—clasts ratios
Almost isotropic stress field

Diagenetic From a few centimetres up to several kilometres
Anisotropic stress fields
Variable fluid pressures
Variable void—clasts ratios
Gradually consolidating host
Variable temperatures

Epigenetic High temperature
High confining pressures
Low fluid content
Consolidated and stiff host

OUC Model Independent of depth
High fluid pressures
High void—clasts ratios

Concretionary weight too high to be supported by soft muds
Concretions too large for the stage thickness

Conflicting isotope signatures
Preservation of random fabrics and hollow cores to great depths
Expansive growth during host compaction

Difficult to differentiate from low-grade metamorphism
Displacive growth against consolidated host

Notes: The terms low and high are of relative significance in terms of a few tenths of degrees Celsius. The terms pressure and stress are also
of relative magnitude to normal overburden load. Stress fields in the diagenetic stage can show inversion of relative values of vertical and

horizontal stress as a function of fluid pressure fluctuation.
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genetic bodies’’, associated with the homologous
scenarios (see Table 3). As an undesired outcome of
subjectivity in the use of primary classifications to
assess growth timing and environment the need for
constant redefinitions by different authors has ren-
dered most of them useless. The importance and
extent of a discussion on this subject justifies its
special consideration further on after a detailed re-
view of morphological classification (and the envi-
ronmental implication of morphological features) is
presented.

4. Morphological classification of concretionary
bodies

A review of terms associated with the morphol-
ogy of CB’s and their growth environment is pre-
sented here. Most definitions follow current usage in
papers and textbooks but some new proposals have
been introduced with the purpose of distinguishing
between similar structures (like septarian and com-
pactional cracks) with different origins.

““Why the calcium carbonate should take the
concretionary form instead of being uniformly dis-
tributed must be determined by future studies’” Tarr
stated in a paper ‘‘read before the Society’ (the
GSA) in 1920 (Tarr, 1921). Much has been done in
this respect, but many aspects still need further
investigation. Pervasive cementation is probably as-
sociated with normally (hydrostatic) pressured host
units, while overpressured conditions would be asso-
ciated with concretionary growth and vein formation.
In the following pages some of the environmental
characteristics leading to one or another concre-
tionary type will be discussed as well as their rela-
tionship with morphological features.

The most comprehensive terms for the description
of chemically differentiated bodies in sedimentary
sequences, referring to any particular morphology or
physical environment are: ‘‘concretionary body’’,
*‘precipitated body’’ and ‘‘authigenic mineral segre-
gate’’. Oolites, flintstones, fossiliferous concretions,
planar veins, etc., all fall in these categories, and
their use is recommended in all those cases where
references or conclusions apply to concretionary
bodies as a whole and not to one or several of the
morphological types.

4.1. Concretionary body types

The four main categories of classification cur-
rently used divide CB’s in ‘‘cements’”, ‘‘veins’’,
“‘nodules’’ and ‘‘concretions’’. Much of this section
is devoted to nodules and concretions. Only the most
relevant features of the first two will be outlined just
to keep the subject within the scope of this review.

Cement: This term describes a massive precipitate
that fills pore spaces in between clasts. Corrosion
and replacement of clasts (or even previous cements)
is not an uncommon feature in most diagenetic histo-
ries. The chemical composition of cements is highly
variable and pulses of different cementing minerals
can form rims and patches at any scale in the sedi-
mentary sequence. The main factors affecting pre-
cipitation of cements are changes in temperature and
fluid pressure associated with changes in depth (both
burial or uplift), seepage of volatiles, input or output
of fluid phases, oxidation or reduction of organic and
inorganic materials. Some of these processes, but not
all of them and not always, would be identified
through textural relationships and isotope analyses.
Dix and Mullins (1987) mention that more than 200
references were available at that time on subjects
related to the physico-chemistry of authigenic pre-
cipitation. The papers of Jansa and Noguera-Urrea
(1990) and Prosser et al. (1993) present interesting
case histories in the analysis and interpretation of
cements and their incidence in the evolution of the
sedimentary basin. The reader is referred to them and
current text books for further information on cement
textures, composition, etc. For our purpose it will be
sufficient to point out that cementation may occur at
any moment after deposition. Early cements may
fossilize open textures with only very few point
contacts between grains, while late cements may be
accompanied by large scale of replacement of the
clastic framework. The infilling of large pore spaces
in uncompacted (or even expanded?) sediments re-
sults in cement to clast ratios that are sometimes
exceeding 90%, while very late cements, bonding a
sediment that has formerly attained total compaction,
the ratio can be less than 10%. In most cases, the
volume of parent solutions required for the precipita-
tion of the total amount of cementing material clearly
surpasses that of the initial local pore filling brines,
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implying that large volumes of fluids passed through
the cemented layer before its pore spaces were com-
pletely occluded. Cementation is thought to occur
under almost normal hydrostatic pressures.

Veins: Veins are tabular in shape, with variable
sizes ranging from millimetres to metres. They do
not display such great mineral variations as other

189

CB’s do. Most diagenetic veins are composed of
calcite, quartz or gypsum and are usually free of
clasts. Their growth resuits from infilling of a space
that is created by the pushing aside effect of fluid
pressure, in a way that, as discussed before, cannot
accurately be called displacive. Fig. 2 shows a tabu-
lar, layer-parallel fibrous calcite vein displaying

b

Fig. 2. Calcite vein displaying cone-in-cone structure. (a) Top view, the holes left by missing cone cups are clearly seen on the surface. (b)

Section view, missing cones clearly noticeable.
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cone-in-cone structure. Veins may appear as isolated
individuals or shape parallel or anastomosing arrays.
Material in the veins can have different crystalline
shapes, from equant to fibrous individuals and vari-
able in size. Fibers are generally normal-to-vein-walls
(““beef’’ structure for some authors, see Bonte, 1952;
Durand-Delga, 1952 and Marshall, 1982). Tabular
vein-sets may display a layer-parallel, layer-per-
pendicular or layer-oblique attitude depending on the
stress configuration to which they have been sub-
jected. “‘En echelon’ vein arrays are special cases
resulting from ductile or transitional shear deforma-
tion (see e.g. Ramsay and Huber, 1987). Layer-nor-
mal and layer-parallel fractures are thought to have a
tensile origin because they display single parallel
arrays (which is not be the case with shear fractures
that develop intersecting systems of two joint or vein
sets). However, the exact stress configurations dur-
ing their development, is still subject to debate.
Layer-parallel veins are thought to result from inver-
sion of the stress field (the vertical stress becomes
the least) as a mechanical consequence of increasing
fluid pressure in previously normally compacted se-
quences while normal-to-layer veins should require
not only fluid pressure increase but also some addi-
tional tectonic stress. The reader is referred to Shear-
man et al. (1972), Narr and Currie (1982), Stoneley
(1983), Watts (1983), Henderson et al. (1990), Lorenz
et al. (1991), Karig and Morgan (1994) and Vernik
(1994) among others for details and references on
the subject. Nichols et al. (1994) present a physical
model that shows how a strong planar discontinuity
separating fluidized and non-fluidized sediments can
develop in an overpressured layer, providing a suit-
able place for authigenic precipitation. Stratification
or lamination surfaces and other primary structures
like cross-bedding can furnish an appropriate loca-
tion for stress concentration and void opening lead-
ing to the formation of veins (e.g. plate XXXV in
Gresley (1894) and Woodland, 1964). Anastomosing
veins, displaying irregular patterns and enclosing
sharp edged host fragments, may be related to hy-
draulic brecciation as will be discussed further on.
Formation of cracks and growth of veins is thought
to occur according to what Ramsay (1980) called the
“‘Crack-Seal Mechanism’’. He used the term
“*crack-seal”” to describe a tectonic vein-forming
process that “‘mutatis mutandis’” also applies to the

diagenetic realm. In this model, fractures are induced
by hydraulic fracturing and filled with material pre-
cipitating from the fluids. Successive steps of growth
are characterized by the influx of pore fluids into the
opening fissure and subsequent crystallization due to
oversaturation because of strain relief inside the
crack. The repeated process of fracture opening,
fluid influx, crystallization and sealing, gives way to
the formation of polycyclic veins, and explains some
features like inclusion lines and inclusion trails. Fig.
3 is a simplified model of the crack-seal mechanism
and depicts how a vein originates in this way. Due to
the fact that water is almost incompressible, only a
small decrease in water volume (just equal to that
entering the fissure) may lead to dissipation of ex-
cess pressure in the whole system. Vein width will
remain stable until physical or chemical factors raise
the fluid pressure again pushing aside the contact
surface between vein and wall to reopen and refill it
once more.

Nodules: The term ‘“‘nodule’” is used here to
describe a CB that differs from cements and concre-
tions in that it does not incorporate clastic material
during growth. Nodules must also be differentiated
from veins because they do not fill preexisting cracks
but rather acquire their shape during growth. They
can display great variations in size and shape, from
minute and perfectly spherical (like in the case of
calcite oolites), to large flat accumulations that tend
to coalesce (like stratabound chert masses), or fairly
irregular like pedologic ones. The absence of clastic
grains in the nodular body and evidence of rolling on
the sea bottom explain why most authors usually
assigned a syngenetic origin to them, but nodules can
also indicate replacive origins. Nodules are some-
times monomineralic and homogeneous but polymin-
eralic nodules displaying concentric zonation, are not
exceptional. They can act as a nucleus for further
concretionary growth after burial. Different miner-
alogical compositions have been reported for nodular
bodies. Prokopovich (1953) and Harris (1958) de-
scribe chert nodules, Pepper et al. (1985) refer to
small barite nodules hosted by larger carbonate ones
(also described in Criss et al., 1988). Bain (1990)
suggests a new interpretation for the origin of gyp-
sum crystals and nodules, assigning them a diage-
netic stage due to oxidation of sulfides whilst Machel
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Fig. 3. The crack seal mechanism. (a) Presence of an inhomogene-
ity leads to stress magnification and first crack opening that
balances fluid pressure and finally stops pushing aside the vein
walls, (b) Growth of first generation fibers and first sealing. New
fluid pressure increment produces a new crack. After reopening of
the crack (c) a new generation of fibers grows (d). This process
can reinitiate (e—f, etc.) as long as the sources of pressure and
fluid are available. See further disccussion in text.

(1993) describes anhydrite nodules from depths of
about 3 km, putting their environmental and genetic
significance into perspective. In a recent paper,

Morad and Al-Aasm (1994) provide a complete study
of the characteristics and mode of formation of
phosphate nodules. Manganiferous nodules have been
reported to be forming in present day sea bottom
(Mc Kelvey, 1986) but some discrepancies about the
calculated rate of growth of these nodules and that of
sedimentation made it impossible to establish if they
really grow on the bottom or have been concentrated
there by removal of soft sediment by ocean currents.

Concretions: This term refers to that portion of a
sedimentary rock which has been cemented differen-
tially from its host. Concretions are usually spherical

Fig. 4. Typical concretions displaying most of their morphological
features. I. Main body displaying relict primary lamination, II.
Crystalline rim with cone-in-cone, IIl. Outer selvage fossilizing
graded compactional schistosity, /V. Layer-parailel compaction
schistosity, V. Almond-shaped compactional schistosity, VI. Non
compacted fossil, VII. Septarian cracks with late mineral infill-
ings. VIII. Hollow spaces may remain in the core and fracture sets
displaying drusoidal linings.
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or ellipsoidal in shape. They result from precipitation
of authigenic material incorporating the clastic
framework, and this makes them different from nod-
ules. Most of the concretions described in literature
are calcite (Pantin, 1958; Hudson, 1978; Pepper et
al., 1985; Cibin et al., 1993, calcite—siderite Gautier,
1982 or just siderite Weber et al., 1964; Oertel and
Curtis, 1972). However, later replacement or alter-
ation of the original composition can occur, resulting
in a wide range of compositions. The main features
of CB’s are sketched in Fig. 4. Large fossil remains
(crushed or whole) may or may not occupy the
center of the concretion or its median plane. The
cemented nucleus (where unstable detrital minerals
and near initial porosity and fabric may be pre-
served) completes the core of the concretion. An
external rim of variable size wrapped around the
nucleus is usually present. Some concretions also
display an outer transitional crust or selvage of rele-
vant interest for relative timing purposes. Warping of
internal laminae toward the border of the concretion
and gradual change in texture and fabric (becoming

more clastic and mechanically oriented outwards) are
taken as evidence of syncompactional origin of sel-
vages.

Some secondary features can be found in concre-
tions which give rise to the subtypes described be-
low.

Drusoids: This term refers to CB’s with a hollow
core partially filled by neocrystalized minerals. Dru-
soidal surfaces can also result from crystallization on
the surface of septarian cracks. Fig. 5 is an example
of infilling of chambers in an ammonite by calcite
crystals that grow from the ammonite walls to the
center, being always perpendicular to the substratum.
In this case, it can be assumed that the void space
could be preserved by the rigidity of the shell but in
other cases there is no evidence for the origin of the
void and /or the mechanism that preserved it. Was it
filled with a material subsequently dissolved? The
answer is not yet definite, but such voids are unlikely
to be a long-term feature in the burial history of any
sedimentary sequence. Preservation of voids may
result from the protection of the rigid carcass of a

1

Fig. 5. Drusoidal infilling of the chambers in an ammonite by large calcite crystals growing normal to the walls.
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fossil, an earlier concretionary crust or from the fact
that the host sediment has been lithified before the
voids were formed thus inhibiting further thinning of
the layer. However, it must be pointed out that voids
in this context should not be identified with empty
spaces. Void-filling fluids (and associated fluid pres-
sures) are of paramount importance in the preserva-
tion of void spaces because of their incompressibility
and in balancing internal and external pressures.

Geodes: Geodes are a particular type of CB’s with
their core completely filled with crystallized miner-
als. Growth occurs inwards in geodes, while out-
wards in concretions, establishing a difference among
them that can be of great importance as the outer
crust may act as a shield for later throughput of
brines. Van Tuytl (1916) and afterwards Hayes
(1963) discuss the origin of chalcedony and quartz
specimens in illustrative case histories. The latter
describes a rather complete sequence of evolution
from the primary calcite concretions to the final
products of diagenetic metamorphosis, with some
intermediate individuals illustrating the pattern fol-
lowed.

Implosive and explosive features have been de-
scribed in association with geodes. An inverse pres-
sure gradient (lower in the fluid-filled core of the
concretion) can cause its external crust to be crushed.
The process is sometimes associated with the injec-
tion of fluidized clastic material into the hollow core
(e.g. Hayes, 1963). Nevertheless, it has not yet been
clarified if these cores remain hollow (and how and
why) or if this condition is just the result of selective
dissolution of a former cement. What shows up
clearly from the existence of ‘‘implosomes’” is that a
hollow or relatively depressured chamber can only
grow in the diagenetic realm until the increased load
or a rise in external pore pressure breaks it down.
The already mentioned fact of mud being squeezed
in to the interior of the broken crust favors the
existence of overpressured and non-cemented host
layers at the time of breakdown and injection. It has
been said that the most interesting feature of geodes
(Pettijohn, 1976) is that they grow out of the expan-
sion of a pre-existing gel bubble. The existence of
some explosive textures (Bassler, 1908 as quoted in
Pettijohn, 1976) was interpreted as evidence that
geodes grow in the cavity of fossils, where colloidal
gels started expanding until the fossil itself was

broken into pieces expanding with growth. The weak
point of this theory is that these fragments have not
been identified and are supposed to finally dissolve
or get lost during the process. Thererfore, no proof
of their former existence remains. As a matter of
fact, the author has failed to find any other mention
of explosive mechanisms. The hydrostatic compo-
nent of stress at depth leads to volumetric com-
paction, and makes it very difficult to accept that
considerable dilation of the CB could be attained
because of internal pressures during the ‘‘blowing”’
stage of geodes as several authors state, unless the
external fluid pressure has fallen relative to the
internal pressure. This may occur either because of
overpressure during the growth of the geode and
reaching afterwards hydrostatic values, or because
the host layer rose (due to basinal uplift) to shal-
lower depths after concretionary growth, with lower
overburden and hydrostatic pressures.

Septarians: It is not absolutely clear if the term
‘‘septarian’’ refers to the crack set, to the concretion
bearing it or to both. Most authors refer to ‘‘sep-
tarian nodules’’ or ‘‘septarian concretions’’ and to
the ‘‘septarian cracks’’ as well. Others like Richard-
son (1919), who gave an accurate description of the
structure and stated that it resulted from ‘‘chemical
dessication of a colloid”’, used the expression ‘‘sep-
tarian structure’’ to describe both the body and the
cracks. In the future it will probably be useful to
distinguish between the CB displaying the cracks
(nodule or concretion), the crack set (septarian
cracks) and their infilling (septarian crystal linings
and melikaria).

Although the crack set geometry identifies the
stress field that caused it, it is still conjectural whether
they result from the expansive force of inner fluids,
shrinking of colloidal gels or synaresis of a cored
mud bubble inside the CB. Furthermore, not all
crack sets display the same geometry, probably re-
flecting different local stress patterns at the time of
origin (see below).

Two complementary aspects of crack sets in sep-
tarians will be discussed. One is the geometry of
crack set arrays, and the other their mechanical
interpretation. The best examples of septarian cracks
display a double set of fracture systems. One is
radial and characterized by polygonal intersections
of fracture planes that can look like joint surfaces
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(see Fig. 6) The other displays a wedge-like geome-
try that thins outwards and ends before reaching the
exterior. A hollow core may result from the coales-
cence of wedges towards the interior of the concre-
tion. Hollow cores can host a couple of offspring in
unusually large concretions as illustrated in Boles et
al. (1985). The radial array is cross-cut by concentric
fractures that are usually better developed (their walls
are widely separated) closer to the radial cracks. In
theory radial cracks should intersect each other dis-
playing a pentagonal pattern due to the fact that the
pentagon gives a regular and complete covering of
the spherical surface leading to a dodecahedral body.
The development of pentagonal crack patterns should
be interpreted as the result of the homogeneous
distribution of stresses in the spherical body the
same way as hexagonal joint columns and layer
parallel joints develop in tabular bodies and will
result in a sphere composed of pyramids with a
pentagonal section all pointing to the center of the
concretion. These pyramids are in turn cross-cut by
the concentric fracture set accounting for radial con-

traction (equivalent to the layer parallel ones in
tabular bodies). A different crack set array arises
when two sets of mutually normal fractures appear,
giving rise to a “‘chocolate tablet’” structure (see fig.
157 in Comité des Techniciens, 1966). These frac-
tures are preferably linked to deformation by over-
load (flattening of a precompactional CB) and not to
radial contraction. A single or double set of vertical
fractures in the core of the concretion can also result
from local tensile stresses associated with stress am-
plification (see fig. 4.34 in Maltman, 1994). In this
case no change in concretionary shape is associated
directly with the fracture). This stress amplification
could be related to contrasting rheological properties
of the concretion and the matrix (see Lorenz et al.,
1991). Perhaps new names should be given to the
last two types of pseudoseptarian structures to distin-
guish them from the true septarians described first.
When not completely infilled, fracture walls are
generally lined with crystals in a druse-like way. It is
not always clear if these spaces are primary features
or the result of dissolution of a former solid core.

Fig. 6. Septarian cracks. Minute concentric and radial fractures decorating a large CB, about a meter in diameter.



J. Sellés-Martinez / Earth-Science Reviews 41 (1996) 177-210 195

Fig. 7. Melikaria. Notice the almost perfect pentagonal shapes
resulting from the intersection of septarian cracks. Sketched by the
author after fig. 156 in Comité des Techniciens, 1966.

The infillings of septarian cracks are similar to
those veins in their morphology (fibrous or more
equant crystals) but are usually very complex in their
mineralogy and isotopic signature, reflecting the evo-
lution of parent solutions. In some cases it has been
reported that fluids were contained in inner voids
derived from the fractures when concretions were
broken (e.g. Glover, 1957). Melikaria is the name
given to the structure resulting when dissolution of
concretionary material allows exhumation of crys-
talline infillings of the cracks which makes it easy to
identify their spatial arrangement (see Fig. 7).

The complex mineralogy of septarian concretions
and their infillings has led to intensive mineralogical
and isotope studies suggesting that all those many
successive stages of crystallization, would provide
relevant information about the evolution of environ-
mental conditions during growth. Hyde and Landy
(1966), Raiswell (1971), Hudson (1978), Marshall
(1982), Gautier (1982), Gautier and Claypool (1986),
Dix and Mullins (1987), Boles et al. (1985), Siegel
et al. (1987), Hesselbo and Palmer (1992) and
Desrochers and Al-Aasm (1993), McKay et al. (1995)
are being referred to.

4.2. Other relevant features of concretionary bodies
and their hosts

A description of as many as possible different
morphological, textural, mineralogical and isotopical
features of CB’s and host layers will obviously help
to establish their relationships and to interpret their
genesis, allowing to identify growth stages and for-
mulate growth patterns. A discussion on the charac-
teristics and interpretation of the most relevant fea-
tures is presented as follows.

Concretionary texture: Texture in this context
refers to the ratio of cement to clasts which is in tumn
converted into a pore—clast relationship during ce-
mentation. This proportion can be as high as 90%,
reflecting almost syndepositional porosities, and de-
creasing to the lowest values when cementation has
occurred, after compaction was completed. On the
other hand, high porosity values in the CB can
contrast with those in the host (sometimes less than
10%) giving clear evidence that compaction has been
diachronous in the CB and its host layer. The parti-
cles embedded in the concretionary cement (both
clasts and fossils) are usually the same that form the
host rock unless differential dissolution of unstable
mineral assemblages (intrastratal dissolution, see be-
low) has been active prior to cementation. As a result
of differential compaction, flaky particles and fossil
remains trapped in the precipitated body, may not
show any preferential orientation while a strong
schistosity (due to mechanical reorientation, not to
recrystallization) may be present in the host layer.
This is clearly illustrated in the papers of Clifton
(1957), Oertel and Curtis (1972), fig. 3), Dix and
Mullins (1987) among others. Preferred orientation
of clay minerals seems to develop in the very early
stages of compaction and is enhanced by fluid con-
tent (e.g. Meade, 1966). As stated above, platy parti-
cles within the innermost parts of some precipitated
bodies display almost random orientations, giving
strong supporting evidence for the fact that com-
paction was precluded since the very beginning of
diagenesis. Two reasons can account for preservation
of open textures and random fabrics: Early cementa-
tion or inhibition of compaction by overpressuring.

Concretionary cements also serve as insulation
shields for later alteration. Hennessy and Knauth
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(1985) report radiolarians whose presence is re-
stricted to the interior of concretions, having been
leached from host rocks. Mineralogical analysis of
clastic material trapped in the concretion can give
additional insights into the original composition of
the host layer, as most reactive species can be ‘‘fos-
silized’” and protected by early cementation, while
equivalent grains in the host are corroded and dis-
solved by intrastratal solution (see Friedman and
Sanders, 1978, for fundamentals and Cibin et al.,
1993, for a case history). In a similar way, the
development of resurrected porosity is related to
dissolution of early cements and may be associated
with flow and storage of hydrocarbons. Jansa and
Noguera-Urrea (1990) refer to high porosities (more
than 30% of pore space) that are considered exces-
sive after normal compaction trends at the involved
depths (more than 3 km) and illustrate point to point
contacts among clasts that are supposed to result
from open fabrics (representative of the first hun-
dreds of meters of burial) that have been preserved
by early cementation and /or overpressuring and res-
urrected by dissolution of cement.

Relationships of layering inside the CB and in its
host: This feature has long been recognized as an
important criterion establishing time relationships of
concretionary growth relative to host deposition and
compaction. Although very few variations are possi-
ble, their interpretation has changed through time.
Newberry (1873) (quoted by Criss et al., 1988) based
on the pronounced arching of the beds above and
below concretions thought that the concretions grew
in partially consolidated sediment and that the arch-
ing resulted from subsequent compaction that de-
formed the sediments but not the rigid concretions (a
point of view widely accepted at present). However.
other authors like Daly (1900) as quoted in Tarr
(1922), Tarr himself and more recently Woodiand
(1964, see his fig. 89), have interpreted this feature
as proof of forced growth against a relatively plastic
host. The interpretation of internal laminae in CB’s
also followed a controversial path. Tarr (1921) stated
that internal laminae in CB’s were primary features
of concretionary growth on the sea bottom that de-
veloped independently from those in the surrounding
sediments. More recently, Gilman and Metzger
(1967) state that *‘The syngenetic character [of con-

cretions] is also suggested by the beds which can be
traced through the concretions suggesting that sedi-
mentation of clay was going on at the time the
carbonate concretion was developing’’. Present inter-
pretations favor the hypothesis that internal laminae
are trapped during concretionary cementation after
(not along with) sedimentation.

The different relationships of laminae inside and
outside CB’s are illustrated in Fig. 8 and discussed
below.

Layers that pass through median planes of concre-
tions: A thin layer, relatively more clayey, occupies
the median part of many concretions (e.g. fig. 7 in
Gilman and Metzger, 1967, fig. 60 in Woodland,
1964 and plate XXXV 1 and 2 in Gresley, 1894).

b3

Fig. 8. Layering geometries inside /outside concretionary bodies.
(a) Clastic layer passing through the median plane of concretion.
(b) Nodule without internal layering (see text for discussion on
subtypes). (c) Primary layering passing through the concretion. (d)
Parallel layering inside the concretion and warping around it in
the host. (¢) Almond shaped layering inside concretion. See text
for details.
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Could the clayey layer have retained pore fluids for a
longer period of time relative to the surrounding
ones and have served as a fluid and ion source
during concretionary growth? There is the possibility
for these layers to channel flow in the cell and
‘“‘concentrate’” some chemical species in the CB. As
long as no change in the thickness of this central
layer is observed inside and outside the concretion, it
must be concluded that it compacted uniformly and
synchronously in both places. Fig. 8a illustrates this
case.

Nodular CB’s in layered hosts: This situation is
depicted in Fig. 8b. The absence of clastic remains
inside nodules limits their application to only three
possible situations depending on the deformation or
not of host layering. One is that of a syngenetic
origin (Fig. 8b1). The nodule has grown on the sea
bottom or at very shallow burial depths before per-
ceptible compaction. Late compaction would pro-
duce warping of the layering around the nodule if
early cementation has not consolidated the initial
thickness of the host. This case is actually difficult to
differentiate from the next one in normal' outcrop
conditions. The second possibility (Fig. 8b2) is dis-
placive growth of the nodule during diagenesis, which
would only occur if the host layer has sufficient
plasticity (high fluid content, isotropic stress field) to
allow deformation by concretionary growth. Warping
of layering will be the result of nodular growth but
part of the process may also be related to late
compaction of the host, before it acquires complete
rigidity. The third case reflects a replacive origin
(b3). The nodule takes the place of pre-existing
material (clastic and /or authigenic). Warping should
not be expected in this case, but abrupt cut-offs in
host layering against the nodule should be represen-
tative. Corrosive textures and detrital relics inside the
nodule can be used as guides for the identification of
its replacive origin.

Three additional cases can be envisioned when
the clastic framework, and thus the primary sedimen-
tary structures, are preserved inside concretions.

Layers in the host that pass through the concretion
without changes: This relationship may generally
reflect a late origin of the cementing material, that
precipitated after compaction was completed (see
Fig. 8c). There is a possibility of nodular replace-
ment of an early cement that fossilized the texture

before a large degree of compaction was attained,
but evidence of corrosion would provide elements
for differentiation. Concretionary Types Ila and IIb
of Raiswell (1971, see his fig. 2), fall into this
category.

Parallel layering inside concretions associated with
warped layering and variations of thickness change
in the host: The preservation of parallel layering
inside the CB (Fig. 8d) reflects early concretionary
growth before compaction of the host layer. Most
examples in the literature describe this relationship
although it is not always interpreted in the same way
(Tarr, 1921; Clifton, 1957, fig. 5b and c; Hayes,
1963, figs. 5, 6 and 7; Weeks, 1957, plates 2 and 4;
Franks, 1969 and Dix and Mullins, 1987). Slicken-
sides have frequently been described on the surface
of concretions and have been interpreted as proof for
compactional friction.

Almond shaped layering inside the concretion
associated with warping of layering in the host: This
case reflects the synchronous growth of the external
selvage of the CB with compaction of the host
sediments. Fig. 8e illustrates this relationship. Com-
paction can result from normal trends or follow an
OUC pattern. Distinction between these two alterna-
tives is possible if the relationship of parallel layer-
ing in the nucleus of the concretion with bent layer-
ing in its selvage is weak. L.e. compaction was not
precluded at any time during concretionary growth,
as would be the result from overpressuring. This
relationship is clearly illustrated in Clifton (1957),
fig. 2; Marshall (1982); Hennessy and Knauth (1985);
Criss et al. (1988), fig. 2; and also corresponds to
Type 1 of Raiswell (1971), fig. L.

Outer rims: Many CB’s have an outer rim of
almost pure mineral composition (usually calcite,
sometimes with cone-in-cone structures, others pyrite
or marcasite). Rims are obviously concentric with
the concretionary nucleus they envelop, and crystal
fibers in them radiate. Marshall (1982) gives a de-
tailed description of the mineralogy and chemical
evolution of fibrous calcite in rims and veins, but it
has not yet been succesfully explained why some
concretions stop incorporating the clastic framework
and develop an outer rim of almost pure material,
producing an abrupt change in texture. It undoubt-
edly reflects important changes in environmental
conditions. Under abnormal fluid pressures, the in-
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flux of pore fluids into the mechanical discontinuity
underlying the contact between the cemented sphere
and the surrounding material, will be enhanced by
local magnification of stresses (see Lorenz et al..
1991). This influx would push host sediments aside
making room for the rim to grow following the
crack-seal mechanism described above. The possibil-
ity that the cemented nucleus could experience some
contraction due to mineralogical changes or loss of
fluids, must not be ruled out when searching for
mechanisms that can make room for the rim, nor the
fact that the hydrostatic component of stress at depth
would enhance volume reduction, if the CB retains
any porosity and plasticity. Top and bottom vein-like
fibrous layers (usually with cone-in-cone structures)
are sometimes associated with concretions although
they do not feature a complete rim.

Orientation of fibre crystals: Calcite crystals in
veins or rims generally show a distinctive shape
(bladed crystals, beef structure) and orientation pat-
tern. Their long axis is normal-to-the-walls of tabular
veins or almost radial in spherical bodies (see stereo-
plots in Woodland (1964), fig. 86). Fibres in this
context are different from needle crystals and related
forms associated with pores in soils, etc. as described
in Jones and Kahle (1993), Aassoumi et al. (1992)
and in Aso et al. (1992). Gonzalez et al. (1992)
assign the fibrous shape of calcite crystals in
speleothems to circulation of fluids during crystal-
lization, and suggest that this can also work for
syngenetic and diagenetic cements. This may be
possible in an unstressed environment but the orien-
tation and morphology of calcite fibers infilling frac-
tures at depth, should be more related to stress
patterns than to fluid flow direction. Extensive work
on this subject is still required to define where, when
and up to what degree each different parameter plays
a leading role.

Fossil remains within CB’s: These sometimes
occupy the centre of the concretion. Others are flat-
tened along its median plane or dispersed within it
when relatively small. Fossils are closely associated
with CB’s. This relationship is not fortuitous. Me-
chanical and chemical reasons can be invoked to
explain it. The fossil-sediment contact may be an
active surface controlling fluid circulation (e.g.
Brown, 1954). The decomposition of organic matter

is generally assumed to play a leading role in the
control of chemical reactions during burial, including
those leading to the CB’s formation (Sondheimer et
al., 1966; Berner, 1968). In several cases, uncom-
pressed bodies remain as illustrated, amongst many
others, by Weeks (1953, figs. 2, 3 and 5); Weeks
(1957, plates 1 and 4); Sondheimer et al. (1966);
Pepper et al. (1985); Criss et al. (1988, fig. 8B),
giving unequivocal evidence for the preservation of
the original volume of the organism and posing the
question of how compaction was inhibited until fos-
silization was completed. The preservation of deli-
cate fossil structures inside the concretions (Wood-
land, 1964; Hudson, 1978) also implies that no ac-
tual compaction affected the fossil before cementa-
tion. This author describes a complete succession of
different degrees of fossil preservation in concretions
growing at different times during burial and diagene-
sis of the host sediments. The degree of preservation
and that of preferred orientation of fossils inside and
outside the concretions is undoubtedly one of the
strongest arguments for clearly establishing the rela-
tive timing of concretionary growth and early disso-
lution episodes, as has been emphasized in previous
paragraphs. Intriguing relationships in taphonomic
studies, arising from contradictory evidence of well
preserved and crushed specimens occurring together,
can easily be related to selective concretionary growth
that protected some species or individuals but not
others. This protection has to be associated not only
with mechanical crushing but also with intrastratal
dissolution.

Local expansive structures: Expansive structures
lead to an increment in the volume of host material.
Only a few mechanisms can produce actual expan-
sion under normal conditions. The most relevant
ones, during diagenesis, are pore volume increase
due to overpressured fluid injection, displacive
growth of CB’s and expansive veining. Pore volume
increase by fluid injection is restricted to highly
overpressured horizons and can result in liquefaction
and reprecipitation or even in fluidization and forced
injection of the material into neighboring fractures
which will be discussed further on. Displacive growth
is usually limited to those cases in which host mate-
rial is soft and plastic (see previous discussion).
Expansive veining (pseudodisplacive growth) is also
associated with overpressure that keeps fractures
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open. Brown (1954) and Woodland (1964) describe
different cases of a fibrous vein separating upper and
lower parts of fossils. This feature points to the fact
that both parts, initially in close contact, have been
pushed apart during vein growth. Examples in
Woodland (1964), figs. 68 and 69, clearly show how
matrix and/or calcite are introduced into the sedi-
mentary framework, separating elements that were
formerly side by side. Hudson (1978) describes the
mould of an ammonite which has evidently broken
from the shell and is separated from it by a thin layer
of calcite. There are several similar ones in the
collection of the Geology Department of the Univer-
sidad de Buenos Aires, considerably larger than the
one described in Woodland (1964). It displays a
central parting where the neat design of a
Thysanopyge can be found as a positive and a nega-
tive impression (see Fig. 9). The external surface of
the concretion (top and bottom) shows all the mor-
phological features of the fossil finely outlined by
small circles resulting from cone-in-cone structures.

Cone-in-cone: Veins and rims of concretions dis-
playing cone-in-cone structures have been exten-
sively described in the literature. Gresley (1894),
Tarr (1922), Brown (1954), Woodland (1964), Franks
(1969), Becq-Giraudon (1990) have described their
morphology and suggested different mechanisms of
origin (see discussion in Selles-Martinez (1994). This
author has proposed his own model assuming that
cone-in-cone structures result from mechanical frac-
ture of the material forming layer parallel veins and
rims of concretions. Conical fractures in this model
result from the effect of overburden load (formerly
supported by fluid pressure during vein or rim
growth) on the detrital skeleton. Shear stresses frac-
ture the rigid crystalline material but not the host
layer (still wet and uncemented). This model was
proposed to account for some shortcomings in previ-
ous models, like the fact that not a single vein
bearing cone-in-cone structures has been described
with a non layer-parallel structural trend. If crystal-
lization forces fracture the veins and shape the cones
in horizontal veins, there is no reason why they
cannot do the same in a vertical one. The hypothesis
which relates cone-in-cone structures to the growth
of conically shaped aggregates of needle crystals,
fails to explain the patterns in the stereoplots illus-
trated in Woodland (1964). In a conical distribution,

poles form a girdle with very few data in its center
(like those found when plotting striae on shutter
cones, see fig. 3 in Hargraves et al., 1990) and not a
circle of homogeneous density. These arguments
among others (see discussion in Selles-Martinez,
1994) show how most of the proposed mechanisms
contradict several observations that are explained by
the OUC model.

Depressions in upper and lower surfaces of con-
cretions. The presence of depressions in the center of
upper and lower surfaces of concretions (‘‘Funnel
shaped depressions” of Criss et al., 1988) were
explained by Clifton (1957, figs. 1, 2 and 4) stating
that after most of the concretion was formed ‘‘fur-
ther crystallization builds up ridges around upper and
lower surfaces of large concretions, leaving depres-
sions on top and bottom’’ because ‘‘water circula-
tion would build up material in a ring at the top and
bottom, giving a depression at the very center, since
the waters reaching this point would already have
lost their mineral matter and none would be de-
posited’’. Hudson (1978) atributed them to the col-
lapse of the central structure of concretions, but if
that were the case bending of the layering inside the
concretion should reflect this collapse.

5. Stages of concretionary growth

The terms ‘‘scenario’’, ‘‘stage’’ and ‘‘setting”’
have all been used to represent the complex environ-
mental (physical, biological, mechanical and chemi-
cal) conditions associated with a particular location
in a sedimentary basin. They are also almost equiva-
lent to ‘‘environment’’. Maybe this is a case of
oversaturation of terminology. The meaning of the
term ‘‘stage’’ is indeed twofold. On the one hand, it
is synonymous with *‘scenario’’ (like the one in a
theatre) as it describes the environmental features
(the scene) where the CB, its morphological features
and growth mechanism must be placed. On the other
hand, it means ‘‘step’’, that is to say a particular
point in a succession of events. In this sense we can
distinguish different stages (steps) of the evolution of
a CB in a single or several different stages (settings).
Changes in each type of stage may or may not
coincide. The development of septarian fracture-sets
in a concretion is undoubtedly an important stage in
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Table 4

Different concretionary growth stages established by several authors. See discussion in text

Reference feature Richardson (1921)

Tarr (1921) Pantin (1958) and others Hudson (1978)

Dix and Mullins (1987) This paper

Contemporaneous Syngenetic Syngenetic Depositional Stage Syngenetic
Sea bed
Early diagenetic  Early diagenetic I
---10m
---100m
Penecontemporaneous Epigenetic Diagenetic Middle diagenetic Early diagenetic I Diagenetic
---500m
Intermediate diagenetic
- - - Few thousand yr ---2000m
Complete Late stage Late stage
consolidation diagenesis burial diagenesis
Subsequent Epigenetic Epigenetic

its evolution, but this feature is, in fact, not related to
any dramatic change in the regional stage. An impor-
tant conclusion of this review would probably be that
in most cases concretionary growth histories are so
complex that in place of assigning each CB to a
particular stage (a rather rigid framework) it would
be better to define their growth paths, in the same
way P-T-t paths are reconstructed from metamor-
phic assemblages. Growth paths, in this sense, can
make their way through different growth scenarios,
different associations of physico-chemical parame-
ters with time and /or depth, and, of course, they can
also be characterized by a variable number of suc-
cessive steps. The latter reflect changes in mineral
composition, development of new textural or struc-
tural features, etc., as a consequence of synchronous
changes in macro- or microenvironmental conditions.

5.1. The three traditional stages

Three main different environments have long ago
been proposed in relationship with the timing or
depth at which the concretionary growth is initiated.
As shown in Table 4, these scenarios have been
given different names by the authors who described
them. Tarr (1921) proposed two categories of origin,
calling those concretions forming at the same time as
the enclosing beds ‘‘syngenetic’’ and those which

have been formed subsequently to the deposition of
the surrounding beds ‘‘epigenetic’’. He also dis-
cusses classifications used at his time, indicating that
many interesting criteria for relative relationships of
textural features appeared early in the century. Pantin
(1958) suggested replacing the terms ‘‘contempora-
neous’’, ‘‘penecontemporaneous’’ and ‘‘subsequent’’
established by Richardson (1921) with the already
quoted ‘‘syngenetic’’, ‘‘diagenetic’’ and ‘‘epi-
genetic”’ equivalents. Weeks, in his twin papers of
1953 and 1957, distinguished only between ‘‘syn-
genetic’’ and ‘‘diagenetic’’ origins; ‘‘diagenetic’’ be-
ing a subordinate category restricted to those bodies
growing shortly after deposition of host sediments.
He classified the CB’s in his studies as ‘‘syngenetic”’
or ‘‘early diagenetic’’ on the basis of preservation of
the volume of fishes in the centre of the concretions
(which he used as evidence of very early concre-
tionary growth, before any compaction could have
deformed the fossil carcass) and because host layer-
ing was bent around the concretion (evidence that
compaction postdated concretionary growth). Clifton
(1957, p. 120) noted that several authors used the
term ‘‘epigenetic’’ to refer to the fact that growth of
the concretion postdated compaction and consolida-
tion of the host shale. Although he assigned an
epigenetic origin to the particular bodies he was
studying, he stressed that compaction did not fully

Fig. 9. A Thysanopyge-bearing concretion. (a) Positive and negative impressions of the fossil in the central parting of the concretion, (b)

Layer-cake structure shown in a broken zone of the concretion.
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preceed concretionary growth but was instead syn-
chronous with it during a certain time span (a rela-
tionship that would be interpreted as diagenetic by
other authors). Pantin (1958) also related concre-
tionary growth to the degree of compaction of the
host. In his classification all those CB’s growing at
the water—~sediment interface, are considered of
‘‘syngenetic’’ origin; all those being formed under
slight overburden and along with sediment com-
paction are assigned a ‘‘diagenetic’’ one and, finally,
of ‘“‘epigenetic’” origin are considered all those late
CB’s which grow after the compaction and consoli-
dation of the host. Although he did not give relative
depths in his classification, he assumed a time span
of less than a few thousand years as being character-
istic of the ‘‘diagenetic’’ stage between the end of
the ‘‘syngenetic’’ and the beginning of the ‘‘epi-
genetic’” ones. His definition of ‘‘epigenetic’” is
more restrictive than previous ones, which made no
clear distinction between ‘‘consolidating’” and “*con-
solidated”” materials. This had an important influ-
ence on the application of the force of crystallization
and the concretionary growth force hypothesis to
explain concretionary growth at this stage. Later on,
Raiswell (1971) pointed out that current classifica-
tion criteria were ambiguous and that the use of
inadequate terminology had introduced much confu-
sion in the literature (Raiswell (1971), p. 148). This
author analysed some previous definitions and criti-
cized the misuse of textural criteria. Several years
later, Hudson (1978) proposed four stages of evolu-
tion, namely ‘‘depositional’’, ‘‘early diagenetic’’,
‘‘middle stage digenetic’’ and ‘‘late stage digenetic’’.
Although these terms seem to be easily correlated
with the former, the author himself prevented any
attempt to relate his stages to other definitions. He
argued that these were relative terms that did not
have the same meaning in terms of pressure, temper-
ature or pore brine composition or even time after
deposition in different sedimentary basins. He did
had a point. Although a discussion on the exact
definition of the term ‘‘diagenesis’’ and the physico-
chemical parameters that define it, is beyond the
scope of this paper, it is worth paying attention to the
fact that it is far from being a simple stage in itself
and its limits are rather difficult to establish under
certain circumstances. The fig. 9.1 and table 9.1 in
Boggs (1992) are clearly illustrative of this.

Much confusion about the use and assignment of
any concretionary growth scenario has arisen from
the overgeneralization of conclusions (this attitude
being more noticeable in the pioneers, who believed
that all concretions should have grown in the same
way). Concretionary growth mechanisms, as demon-
strated by morphological and chemical features, are
representative of a certain layer or even a certain
basin. but can not easily be correlated with those
occurring in other layers or basins. Moreover each
CB type has its own history, which can be rather
different from other CB’s in its neighborhood, dis-
playing different morphological and /or mineralogi-
cal features, no matter how slight these differences
are.

In the following paragraphs a brief description of
each of the three categories is presented, followed by
some remarks on the characteristics and usefulness
of concretionary growth patterns. The section is
completed with the presentation of the Overpres-
sured-Undercompacted Cell Model, an alternative
growth patterns for CB’s, developed to overcome
several incongruities in previous models, along with
several comments on the possibility of displacive
growth and compaction of the host to proceed syn-
chronously.

The Syngenetic Stage: This stage was originally
representative of concretionary growth on the sea
bottom. Three main features have been used to char-
acterize the syngenetic stage: the first is bending of
the layering over the concretion; the second, the fact
that in most cases concretions are related to a single
layer or even to a more or less regular surface and,
the third, the relatively high cement to clast ratios in
the cores of concretions. Since the beginning of the
century, many CB’s in the sedimentary record have
been interpreted as having a syngenetic origin based
on the first of these three features. This bending was
supposed to be the result of sediment deposition on
the preexisting CB, see Tarr (1921, fig. 1), and also
of the uplifting of this layer by the growing body
itself. This geometry is different from the usually
symmetrical to median plane wrapping of the host
layer around concretions. The layer on which the
concretions are supposed to rest is mostly unde-
formed and those other layers overlying them are the
ones that are deformed. Wedge-shaped edges around
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concretions resulted from sliding of sediment grains
from the top of the concretion during sedimentation.
These and other statements, like the one about calcite
layers precipitating directly from sea water, no longer
hold. Assessing a syngenetic origin on the basis of
concretionary alignment on a continuous surface,
that was supposed to be representative of the sea
bottom at the time of growth of CB’s, is not a
tenable statement any longer. Most concretions with
a diagenetic origin, also display such a spatial ar-
rangement.

Open textures with only few point-contacts among
clasts are no doubt representative of the sea bottom
and the first centimetres of burial where sediment
weight is still neglegible, but not exclusive. Up-
welling waters, released from underlying compacting
strata, may form subaqueous springs and transfer
their kinetic energy to the unbonded clasts in the
uppermost sediments, allowing them to enhance their
porosity and to maintain a fairly open fabric under
moderate overburden. During diagenesis, late lique-
faction of loose sediments in overpressured horizons
can also reset textural parameters to depositional
conditions at considerable depths and long after initi-
ation of burial.

Several authors extended the realm of the syn-
genetic stage to the uppermost centimeters of sedi-
ment on the sea bottom. Along this line Prokopovich
(1953), Harris (1958), Sondheimer et al. (1966),
Oertel and Curtis (1972) among others, classified the
CB’s they were analyzing as syngenetic. Gilman and
Metzger (1967) and Gilman (1968) classify as of
syngenetic origin concretions that are almost identi-
cal to the ones that Franks (1969) classifies as
diagenetic. Problems with isotopic compositions have
challenged the syngenetic origin in several cases, a
subject already discussed at the beginning of this
paper.

Present-day examples of syngenetic precipitates
have been quoted in the literature (e.g. nodules grow-
ing at the water—sediment interface have been de-
scribed from present-day environments by Mc
Kelvey, 1986). Oolites and pisolites are also as-
signed a syngenetic origin.

The Diagenetic Stage: This stage is the broadest.
According to Boggs (1992) the realm of diagenesis
extends from the depositional interface to perhaps 10

km or more, covering a wide range of environmental
situations and processes from weathering to meta-
morphism, from which diagenesis cannot easily be
differentiated under certain circumstances. Pressure
and temperature variations may usually cover a range
respectively, from almost atmospheric to about 2 Kb
and from a few centigrades to 300 centigrades. Many
subdivisions of the diagenetic realm have been pro-
posed, see e.g. Boggs (1992, table 9.7), a subject that
will be omitted in this review. Anyway, the most
relevant processes during diagenesis are: (a) loss of
primary structures and compositional mixing if bio-
turbation is active, (b) gradual compaction with pro-
gressive burial unless (and whilst) fluid pressures
arrest the process, (c) biochemical reactions that
modify the chemistry of brines and (d) chemical
reactions leading to dissolution and precipitation of
new minerals resulting in concretionary growth.
Concretionary bodies grown during this stage
show a great variety of mineralogies. Differences
may be found not only between CB’s coming from
different basins or formations but even between those
belonging to a single outcrop, although concretionary
types tend to be uniform in each host layer. This
does not imply that CB’s with different morpholo-
gies and mineralogies may not coexist in the same
layer. This type of association of different CB types
is not uncommon and results from complex evolu-
tionary paths of host layers. Assessing relative tim-
ing of growth is not an easy task in these cases but
several successful attempts have been made (see
Raiswell, 1971 and Jansa and Noguera-Urrea, 1990
for case histories of concretions and cements respec-
tively). Most chemical changes in the sediments and
pore fluids take place in the diagenetic realm. Reduc-
tion of sulfides, oxidation of organic matter, gas and
hydrocarbon release, corrosion and replacement of
clasts or early cements by new minerals, are among
many other processes that characterize this stage.
The CB’s analyzed in Pantin (1958), Hayes (1963),
Qertel and Curtis (1972), Hudson (1978), Gautier
(1982), Pepper et al. (1985), Boles et al. (1985),
Criss et al. (1988), Bain (1990), Desrochers and
Al-Aasm (1993) and Cibin et al. (1993) were as-
signed to the diagenetic stage under little overburden
(from a few centimeters to about 100 meters). McKay
et al. (1995) offer an interesting analysis of the
different diagenetic evolution of a set of CB’s of
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varied compositions, relating them to the original
depositional environment in the basin. Direct obser-
vation of present day diagenetic environments has
been provided by the oil industry, which gathered
mechanical, physical and chemical data from the
subsurface. Its findings, related mainly to actual
relationships between host lithology, CB features,
state of consolidation, fluid content, fluid pressure
and chemistry, temperature, etc. have been of invalu-
able importance.

The Epigenetic Stage: This stage, at the frontier of
diagenesis, where it is not always easily differenti-
ated from the lower stages of metamorphism, has
been stated on the assumption that concretionary
growth occurred by displacive mechanisms. Evi-
dence of an epigenetic origin was the bending of
schistosity around CB’s (the same evidence used for
the syngenetic scenario). Lateral deformation (foid-
ing or fracturing) of the host layer at the edges of the
concretion is to be expected in this situation, but
such features have not been described in the litera-
ture. Finding examples of epigenetic CB’s is not so
easy, probably because, as has already been men-
tioned, very diffuse boundaries separate them from
metamorphic conditions. Colombian emeralds asso-
ciated with carbonate~pyrite veins hosted by black
shales are ‘‘undoubtedly epigenetic’” (Cheilletz et al.
(1993)), but they are associated with hot basinal
brines whose temperature (not composition) cannot
be explained without an external heat source. It is
important to point out that these emeralds are clearly
associated with overpressuring and brecciation. The
most important challenge to the growth of authigenic
mineral bodies (both veins or concretions) in the
epigenetic scenario is the need to push apart the host
rocks in order to make room for the newly crystal-
lized minerals (which would not be the case if
growth occurs by replacement). This paper proposes
that the epigenetic scenario is unrealistic in that it
does not take into account that indurated sediments
require large shear strains to be deformed, values
that are quite beyond the capabilities of crystalliza-
tion forces (see previous discussion on the subject).
Concretions can grow late in the diagenetic evolution
both by replacement or displacement mechanisms,
but in the latter case deformation of the host material
is not possible if it has a shear strength greater than

that of the challenger, so it will probably be re-
stricted to those layers that have remained unconsoli-
dated or have lost their resistance due to the break-
age of their bonds by mechanical collapse (overcon-
solidation or underconsolidation under increasing
fluid pressures). Most of the cases assigned to this
stage must be applied to the OUC model which
better accounts for the observed features.

5.2. Growth patterns

The incorporation of growth patterns description
into classification systems (while being careful to
avoid establishing fixed links among them) is proba-
bly a reasonable solution to the problem of assigning
CB’s a growth stage. Descriptions and interpretations
of concretionary growth patterns are still mainly
restricted to specialized papers and most text books
usuatly ignore them. Hudson (1978), Dix and Mullins
(1987), McKay et al. (1995) and also Craig (1985)
(in Collinson, 1994) produced illustrative diagrams
relating concretionary morphology and chemistry to
environmental conditions, as Jansa and Noguera-Ur-
rea (1990) and Prosser et al. (1993) do in the case of
cements. This type of infographies needs probably to
be complemented with others that will provide valu-
able additional information displaying a variation of
physical parameters (pore pressure, degree of com-
paction) in the basin as a function of depth and /or
time. The variations in the relationship of com-
paction with depth (and time) should highlight under
which circumstances overpressures can result in flu-
idization or fracturing, or even reflect episodes of
uplifting in the basin that would not be noticed by
any other means.

The overpressured—undercompacted growth pat-
tern: The review of features, successes and pitfalls of
existing growth scenarios for CB’s lead the author
(Selles-Martinez, in prep.) to propose an alternative
growth pattern. This model provides results that look
contradictory compared with previous ones and is
characterized by the early development of hydraulic
seals resulting in the isolation of a portion of the
basin (here called a ‘‘cell’’). This isolation inhibits
normal compaction trends and allows accumulation
of abnormally high pressures in the cell. The uncom-
pressible quality of overpressuring fluids preserves
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initial porosities during a considerably longer stretch
of the diagenetic path than suspected before. Differ-
ent stages can be identified during this process of
rise and fall in fluid pressure. These stages are
associated with the precipitation of neominerals,
changes in packing and migration of fluids summa-
rized in Fig. 10. Authigenic precipitation can pro-
ceed at any stage in the evolutionary path from the
sea bottom to the onset of metamorphism (see Table
5). The new model, requiring only the persistence of
a sealed cell where abnormal pore pressures last for
a long time, does not imply that brines should be
immobilized, but just requires the persistence of
unbalanced rates of fluid input—output to and from
the cell. Depending on the size of the sealed cell and
the magnitude of fluid exchange, important varia-
tions in fluid composition can take place due to “‘in
situ’” reactions. The application of this model to the
analysis of strained oolites (Selles-Martinez in prep.)
also simplifies previous interpretations (Chanda et al.
(1977)) relating them not to complex local stress
patterns and strain histories in the diagenetic sce-
nario but to a simple concretionary growth path
under OUC conditions. Oertel and Curtis (1972), p.
2604, pointed out that much of the stress exerted by
the overburden is supported by fluid pressure in the
pores and stressed how relevant this is for preserva-
tion of open textures during the syngenetic stage.
Restricting the possibilities to the highly porous clays

Sea bottom Pressure
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P normally
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\
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i . =
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Time

Fig. 10. The overpressured—undercompacted cell (OUC) model
for growth of concretionary bodies. See Table 5 for relationships
with concretionary body types.

Table 5

Concretionary body types and its characteristic environment of
growth in the overpressured—undercompacted model. Numbers
refer to stages in Fig. 10

Environment

1 2 3 4 5 6

Concretionary type

Cement - _
Veins -

Nodules - - _
Concretions - - - _
Geodes _

Drusoids -

Implosomes - -

Septarians —
Other features

Hydraulic dikes -
Cone-in-cone _
Schistosity in host .

in the top several meters or so of fluid rich sediments
and disregarding the possibility of preservation of
those open textures in overpressured systems, are the
main differences between their proposal and the
OUC model. Fig. 11, based on a real stage (see
Grauls and Cassignol (1992)) depicts a probable
OUC setting.

The syncompactional growth mechanism: When
the growth of CB’s in the form of veins and nodules
is analyzed from a mechanical point of view the
need of fluid pressures high enough to actually lift
the overburden in order to make the necessary room
is acute, becoming a serious challenge to current
interpretations of concretionary growth. Fluid pres-
sures exceeding those of overloading can provide the
means, but even though fluid pressures higher than
hydrostatic ones (and close to the overload pressure)
have been reported from all over the world, mention
of pressures exeeding lithostatic ones seems to be
rare, if any. The possibility of transient fluid pres-
sures exceeding the lithostatic value during short
periods of time due to meteorological or tectonic
causes is discussed in many contributions (e.g. Malt-
man, 1994; Hickman et al., 1995) and can provide an
alternative explanation in several cases but not in all.
Anyway, fluid pressures in the sedimentary basin
may remain below lithostatic values without any
requirement of actually uplifting the overlying sedi-
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Fig. 11. Sketch of a large scale overpressured—undercompacted

cell (based on Grauis and Cassignol, 1992). This case history is
similar to the OUC model of concretionary growth. Total depth in
the section is about 4 km.

mentary column to make room for expansive growth
if it occurs in loose sediments. The OUC model
suggests that the CB grows not ‘‘against’” com-
pacted host material (as traditionally established for
the epigenetic stage) but ‘‘whilst’” it is being com-
pacted. The room is taken from the porosity itself in

Ny
a b C

Fig. 12. Thickening of a CB without actual expansion of the host
layer. Due to the fact that the host layer is water saturated and
fluidized (isotropic stress field) the CB can grow almost freely. (a)
Random fabrics and open textures with very few clast to clast
point contacts are preserved. (b) Onset of host compaction due to
the continuous fall in pore pressure. The CB can continue growing
with decreasing cement to clast ratio. (¢) Development of com-
pactional schistosity in the host with lose of fluids.

the way depicted in Fig. 12 through the reorganiza-
tion of the sedimentary fabric (changes in packing
and /or reorientation of platy particles). Almost para-
doxically, the CB acquires greater and greater vol-
umes whilst the host layer compacts and thins with
time.

6. Discussion and conclusions

Authigenic mineral segregates show a great vari-
ety of types that were described in previous chapters.
This makes it possible to attempt several different
classifications. Most of their morphological and tex-
tural features have been used as a guide to interpret
their growth scenarios but some of them have proved
controversial. For example, warping of the layering
around the concretionary body has served as proof of
a syngenetic origin if related to synchronous deposi-
tion of sediment over the concretion while it grew, as
evidence of a diagenetic one if it was supposed to be
the result of late compaction of the host around the
already formed concretion or even of epigenetic
origin if it was thought to be the product of dis-
placive growth. The exact meaning of the terms
“*syngenetic’’, ‘‘diagenetic’’ and ‘‘epigenetic’’ is
now a puzzle, probably because, from the beginning,
they had been assigned ambiguous time and depth
connotations. As shown by most case histories, the
growth pattern of a concretion from early nucleation
to late replacement may start under syngenetic condi-
tions and end (or even continue) when almost meta-
morphic conditions are reached. In such complex
cases, assessing a genetic category seems meaning-
less and the definition of a ‘‘growth path’” seems
more appropriate. Relative timing is generally as-
sessed through textural relationships of CB’s and
their hosts and, if this relationship is established on
the basis of classification (without assuming any
environmental stage) the probability of ambiguities
and misuses would be less. Terms like ‘‘precompac-
tional’’ and ‘‘postcompactional’” are clear in them-
selves if no absolute depth implications are provided.
On the other hand concretionary growth can be
displacive and replacive in any of the proposed
stages and therefore cannot be used as a criterion to
differentiate between them. Mineralogical and iso-
tope relationships, in the new context of the OUC
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cell model, will probably provide accurate timing for
the main authigenic precipitation and dissolution
events without being puzzled by textural relation-
ships as before.

The OUC model overcomes these and other con-
flicting features and also offers a likely solution to
the problem of space for concretionary growth, as-
suming that growth takes place accompanied by the
flow of fluid-saturated uncemented host around the
CB, in a process that can simultaneously lead to the
enlargement of the CB and compaction and thinning
of the host layer. Extremely high porosities (similar
to those found on or just below the present sea
bottom) when preserved in CB’s would reflect not
only their growth in the uppermost centimetres of the
sea bottom (which is difficult to accept for a spheri-
cal concretion 2 m in diameter) but also the preserva-
tion of high porosities in overpressured cells, result-
ing from the development of an early hydraulic seal.

The OUC model will help to identify formerly
overpressured cells where chemical reactions and
their products could be different from usually ex-
pected ones for similar lithologies and diagenetic
patterns and would be enhanced by the great amount
of fluid available. It could also help to identify the
former presence of seals in oil producing sequences,
which are relevant in order to establish time and
depth of maturation.

Identification of areas of potential fracture poros-
ity related to hydrofracturing would be another appli-
cation of the model, if it is taken into account that
hydrofracturing is not unusual in modern and ancient
producing fields and UOC path-related CB’s may be
indicative of fracturing in the neighboring strata.
These fractures and dikes may act as horizontal
barriers or conduits to flow depending upon their
infillings.

Assessment of the least initial thickness of concre-
tionary bearing horizons may be achieved assuming
porosity in the CB to be representative of the deposi-
tional one. The recognition of OUC patterns will also
help paleontologists in their taphonomic studies as it
illustrates that variations in the degree of preserva-
tion of some species or individuals are associated
with post-burial processes and are not primary fea-
tures. In the field of economic geology, the OUC
model will be useful in the interpretation of the
genesis of some oolitic and stratabound deposits.

Many redefinitions have been proposed in order
to simplify current terminology, and new suggestions
have been made with the purpose of finding better
explanations for the origin and mechanisms of growth
of concretionary bodies. These proposals appear to
explain some of the previous troublesome features
better, but... ‘‘An irrefutable answer may never be
found’’ states Clifton (1957).
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