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ABSTRACT: Previous theories on cone-in-cone structure origin have failed to explain some of its features; such as the absence of cone-in
cone in veins other than horizontal and the cross-cutting relations of conical surfaces to detritical clay films, They have neither taken in
account the importance of pore pressures in the processof growth of veins and concretions nor the effects of its faD in the deformation of
these calcite bodies. A new hypothesis for cone-in-cone origin is presented, which states that cones are a secondary feature. They are
superimposed on crystalline aggregates that grow in overpressured chambers and formed as a result of brittle fracture inducedby a decrease
in pore pressure within materials having different mechanical properties (plastic host sediments and brittle calcite bodies). The acceptance
of this hypothesis will help in the identification of seals in ancient diagenetic environments and in assessing depth of entrapment for fluids.

INTRODUCTION

Like many other subjects in science, cone-in-cone
structures have known several episodes ofbroadinterestand
constructive discussion alternatingwithsomeothersof indif
ference. In recent times,although interestin the studyofcon
cretionary growth has risen again becauseof its importance
in the study of diagenesis; the origin of cone-in-cone struc
tureshas remainedalmostforgotten.

Cone-in-cone structures have been mentioned and
described in the geologic literaturesincethe earlynineteenth
century. Theyare generally associated withveinsandconcre
tionsbeingcommonin shalesbutmuch morescarce in sand
stones. Good descriptions anddrawings have been published
by Gresley (1894) and Gilman and Metzger (1967); while
abundant photographs occur in the papers of Woodland
(1964a) and Franks (1969), amongst others. Most authors
agree that the cone-in-cone structure owes its origin to the
crystallization of calcite during early diagenetic stages (e.g.
Woodland 1964; Raiswell 1971). Crystallization of calcite
forces sediments awayfrom thegrowing crystals to makeroom
for concretions and veins (displacive growth). However this
theory doesnot explain such features as the absence ofcone
in-eonestructuresin calciteveinspresentin non-sedimentary
rocksor in veinsother than horizontal ones.The otherunex
plainedphenomenaincludetelescoping of cones,the system
atic downward or upwardorientation of cones apices in lay
ers, or inward orientationof apicesin concretions; lensoidal
arrangements, and equidimensional concretion growth in the
non-hydrostatic stress field characteristic of shallow burial.
Not account is given for the difficulty in explaining how a
crystal shouldcontinuegrowing in a strain field (induced by
its own growth) without straining. Although the presence of
porewatersis almost universally accepted/the importance of
pore pressures has not been fully considered. Pore pressure
would keep the clastic framework expanded and allow the
crystallization ofmineralsin veinsandconcretions beforeand
alongwithcompaction. Thepurpose of thispaperis topresent
a newinterpretation of the originof cone-in-cone structures;
linking them to the growthof veinsand rims aroundconcre
tionarybodies withina zoneofexcess fluidpressurethat sub
sequently dissipates. If the hypothesis is correct; thepresence
of these structures should be a guide to the identification of
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horizonsthat haveactedas seals to allowthe preservation of
undercompacted units. Accumulation of fluids and the gen
erationofexcess porepressures that permittedthe growthof
concretionary bodies provides a clue to the identification of
depth and temperature for fluid entrapmentduring diagen
esis.This is maybeof use in recognizing potentialhydrocar
bon seals.

A description of general features of cone-in-cone
structures will be introduced with a discussion of previous
theories on theiroriginand theirpitfalls. Briefdiscussions on
some of the items willbepresented, in some cases because
they are still controversial, in others, because the subject is
probably not familiar to all sedimentologists and it will be
helpful to add some background information.

Something must be said here about the use of the
term"hydrostatic pressure"in this paperbeforegoing on. In
its usagein physics "hydrostatic" describes a stateof stressin
whichall threeprincipal stresses are equal,like the situation
within wateroranyfluid. Petroleum geologists haveusedthe
term "hydrostatic" to identify the pressuredue to the weight
of the watercolumnin the overlying strataand "lithostatic"
for that corresponding to the weightof the rock strata (some
authors use "geopressure" as a synonym). This conflicting
usageshouldbeabandoned, keepingthe primitiveuseof the
term"hydrostatic" for a situation in whichall threeprincipal
stresses are equaland no shear stresses are possible. The use
of"lithopressure" forthedry overburden, "hydropressure" for
the fluid column, "over- or underpressure" for the abnormal
fluidpressureand "geopressure" for the actualstateof stress
in an specific pointcouldhelp to solvemisunderstanding.

GENERAL FEATURES OF CONE-IN-CONE
STRUCTURES

Occurrence

According to the published literature cone-in-eone
structures appearin horizontal veinsor layers and also in cal
cite rims of concretions in shales or sandyshales. Although
involving carbonate material cone-in-eone structures have
never been described in calcareous rocks. This suggests the
existence of very particular lithological pre-requisites. Al-
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Figure 1. Occurrence of cone-in-cone. Cone in cone in
multi/ayers with a lensoidal shape (I) where primary cross
lamination is still observable, in nodules (II) witha central
clayey layerand in veins(III) about2cm thick.

Figure 2. Positively telescoped cones. Sample of unknown origin. a- Upper view, note hollow cone cup in the corner; b
Lateralviel1l. Notice theamountofdisplacement between nestedindividuals. The coinis aboutan inch in diameter.

though cone-in-cone structures are ubiquitous through time
andspace, thehost layers arerestricted to specific horizons in
a few shale or shaly formations of a given sedimentary se
quence. Andnot all sequences are concretion-bearing ones.

Figure 1displays some typical examples ofcone-in-cone struc
tures. Cones in lenses andlayers canform two or more plates
separated bynon-coned, poorly coned or microconed layers,
with an average full width of one to four centimeters. They
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generally form only an outer shell in cone-in-cone bearing concre
tions, the shell being of a distinctive composition and texture. They
areusually associated withfossils with separated upperandlowerparts.

Cones havebeen reported pointinggenerallyupwards when
in isolatedlayers,but point inward in symmetrical veins, concretions

Figure 3. Sections normal to the axis ofcone-in-cone. a- Circular shape
defined byan arrangement ofsmall arcs. b- Inside the arcs clayey films
separate calcite zones. c-Magnification ofmaterial inthe arcs shows clas
ticquartz particles squeezed inside conicalfractures.

174

or lensoidal arrangements like those illustrated in
Gresley(1894, Plate XXXV). Some strained cones
have been reported in the literature (e.g. Gresley,
1894, PlateXXXVl). Due to its circularsectionand
theperpendicularity ofconeaxis to primarysurfaces,
conescan provide usefulthree-dimensional informa
tionwhenpreserved in deformed rocks. Forexample,
therelationship between elliptical shapesontheconed
surface and theoriginalcirclewouldberelatedto the
amountofpureshearactingnormal to the horizontal
surface whiletheanglebetween theaxis of the cones
andthissurface wouldrepresent theamountofsimple
shearactingin the verticalplane. Conesmaybe tele
scoped in a positiveor negativeway. Figure 2 shows
this particularfeature.

Composition

Cone-in-cone structures are generallycom
posedoffibrous calcite,butprimaryconesof siderite
(Hendricks, 1937)and pyrite (Carstens, 1985) have
been described. Gresley (1894) mentions a collec
tion of replaced cones of hematite,limonite, ferrous
quartz, quartzite, pyrite,marcasiteand iron impreg
nated silica. The surfacesbetween nestedcones are
generally linedbya clayfilm(Fig.3).ClayalsofOnTIS
the rings on the conical surface (Fig.4). Woodland
(l964a) reports that bulk carbonatecontent in cone
materialis similar to that ofcalcareous nodulescom
monlyfoundin shales (residues= 12%). Shaleshost
ing cone-in-cone structuresare free of calcium car
bonatebut somecarbonatecementmaybe presentin
sandyrocks.

Isotopic features

Numerous isotopic studiesonveinsor con
cretions have been carried out (Weber et al 1964,
Pepperet al1965, Criss et al1968, Raiswell 1971,
OertelandCurtis1072,Hudson 1978,Marsha1l1982,
Hudson 1978, Gautier 1982, Boleset al 1985, Dix
and Mullins 1987, Hennessy and Knauth, 1985,
Hesselbo andPalmer,1992;MozleyandBurns 1993,
Cibin et at 1993; Desrochers and Al-Aasm, 1993,
among others) showing that concretionary growth
may initiate in the water-sediment interfaceor at no
more than several metersbelowit and fmish in less
than ten-thousand yearsor continuefor up to several
million years and to depths of several hundreds of
meters. This wide span of time-depth requirements
showsthat environmental conditions for the growth
of concretionary bodies and veins although limited
are less restrictedthan those for the development of
cone-in-cone structures. Concretionary bodies con
taining concentric rims do not always bear cones.
Althoughthe useof isotopes has yieldedinteresting
results, unexplained uncertainties, arising from the
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Figure 4. Sections parallel withtheaxisofcone-in-cone. Cal
cite shows in lightgrey while clayshows dark. Note that the
"stepped' profile is always in one side of the calcite body,
but its counterpart surface is smooth.

incongruence oftexturaland isotopedata leadMarshall(1982)
and Criss et al (1988) to advise that conclusions on
paleoenvironments achievedon the bases of isotopic studies
shouldbeconsidered with scepticism.

Crystallographic orientation of calcite crystals

Thec-axesofcalcitecrystals in conedmaterialrange
from being perpendicular to the vein surface to parallelism
with conical surfaces. Stereographic diagramsof crystalori
entation showcircularpatterns,but not small circleor annu
lar ones as shouldbe expectedfor arrangementon a conical
surface(see Woodland, 1964a,fig. 86 for plots).

Rate of growth

No information on the time span involved in the
growth of conedmaterial has been foundby the author.Few
absolute dating techniques has been carried out on concre
tionarybodies; Pantin (1958)obtaineda resultof about7,500
years for a calcareous concretion. Boles et al (1965), using
diffusion growthmodels, estimatethe timeneededfora large
concretion to grow is four million years. ITa cone-in-cone
structureis considered to be a productof softsedimentdefor
mation process or a primary crystallization shape, its devel-

opment should cover the same time span. However, if it is
interpreted as a fracture surface, regardless of the origin of
stress, it shouldbean almostinstantaneous feature.

Morphological features

Littleinformation existsaboutthedistribution ofthe
conesonsurfaces ofveinsandconcretions. Woodland (1964a)
provides some descriptions and illustrations, the case of the
conedvein separatingdorsal and ventral surfacesof a Trilo
bite being of outstandinginterest. The positionof cone axes
perfectly linesup with theoriginalsegmentation of the fossil.
Further studies on this subject will provide important infor
mation about the origin of cone-in-cone structures and the
state of stress at the time of development It seemsprobable
thatconeaxis distribution follows an interferencepattern the
samewaycolumnar jointing in igneousrocks does, this pat
tern being related to the overalldistribution of stress and the
relative orientation of potential fracture planes (Cos and
Wright,1992; DeGraffand Aydin,1987).Rowsand rhombo
hedralpatterns havebeenidentified by the author in samples
of the collection at the Departamento de CienciasGeologicas
of the Universidad de Buenos Aires.

Mostof thedescriptive workcarriedoncone-in-cone
structurestudieshas been centeredon individualcones.The
following terms are of almost universal acceptance and are
illustratedin figure5. Cone: one of a group of nestedcones;
Cone cup: conicalsurfaceleftby a cone when it is removed;
Clay rings: developing parallelwith the bases of cones,trian
gular in section,covering cone cups.Rings in different cups
show different dimension in section, and even in the same
cup variations can be found, with rings showing larger sec
tions in the vicinityof the baseof the cone. Sometimesthey
donot appearexactlyasringsbut showbifurcations and anas
tomose into each other, According to Gilman and Metzger,
1967, major fractures are those defining the surface of the
conesand minor fractures thoseshaping clayrings. A coni
cal scale is a fragment of a minor cone attached to a main
one,this wouldbeequivalent orassociated to what Durrance,
1965, calledan "individualconical leaf'.

Althougha greatvariationin cone-in-cone structure
dimension is possibleamongstconesfromdifferentlocalities
the following types can beconsideredrepresentative: Coned
bodyheight: up toseveral decimeters, but usuallyseveralcen
timeters; Cone height: from less than a millimeterto several
centimeters; Apical angle: from 14° to 100' generallybetween
20°and 600.

Similar structures

Shatter cones(like such as are producedby meteor
ite impact,Ramsay and Huber, 1987;Hargraveset al, 1990;
Roach et al, 1993)and shear cones (like those developed in
coals(Bartrurn, 1941; Woodland, 1964») differfromcone-in
cone structures ,in that theyare the product of very high in-
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Figure 5. Other morphologicalfeatures ofcone-in-cone. a-Nested cones in lateral vielV, b- Upper view ofthesame, notice
thateach/ouradjacent cones define a rhomb, nota square. c- to e-Different morphologies ofcone cups (see also figure 2),
c displays typical anastomosing andsize changing corrugations orclayrings, dshows imperfectly rimed cups withflatapices
ina thin slabande illustrates cups withno corrugations.
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Pitfalls in previous theories

supposed to bepresent in Aso et al 1992.

Table 1isa compendium ofpublished theories (avail
able to the author through the papers itself or cited in other
ones)groupedon the basis of the abovementionedcriteria.

Previous theories fail to explainsomeoftheobserved
features of cone-in-cone structures and its environment of
occurrence. Woodland (1964a), Franks (1969)and Marshall
(1982) analyze theories on cone-in-cone structure develop
ment,givinggoodreasons to abandonmostof previous theo
ries, but arriving to different conclusions. Woodland (1964a,
page 189) states that "Cone-in-cone owes its origin to the
concretionary growth of carbonate (calcite) during the very
earlydiagenesis of the containingsediments (...). The fibrous
natureofthe calcite,itsorientation and itsdifferential growth,
which producedthe corrugated, partiallyconicalclay layers,
so typical of cone-in-eone, are the result of the stressfield in
which the crystallization tookplace.The stressfieldwaspro
ducedby the pressureof superincumbent -which must have
been slight because of the early diagenetic time of develop
ment-and by the expansive forceof the concretionary action
itself'. He also states (page 299) that 'The microcones arise
directly from the modeof growthof individual fibregroups,
which develop as tuft-like aggregates froma nucleation point,
themicrocone apex (...). Macrocones are stablished by layers
or lenses of clay that remain coherent and are forcibly de
formed by thecrystallizing calcite.".The modelof growth of
concretions depictedbythisauthor(Woodland 1964a,figures
87 to 89) seemsno longercompatible with presentdayinter
pretations. Franks (page1452)agreeswithhimthat ''the cone
structures are the productsof the growthof cone-shaped plu
moseaggregates of fibrous calcite in argillaceous sediments
(...). The clay films that outline the cones and conic scales
stem from the disturbance and displacementof the original
sediment by thegrowingfibers of calcite".Hepointsout that
"the so-called cone fractures (...) are not the productof frac
turing but rather are the growth boundaries between sets of
plumose aggregates of fibrous calcite" but gives no reason
whythoseplumose aggregates have so regular shapes,are so
regularlyspacedand havesosharp borders. Bothauthors fail
to explain how the deformation of clay films is so regular
whenit shouldbe expected a constantlossof amplituderadi
ating away from growingcenters. The paper from Marshall
(1982) updates withgeological knowledge and statesthat "fi
brecurvatureand the patternsof internal zonesof symmetri
cal veinsdemonstrates growthbya processof antitaxial (out
ward)additionofcarbonate at thevein margins".It is impor
tant to point out that he finds that ''The fibrous calcitesare
displacive andpresumably therefore grewintorelativeplastic
sediments. The isotopic evidence, however, suggests a later
diagenetic origin (...). Toexplain this apparent contradiction
it is necessary to invokea mechanism wherebyeffective over
burdenpressure(anddecreased shaleplasticity) couldbetem
porarilyand periodically reduced under tens or more prob-

PREVIOUS THEORIES ONTHE ORIGINOF
CONE-IN-CONE STRUCTURES

stantaneous stresses. These structures develop in a situation
in which maximum principal stress is by far greater than
mediumand lesserprincipal ones so shear fracturesdevelop
becauseof thesuddenincreasein theradiusoftheMohrCircle
and it's intersection with the Mohr envelope corresponding
to the material being crushed. These structures are not con
fined to rocks or minerals of specific composition or a par
ticular layer. Theyhavea spatialdependence on impactareas
and fault zones,in the case of shatterconesand shear cones,
respectively. Conical arrangements of magmatic dikes, usu
ally named cone-sheets (Best, 1982, Barker, 1983) may be
envisaged as an overscaled cone-in-cone-like structure, where
magmaticchambersmodifyregional stressfieldand magma
emissionsplay the role of the clay filmpresent in true cone
in-conestructures. Woodland (1964b), describes conical fea
tures of millimetrical scale in a soft shale he considersshear
fractures associated to "compactionpressures aroundcarbon
izedplantmaterial". Giraudand Seguret (1987) describe coni
calfractures ofdecimetrical scaleaffecting siltstones andclays,
reachingtheconclusion that"thismicrofaulting resultedfrom
vertical shortening without horizontal extension, but with
volumetric loss".The association ofthislatterexampletofluid
escapestructures shouldbepointedout.Aassoumi et al (1992)
and Asoet al (1992)describecone-in-cone structuresassoci
ated with pedological and septarian nodules, respectively.
However, it has been difficult for the author, based on their
descriptions, to identify the type of structure theyare dealing
with, cone-in-cone structure or just conicalarrangementsof
calciteneedles.

Themes on thecriginofcone-in-cone structureshave
beenexhaustively discussedin Woodland (1964b) andFranks
(1962)so onlya briefdescription willbepresentedhere, with
the inclusion of some papers published after their reviews.
Theoriescan beclassified in four maingroupson the basesof
whetheror not theyconsiderthe structuretobeof primaryor
secondary origin and the product of brittle behavior or not.
The meaning of these terms in this paper is the following:
Primary: developed during vein or concretion growth. Sec
ondary: producedafter the vein or concretion formed. Non
brittle: implyingbending of clay layers to the shapeof chev
ron foldswith an interferingpattern.Brittle: development of
true conicalfracturesurfaces.

Regardless of their origin conical fractures require
fortheirformation a fixed patternofstress distribution (Ramsay
1967),namely0'1> oz=0'3,but thispatternis different from
the one required for the growth of equidimentional concre
tions, where hydrostatic conditions must be prevalent (0'1=

cr2= 0'3) so a change in the overallor the local stress fields
must predate (or trigger) the generation ofcone-in-cone. Aso
1991 has produced a Ph.D Thesis on the origin of septaria
and cone-in-cone structuresbut theauthorhas not had access
to the manuscript, anyway the main ideas on the subjectare
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Table 1. Princepal theories on cone in cone development

PRIMARY, NON-BRITTLE PRIMARY, BRITTLE

Sorby, 1860. Fan shaped Gressley, 1894. Lateral radial
crystallization contractional stresses

Young, 1892. Ebullition of gases Keyes, 1898. Crystallization forces of
passing through plastic sediments calcite

Cole, 1893. Conical growth of Rei.a, 1903 -1914. Contraction tensions
crystalline aggregates produce polygonal pyramidal splitting

Richardson, 1923. Conical shear Shaub, 1937. Volume shrinkage during
surfaces control calcite growth dewatering

Bonte, 1942, 1952. Concretionary Durrance, 1965. Crystallization forces
growth with lateral compression in a confined space

Korawietz, 1961. Rapid Denaeyer, 1939. Tractionary stresses
crystallization of tuft and cone like in a "plastic between brittle"
aggregates sandwiched system

Wood1and, 1964. Concretionary growth,
overburden load

Pranka, 1969. Growth of cone shaped
plumose aggregates

Carstena, 1985. Dendritic growth

l.assoum! et aI, 1992. Calcification
of bacterial communities

SECONDARY, NON-BRITTLE SECONDARY, BR:ITTLB

Link, 1930. Crystallization of a Tarr, 1922. Stresses arising from
preexisting colloidal gel overburden load and aragonite

inversion

Aso et al, 1992. Fibrous growth in Weller, 1960. Overburden load caused
organic gel shear fractures

Huller, 1962. Recrystallization of a
colloidal concretion under confining
pressure

Gilman and Katzegar, 1967. Stresses
due to aragonite inversion

Shearman et al. 1972. Pore fluid fall
and fracturation of calcite due to the
effect of overburden load transmission

ablyhundreds ofmeters ofburial" and,afterquoting Shearman
et al (1972) points out that the key to solving this problem
mustbefound in "overpressured horizons".

Somefeatures havenotbeentaken in account inmost
of the published literatureso theyaregoing to be discussed
herein.

a)As far as the authorknows no vertical veins withcone-in
cone have been described. This is an important argument
againstmanyof theprevious theories oncone-in-cone origin,
because the mechanism invoked should haveacted indepen
dently ofspatialorientation of the vein.
b)It is not clearlystated howsedimentary clasts are''pushed
away"vertically and laterallywhilecalcite fibers keepgrow
ing. Displacive growth in a plastic host sediment is easy to
sketch butdifficult to explain. In thepresenceofa clastic frame
work carbonate material precipitates as a cement, and this
happens mostly before fibrous rimsofconcretions are formed,
socementation occurred in moreplastic sediments and under
lighter overburdens than thosepresent when displacive growth
tookplace. Which environmental conditions lead to fibrous
growth and not to pore space filling? Noclear answer is of-

fered byprevious theories and thesubject is stillunderdebate.
Dickson, 1993, has worked on the interpretation of crystal
fabrics andtheenvironmental conditions leading to themcon
cluding that the work is in its beginnings. Crystallization
forces, ofteninvoked as "clast-pushers", are generally calcu
latedsupposing volume-to-volume replacement (Dewers and
Ortoleva, 1990) and areextrapolated to the syn-sedimentary
environment. Shearman et at (1972) givemanystrongargu
ments againstdisplacive growth and its capability tocarryon
mechanical work.
c) If the model ofdisplacive growth is accepted, and conical
surfaces are considered fractures originated in the relief of
stress stored astheconsequence of suchgrowth, it is noteasy
toexplain whythe fibrous body shouldstoreenergy up to the
value requiredto fracture itselfin place of dissipating it de
forming host sediments, which, for the general model, are
wet, plastic and (forseveral authors) onlyseveral centimeters
thick. Although in thepresence ofporepressures it can notbe
assumed that it willbeeasiertofracture brittlecalcite needles
than todeform softhostclays.
d)Woodland's (l964a) plotsofcalciteorientation shows that
c axes in a singleconecanbeoriented witha greaterangle to
the perpendicular to bedding than the conical surface itself,
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This clearlyreflects that the crystalline needles are cross-cut
by the conical surface. This can not be explainedif it is as
sumed that cones owe their shape to conical aggregates of
needles, because, in this case the maximum possible crystal
lographicaldeviation from the direction of coneaxes should
parallel the conicalsurface.
e) The development of "clay shadows"associated with fossil
fragments and clast included in coned material (e.g. Wood
land, 1964a,figures 43and 83)are notexplained bydisplacive
growth theories.
f) Clay films on the conical surfaces are not primary layers
bent to conical shapes. This is clearly demonstrated by the
coexistence in thesamesampleofcone-shaped clayfilmswith
thin sedimentary laminations which are not warped to the
conicalshape(Woodland 1964aprovides manygoodillustra
tions on the subject).

THE SPACEQUESTION

Abnormal pressures in sedimentary basins

Abnormal fluidpressures (andassociated undercorn
pactedsedimentary beds)havebeenreportedfromrecentand
past environments (seeLohman 1961,Poland 1961,Daviset
ale 1965, Thomeer and Bottema 1961, Bredenhoeft and
Hanshaw 1968, Hanshaw andBedenhoeft 1968, Bradley 1975,
Bishop1979.Barker 1987,Carstensand Dypvyk. 1981,Luo
and Vasseur. 1992). The rheological and chemical effects of
theseoverpressured fluids on sediments and concretions are
of primary importance in the evaluation of environmental
conditions for the growth of concretions and the origin of
cone-in-cone. However. as stated before, they have not been
takenin accountin previous interpretations. Structuresasso
dated withfluidescapein concretion-bearing sequences have
beendescribed in the literature. Criss et al (1988,page 7 and
figures 4 and 5) describeclasticdikeswith removedand de
formed concretions, Hayes (1963,page 126and figure4) re-

.~
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~ Water

[I]] Frae t u res

m Calcite fibers

III a
-----------~
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THE OVERPRESSURED MODEL

The author (Selles-Martinez, 1994) has proposed
elsewhere that thereis no needforan actualdisplacive growth
of mineral fibers to account for the creation of room. It has
alreadybeen demonstrated from preservation of undefonned
fossils and the randomparticleorientation in concretions that
crystallization of calcite fibers pre-dates compaction of host
sediments. This latebearing stresscrushedfossils and created
a strong mechanicalorientation of particles (e.g. Criss et al
1988).Therefore. the room required for the growthof fibers
is not actually made by lifting overburden or pushing aside
the clastic framework, but is taken from compactional vol
ume lossin the surroundingsediment. Figure6 illustrates the
process.

This point has to be considered not only in connec
tionwith cone-in-cone growthbut also in the generalcaseof
concretionary growth and independently of the originof the
forces eventually neededto make theroomnecessary to veins
and concretions. Deformation oflayering hasbeeninterpreted
as the result of stressesarising fromconcretionary growthby
severalauthors.The need to lift the overlying strata to make
room to concretions has also been taken in account (Brown
1954,Shearmanet a11972, Marshall 1982,Stoneley, 1983.

The mechanism proposed in this paper puts in a
single pictureseveralpreexisting ideasdeveloped by the au
thorsquotedin previous itemsthroughtheobservation ofcon
cretionarygrowthand modeofoccurrence ofcone-in-cone. It
is strongly coherent with Shearman's (1972) hypothesis on
theoriginofcone-in-cone, ofwhich,although beingindepen
dently developed, canbe seen as a detailed extensionof that
work. It is basedon the rise and fall of pore pressureduring
diagenetic stage,giventhat this environment ischaracterized
bythe lackofpervasivecementationand a rateofcompaction
variablewith depth.

Figure 6. The undercompacted-overpressured-chambermodel
for thegrowth ofconcretionary material. Although thegrowth
of a nodule or concretion may start at the water-sediment
interface (I) it does soasa cement, displacive growth or "non
inclusive" growth can only occur when the presence of an
overlaying seal prevents fluid expulsion and compaction of
sediments (III). The room for the growth of this individual
layer or rimis taken from theundercompacted sediment and
does not require lifting of overburden or the displacing of
hostsediment. Whenfluidpressure islostcompaction reduces
bed thickness to normal values and warps layering around
concretion (Illa & b).Sketches areout to scale.
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Description of the proposed mechanism

The sequence depicted in figure 7 starts within a
sediment in whichtheclasticcomponents are stilluncemented
at the water-sediment interfaceor at shallow(less than a few
meters) depths.

II
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w

5

Water

Sea surface

ill~;tili'wl.~~llg~-:
.(.~{~!/;;:~~:~:':'!:i~\:::::::~~:~~Hj:::?i·ffi£~:.i;:;:i:~ [~~~~'~:{ii)~\~':\ Q

·1::·~i}':~';:~·:~::..~::;;:·::':'::~:·:.:.:::::::·.·: ..·.~.::·:~:.~.:.:.::.:.::;:..:;:.:~::.:.::::~~.~~.

First stage: A nodule or a concretion starts growing
cementinghighlyporous sediments (non-inclusive veins are
supposed to grow in the second stage). Syngenetic or diage
neticconditions areprevalent Anhydraulicseal startsto fonn
above concretion-bearing sediments(Figure7.1).

Figure 7. Successive steps in the development of cone in
cone. I: Firststage. thegrowth ofa concretionary bodystarts
at shallow depths. Hydrostatic conditions, high porosities,
andcementation of clastic particles. II: Secondstage. A seal
hasdeveloped allowing preservation ofinitialporosities and
development ofan overpressured chamber. Fluidjackets the
opening offissures andthegrowth ofcrystallinefibersby the
crack-seal mechanism. III:Third stage. Sealsopenandpore
pressure starts to fall. Overburden load is transferred from
fluid to clasts and concretions. Crystalline calcite is frac
tured but uncemented and still highlyporous and wet host
sediment compacts plastically.

potentialfissures. Fissurization can also be initiatedbecause
of shrinking of concretion leading to the development of
septarianfractures.

portscrushedconcretions that clearly showevidences of im
plosion and Carstens (1985, figure 2) describes microscopi
cal conesaffecting pyrite aggregates that are clearly associ
ated to a fluidinjection.All theseelementscanbeinterpreted
asevidences of the existenceofabnormalfluidpressuresdur
ing concretionary growth.

The mechanical effects of pore pressures on
geologicalmaterials

An earlier version of the proposed theory (Selles
Martinez,1992)proposedthatpressures in excess of overbur
denwereneededto rise the sedimentary coverand makeroom
forcrystallization of veinsand concretions. This wasobjected
to (McBride, 1993pers. com.)because suchpressureswereto
befoundat depths exceeding that of formation of veinsand
concretions. Consideration of a sealedchamber of regional
extension filled with undercompacted sediments with abnor
malporepressureas the appropriate environment overcomes
that serious objection and allowsfurtherconsideration of the
proposed scheme of evolution. Cassidy and Ranganathan
(1992) and Grauls and Cassignol (1992) describeoverpres
suredchambers that can be takenasenvironments withphysi
cal conditions like the ones proposed in this paper.

Summarizing the conclusions ofRagan(1985), and
Ramsay and Huber(1983)it mustbe said that the presenceof
pore fluids weakens materials, makes stresses neededto in
duceshear fractureslesser, and ifporepressurerises to equal
minorprincipal stress tensionfractures can develop(hydrau
lic fracturing).

The effectof pore pressureon the rheology of geo
logical materials and the structures associated with.it have
been extensively analyzed in the last decades (Handin et al,
1963, Secor, 1965; Price, 1975; NarrandCunie, 1982; Carter et
al,1990; Sibson 1981, 1990; Lorenzetal, 1991; Behrmann, 1991.

The crack-seal mechanism of vein growth

Ramsay(1980)usedthe term"crack-seal"fora par
ticular type of veinfilling process and althoughit wasusedto
explain tectonically induced deformation, there is no objec
tion to invokeit in a non-tectonic stressregime.Hedescribed
howlayerparallel tensilefractures, inducedbyhydraulicfrac
turing,arefilled withrecrystallizedmaterial in successive steps,
due to the influx of pore fluids to the opening fissure and
subsequentcrystallization duetooversaturation in themicroen
vironment. The repeated process of fracture opening, fluid
influx,crystallization, sealing(as aconsequenceoftheformer),
fluidpressurerise and roopening of the fractureis considered
to haveworkedin the formation of fibrous veinsand rims of
concretions. Therheological discontinuitybetween plastichost
sedimentand rigid concretionsurfacewillbeeasilyfissured
bya rise in porepressuredue to pulsationin regional values.
Additional localpressurescan also arise from the beginning
of compaction, that should "squeeze" pore fluids to jacket
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Second stage: As illustrated in Figure7.11 thisstage
shows the presence of an undercompacted-overpressured
chamber, not deeply buried (overpressures can be a shallow
feature) and growth ofconcretionary lxxlies isstillactive. The
porosity of host sediments is close to that in the first stage.
Non-inclusive veins and rims start to grow in this stage. A
mechanical discontinuity in the sedimentary body, jacketed
byhydrofracturing underappropriate stress conditions allows
continuous opening ofspaces between layers andalsobetween
already formed concretions and hostsediments. Thesespaces
are filled bythecrystallization ofcalcite. Calcite is generally
fibrous, withfibers statisticallyoriented parallel with themini
mum differential stress. This stress is generally vertical in
veinsor almostradial in concretions. Theporosity of thecar
bonate material is lower than thehostsediment one,butsome
porespaces between calciteneedles retainpressured fluid.

As previously mentioned, the differences in physi
cal and chemical properties of the environment that lead to
thedevelopment of veins versus concretions is notwellestab
lished, but the 'presence of compositional and/or mechanical
lamination and the amount of pore pressure must play the
firstrolein theprocess. Theexistence oftruehydrostatic con
ditions should probably favor the development of spherical
bodies. It is important to remember that under hydrostatic
conditions deformation can onlybeachieved throughvolu
metric changes withno shapedistortion, as longas no shear
stresses are possible.

Third stage. A timeis reached when fluidpressure
falls. It is unknown howlong it should taketo dissipate ab
normalpressure, but it should certainly be a function of pres
sure gradients and permeabilities. Clastic particles makein
creasing contactwithoneanother (Figure 7.TII). Thehostsedi
ment begins to compact, fluids are expelled from pores, but,
taken in account thatclayisgenerally involved in theprocess,
this process can last for thousands of years.

Evolution of stress conditionsduring the process

First stage: Due to the very thin sedimentary cover
vertical stress is related to the water column above the sea
bottom. Bothhorizontal stresses willbeequaland beclose to
thevalueofthevertical stress (almost hydrostatic conditions).

Second (overpressuring) stage: Vertical stress is in
creased bythe increase in sediment thickness. In the absence
oftectonic (orslope-inducedstresses), bothhorizontal stresses
willbe equal. Again,and because offluid pressures, nearhy
drostatic conditions are prevalent and shearfractures are in
hibited in thebrittle calcite. Sediment particles arenotresting
on eachotherbutare "swimming" in theoverpressured fluid
which supports mostof the overburden load. Calcite bodies
are crystalline and submerged in a saturated uncemented
soft sediment.

Figure 8: Feather likeaggregates ofcurvedcalcite needles
associated with the joint between a cone and the cone cup.
Theydisplay sharp contacts withclayringsdefinedby major
andminorfractures.

Third (depressuring) stage: The sedimentary load
formerly supported bythefluid, is nowtransferred gradually
to detrital grains and normal litho- plus hydro-pressure ex
ists. Rheological conditions for the vein or concretion have
changed. The crystalline body now ''feels'' the overload and
stress conditions are not the same as in second stage. The
sedimentary layer which remains wet and plastic is now
compressed against the vein or concretion which is crys
talline and brittle. Porepressures insidethe vein weaken it
now and shear fractures can develop in response to the
lithostatic stress field thus achieved. Shear fractures havea
conical patternbecause both intermediate and minorstresses
areequal.

Late evolution of cone-in-cone structures

Circulation of fluids through the conical fracture
surfaces to equilibrate pressures in both sides of the coned
body would provide the means for the introduction of clay
particles in favorably oriented fracture sets and produce clay
ringsand(ifpressure gradients arestrongenough) would tele
scope cones in a positive or negative way. Someother fea
tures, likethe presence of later feather-like aggregates in the
surface of conical steps (seefigure 8 and also Plate XXXVI
11 and 12in Gresley 1894) and thepresence ofsheared cones
with theirapex curved, canbe interpreted as post-fracturing
phenomena, best explained by fluid migration, compaction
and sliding of surfaces.

CONE-IN-CONE FEATURES AS EXPLAINED
BY THIS NEW HYPOTHESIS

Arevision ofmorphological andenvironmental fea
tures ofcone-in-cone alongwith its interpretation under the
above developed model follows.
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CONCLUSIONS

from hostsediments. Theprocess shouldbe moreexactly de
scribed as "non cementative" or "non inclusive", exceptfor
minorfilmsincluded duringcrack-seal growth.

Orientation of calcite crystallographic axes: In the
crack-seal growth model adopted in this hypothesis, the ori
entation ofcrystallographic axesis theresultofthelocalstate
of stress. Dispersion in calcite axis orientation is the conse
quence of several causes, suchas naturaldeviation and par
tial recrystallization in different stressregimes aftercompac
tion. Theradius ofthecircle in thepointdiagram should bea
function ofprimary dispersion butbyno meansrelatedto the
conical fracture geometry.

Orientation ofconeapex: Pressure gradients between
thecoreof theconcretion and thehostsediment (or theupper
and lower partsofa vein) wouldcausethepreferential devel
opment ofoneof the two conjugate shearsystems. In thecase
ofconcretions, where cones axis are radially distributed and
which always pointinward, it couldbe the expression of dif
ferences between pressures insideand outside theconcretion
arybody. Thispressure gradientwouldalsoleadto theexpul
sionof innerfluid-saturated clays, occasionally leading tothe
telescoping of the cones already mentioned and illustrated in
Figure1.In thecaseofsymmetrical veins, expulsion offluids
in bothupward and downward directions duringcompaction
should be expected in the central layer. This would develop
opposite shearsystems in eachcase and createthe finalpat
ternof opposite cones in each layer.

Woodland's 1964a paper on cone-in-cone is possi
blythe mostcomplete atlason the subject. Despite this, there
are many ambiguous statements in this work such as, "this
feature is not already explained" or "it is difficult to explain
how this feature developed". It is notpossible in thispaper to
discuss each of thisfeatures, but mostof themhavea simple
explanation ifthecrack-seal mechanism is taken intoaccount,
theoverpressured model forthegrowth ofbothveins andcon
cretions isadopted, andasecondaryandbrittleorigin forcone
in-cone is preferred.

Onthebasis oftheobservedfeatures anddocumented
occurrence of undercompacted-overpressured sediments in
present and past basins, a new mechanism for the origin of
cone-in-cone is proposed. The mechanism, which considers
cone-in-cone to beof secondary originand the result of true
conical fracturing, can be summarized as follows:

Majorand minor fractures: At a first glance major
fractures canberegardedas defined bythe principal conical
surfaces likethosewith theirapexpointinginwardthecone
in-cone bearingconcretion whileminorfractures should cor
respond to conespointingin the opposite direction (Gilman
and Metzeger, 1967,figures 7 and 8). In the interpretation of
these authors slipping directions in the fracture system are
representative of a stressdistribution opposite to the onepos
tulated herefor the origincone-in-cone, but it mustbetaken
intoaccount that the specimen in discussion belongs toa tele
scoped sample, and the original structure could have been
reversed andenhancedbytheprocess oftelescoping. Acloser
examination showsthat majorfractures are not actually par
alleltoconical surfaces, theyare restricted, as it happens also
with minor fractures, to the conical cup. Further investiga
tions in the line of Durrance, 1965, should certainly help in
the interpretation of thesefeatures.

Conical surfaces: They are shear-fracture surfaces
that display a conical shapebecause of stress distribution as
already explained. The variation inconical angleis dueto the
variation in rheological conditions in different environments.

Striae: The socalled"striae"on theconical surfaces
can be the result of slidingof cones on conical cups due to
compaction or telescoping, but theycan alsobe the intersec
tionofdifferent non exactly coaxialconical surfaces. Further
SEM imaging will help in solving this question. It should
requireadditional studies to identify plumose markson coni
cal surfaces and test the results with thoseon planar joints.
Roach et al1993 have carriedout some comparative studies
between planarjointsandshatter-cone surfaces, futurebroad
eningof thesestudies toinclude cone-in-cone surfaces will be
welcomed forthefractal description andcomparison amongst
different types of conical fractures. Textures on conical sur
facescouldbe also studied as equivalent to main surface and
steps in plumose fractures (Roberts, 1961; Hodgson, 1961).
Opening-of-the-feather direction in plumose joints is indica
tiveof progression-of-the-fracture direction.

Clay films: Clay films underlying contact between
cones andconecupsare the resultofinjection ofsedimentary
clays byfluids beingsqueezed at the timeofcompaction, and
are not the result of sedimentary layers being deformed by
growing crystals.

Clayrings:Slightdeformation ofcones, duemerely
to compaction, "opens" the intersections of majorand minor
fractures allowing flow ofclayto form pressure-release rings.
In a sample of unknown originin theauthor's collection (but
probably from the same area as those depicted by Gresley,
1894 and Gilman and Metzeger, 1967) these rings show a
feather-like growth, with curved extinction in plane-polar
izedlightand clearlypost-date formation of cone-in-eone.

Weak points or planes presentin a highlyporous
sediment are forced to openby pore pressure. Calcium car
bonate crystallizes. Abnormally highfluidpressures produces
a nearlyhydrostatic stress distribution andprecludes both com
paction andshearfractures. Sealsareopened. Whenthiscriti-

Displacive growth: Associated to thejacketing offis- cal stage is reached, pressures tend to reach normal hydro-
suresby pore pressure and pressure of fluids beingsqueezed static values. Fluids begin tobe expelled. In thisenvironment
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the vein behaves in a brittle way while the host sediment is
still saturatedand plastic.The modelimpliestransference of
theoverloadfromthe fluidto the clasticframework and from
it to thevein.Fracturescross-cutting veinor rimadopta coni
cal pattern because bothof the lesser stresses are equal.Re
sidual pressure gradients develop those previously formed
conical fractures which are favorably oriented and infilled
them with clay. Compaction squeezes porefluids out of nod
u1es and lenses. Later,high fluid pressuregradientscan tele
scopecones, overburden load and geothermal gradient can
modify the structures of both clayeyand carbonate bodies,
and the replacement of originalmaterials can takeplacewith
different degreesof macro- and microscopic modifications.

Notonlyclassicalcone-in-cone morphological fea
tures,but alsosomeenvironmental uncertainties arisingfrom
comparison of texturaland isotopic data, are betterexplained
by this theory. The author, who is neither a sedimentologist
nor a geochemist has only outlined the possibility of a rein
terpretation of how cone-in-cone formation affects concre
tions and veinsusing somecriteria of rockand soil mechan
ics. Further evaluation of this hypothesis shouldbe carried
out byapplyingit toexistingcone-inconepublisheddata and
by carefulanalysisof newexamplesof this phenomenon.
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