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CHAPTER = VI

IAGENESTI
GENERAL

The term dlagenesis incluﬂés all the processes
involving solution, lithification and alteration of
sediments after deposition, brought about by physical,
chemical and blological changes. A proper understanding
of the diagenetic processes is very important for the
interpretation of microfacies characteristics of a rock.
Esgpeclally in limestones, the diagenesis has a greater
relevance becguse it provides valuable information on the

post depositional environment. .
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In thig chapter an attempt hasg been made to describe
in detail the diagenetic processes by which the loose milio-
litic sands have been congolidated subsequent to their depos-
ition and transformed into the miliolite limestones. A
correct appraisel of the processes of diagenesis effective
in consolidating the miliolite rocks of Kutch was all the
more important, because it enabled the author to fully
understand the total pitture of the evolution of this rock.

Except in few rare cases, carbonate dlagenesis has
always posed many problems. In mogt of the cases numerous
environmental parameters influence, in one way or anothgr
the diagenetic ggifefses of limestones, According to
Chilingar et al./(1967, p. 187), "The following factors

influence diagenesis of carbonate sedimentss

(1) Geographic factors = climate, humidity, rainfall,
type of terrestrial weathering, surface water chemistry.

(2) Geotectonism = rate of erosion and accumulation, coastal
morphology, emergence and subsidence, whether eugeo-
synclinal or miogeosynclinal.

(3) Geomorphic position ~ basinal versus lagoonal
sediments, current velocity, particle aize,‘sorting.
fiushing of sediments. 4

(4) Geochemical factors in a regional sense -~ supersaline

versus marine water, volcanic fluids and gases.

i
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(5) Rate of sediment accumilation - halmyrolysis, ion
transfer, preservation of organic matter, biochemical
zonation. )

: (5) ‘Initial compasition of the sediments = aragonite versus
highe Mg and low = Mg celcite, isotope and trace
element content, ‘

(7) Gra.jln) size = content of organic matter, nunfer of
bacteria, rates of digfusion,

(8) Purity of the sediments = percentage of clay and organic
matter, base exchange of clays eltering interstitial
fluias, _ -

(9) Accessibility of limestone framew'érk to éurtaee- cavity
syatemg permit replacements.

(10) Interstitial fluids and gases - composition, rate of
flow, exchange of ions. |

{?;(51} Physicochemical conditions =~ pH, Eh, partial pressure .
of gases, CO, content.

(12) Previous diagenetic history of the sediment - previcus
expul sion of tx;ace elements will determine subsequent
diag;znesis".

They (Chilingar et al, 1967) have further stated that
'*Tt;e actual procesges that lead to diagenetic alteration and
modifications of limestones are divisible as follows:

(1) Physicochemical processes: solution, corrosion, leaching,
bleaching, oxidation, reduction, reprecipitation, invere

sion, recrystallization, cementation, decementation,
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authigenic mineral genesis, overgrowth, crystal enlarge
ment, replacements, chemical internal sedimentation,
aggregation and accretion. ) :

(2)  Biochemical and organic processes: accretion and
aggregation, particle -« size séduetion. corrosion, .
corrasion, mixing of sediments, boring ) burrowip_g, gag=
bubbling, breaking down and synthesizing of orgsnic and
inorganic compounds. ) | .

(3) _Physical processess compaction, desiccation, shrinkage,
penecontemporaneous internal deformation and corrasion,
and mechanical internal sedimentation®,

Wo 1f (1963) has ideally summarised the carbonate diage-
nesis in the following gradation of the factors influencing

the consolidation of limestoness

/

Climate

Particle amount rate of . pH type of
size _ .. and . diagen- —— and -—Treplace=
type of esis Eh ment .
© bactere
Geomore ia .
phol ogy

The role of fresh water in the diagenesis of limestones
has not received considerable attention in the past, aﬁd it
is only in the context of the studies on miliolite or their
- equivalents that the carbonate petrography has been studied
from this angle. Sayles (1931), Yealon (1967), Bathurst
(1971) and Gardner (1983) have pointedly referred to fresh
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water diagenesis of aeolianites,

According to Bathurast (15$71) "the transformation of
unconsolidated sediments to limestone by exposure to fresh
vwater has achieved the popular status of chief limestone =
forming process .;.... there is no deubtdgjast magses of
Pleistocene limestones have been cemented in this way".

Thus, the role of fresh water in the lithification of
Pleiatocene limestones can be very well applicable to the
miliolite rocks of Kutch. These Pleistocene limestones
(miliolite) are similar to those of Bermuda, Barbados, S.E.
India, etc., which have attracted attention c;f many workers,
who have inwvoked . their lith:i‘.fication in a fresh water
environment (Schlanger, 1963; 1964; Friedman, 19643 Bathurst,
1966, 1971; Land, 1967; Land et al, 1967; Harrlis & Matthews,
1968; Matthews, 1968; Pingitore, 1570; Gardner, 1983).

Flugel (1982), used the term *meteoric diagenesis! for
fresh vater diagenesis. According to him,the process of
diagenesis can be brought about by the action of meteoric
water in following environments:

i) wvadomse environment: zone above the level of ground
water table; diagenesis under the influence of rain
water (meteoric-vadose) or of splash waters on the
cc;ast (marine vadose), e.g. sub=aerial limestone

crusts and caliche, cave carbonates,
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ii) Phreatic environment: zone below or in the water
table (meteoric ~phreatic) or influenced by marine
waters (marine « phreatic).

In Kutch miliolites, the vadose environment appears
t0 have predominated, although the role played by groundwater
might have been gignificant at times. Theso processes appear
to have operated over a protracted period covering almost the
entire Late Quaternary, |

LITHIFICATION

Lithification is the primary process of diagenesis,
and aceording to Pettijohn (1957) it is "the complex of
processes that converis & newly deposited sediment into an
indurated rock%, The process of lithification chiefly
compriges 'compactiont and '‘cementation'. On the basis of
thin section studies, the author has been able to identify
several Interesting microfacies characterigtics that throw
light on the dlagenetic processes responsible for the lithi-
fication of carbonate particles in miliolite, The following
compx‘ises an account of the varicus aspects of compaction

angd cementation,

Compagtion

Compaction is a mechanical procegs during which
(1) packing of the individual grains (re-orientation) and
§ (11) reduction of pore=space within the body of the
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sediments is brought about by various faetors, and causes '
& decrease in the bulk volume of the rock,

The factors affecting compaction of carbonate sands
have been listed by Flugel (1982) as under:

(1) Amount of overburden,

(11) - Duration of burial stress,

(1i11) Pore pressure,

(iv) Poree~water chemistry (The greater the degree
of undersaturation witg respect to Cacoj, the
less the amount of overburden needed to cause
inter end intragranular pressure solution),

(v) Clay content of the cerbonates,

(vi) Pre~compaction diagenesls (early cementation
and dolomitlization),

(vii) Grain size,

(viii) Grain architecture and

(ix) Grain mineralogy.

Coogan & Manus {1975), have ideally grouped the above
factors into following three categories:

(1) Inherited factorgs include the grain size, grain
shape, size-sorting, shape-sorting, gralnspacking,
and mineralogy,

(41)  Inhibitory factors 4include the 'preburisl lithie
fication' i.e. cementation and dolomitization,

Ihe akteration can be penecontemporaneous with
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‘sedimentation or subaerial exposure or can take
place during other dliagenetic stages.

(1i1) Dynamic factors include overburden pressure
(amount of overburden), sub-surface temperature,
duration of burial stress, pore pressure end pﬁfe

\tluids (Fig. VI.1).

The diagnoatic criteria for the recognition of compacte

ion in calcarenite, have been listed by Fliigel (1982) as.
unders:

(1) Breakage of grains,

(ii) Plastic bendiag and collapse,

(111) Fragmentation of intact valves or single shells

' (e.g..ostracndes}.

(iv)  Collapsing and telescopiné of ghells,

(v) Mashing of fragile skeletal grains between compact~
ion = resistant grains (e.g. bryozoa frégmeﬁts
between echinoderms),

(vi) Grain rotations (seen by rotated geopetal fabrics),

(vii) Dreg fabrics (due to re-orientation and stylo=-
lization) with elongated grains showing aligament

. parallel or subparasllel to the compaction =
resistant grains,

(viil) Irregular pressure solution at grain contacts
(circumidenic planar microstylolites),

(ix) Truncation of greins by adjacent grains,

(x) . Interpenetration of grains, |
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DYNAMIC FACTORS

Overburden pressure
Subsurfoce temperoture
Duration of burial stress
Pore pressure

Pore fluid

INHERITED FACTORS

Grain size
Grain shape
Size sorting
Shape sorting
Grain packing
Mineralogy

INHIBITORY FACTORS

Preburial lithification

t) Cementation
u) Dolomitization

Fig¥I1 Factors Affecting compaction of carbonate sands
{atter Coogan and Manus,1975)
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(xi) Densely packed grains (over-packing) forming a
'mash! gtructure with almost no intergranular

spacea

A majority of the miliolite occwrrences of Kuich do not
show gignificant compaction. Thin sections reveal that the
grains or particles are not in contact with each other (Plate
VI.1). This points to a very loose packing of grains at the
time of deposition, However, the lithification of miliolite
does show occasional instances of compaction, and in all' such
cases, most of the above criteria and evidences of compaction
are well illustrated (Plate VI.2). The author on the basis of
a critical petrographic study, observed feollowing features
related to the overburden pressure, graln architecture, grain

mineral ogy and the action of meteoric waters

(a) Breakage and sgplitting of graings In some thin’
section, 1{ is seen that during compaction the

grains are fractured and then displaced along them.
The first generation cement or micritic envelope is
present only on the original grain surface and the
fractured surfaces have been covered directly by
second generation cement or vadose crystal silt
(Plate VI.2a), This textural feature is identical
to that observed by Bathurst (1971).

(b)Plastic bending: During the compaction of miliolite,
some grains (mainly biogenic) show & slight bending
on account of the overburden pressure (Flate VI.2b).
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rinse 3

Photomicrograph showing loose pocking
of milloilte constituents

(X 90, PPL)
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Photomicrograph showing gone of the diagnostic features 192
of compaction in Hutch miliolites
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Breakage of grains
(X770, PPL)
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Grain rotation
(X 1*0, PPL)
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Interpenetration of grains
(X 140, PPL)
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(d)
Tangential contact
(X 40, FPLj
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Truncated contact
(X 1*0, PPL)

bioclasts
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(¢) Grain rotation: Compaction hae caused some
grains to get re-oriented and align themselves
parallel to the compaction-resistant grains,
Perpendicular to the direction of overburden
Pressure (Plate VI.2¢).

(d) Tangential contacts Some elongated grains show
an alignment parallel/sub-parallel to the compacte
ione-resistant grains wilthout interpenetration
(Plate VI.2d). This type of compaction is also .
called ag ‘'point contact' (Taylor, 1950).

(e) Interpenetration of graing: Due to compaction, the
grain under pressure has penetrated into the compaw

ctionw-resistant grain (Plate Vi.2e). This
phenomenon is however not common in miliolite
rocks.

(£) ZIruncated contacts The growth ol a vadoid is
interfered by another grain adjacent to it; as a
result the mutual yielding of grain takes place
(Plate VI.2f),

Cementation

Caomentation comprises the process by which the indivie
dual carbonate particles are held together hy a secondarily
developed material, commonly assoclated with the processes
of solution, corrosion, leaching and replacement. Several
generations of cement may develop until all the pore spaces

have been compietely filled up.

In the miliolite rock, the compaction and cementation

has been found to have taken place in a vadose environment



under the influence of fresh water, and the account that
follows would make this fact very clear, establishing a

fresh water diagenesis of Kutch miliolitese.

The constituents are seen bound and c¢emented together
by wmedium to coarse calecitic (sparite) cement, which has also
filled the primary (interstitisl) and secondary vigs and
cpenings in the rock, In some cases, the calcium carbonate
cement has replaced guartz graing and given rise to corrosion
rims (Plate VI.3), Baskaran & Somayajulu (1986), have shown
that the consgtituents of miliolite deposits of Saurashtra are
predominantly calcitic and aragonitic, and quartz occurs as
minor component. According to them, "it is possible that
aragonitetin the surface samples can get recrystallised into
calcite in agsoeciation with meteoric water, whereas the deeper
samples are protected'. Fliigel (1982), stated that in‘
meteoric environment Low - Mg calcite > aragonite > high « Mg
calcite. Patel (1582) has also chemically analysed some of
the miliollte rocks from different localities of Kuitch lainland,
and has shown that these rocks contain negligible amount of

megnesia (Table VIel)o

Source of CaCO3 Cenent

The source of the pparite cement in miliolite 1is
mostly endogenic, i.e. the CaCO3 haz been derived from within
the rock formation itself, on account of the dissolution of
aragonite and high~Mg calclte gonstituents and preclipitation
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Photomicrograph showing corrosion rim
around quarts $80, PPL)



Table VI.1
Chemlical analysis of some

of the Kutch miliolites -
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Locallty Cate=

Major oxides (% by welght)

gory
Loss on 510, Fe, 0, 41,0, FeO (a0 gl
ignition £ 2’37273
SW of Ag 29.88 26,98 1,29 2,63 0.24 33,95 1.87
Habo and A; 26,20  33.00 3.19 1.81 0,24 33.65 1.51
S of A, 29,70 25,50 1.99 1.01 0,24 34,35 2,53
Baladia A,  25.72  35.00 3.19 0.81 O.b4h 33,65 1.01
Jhura Bz 18.80 51050 2.79 1.2% 0.64 25.83 1001
B, 20.80  46.80 3,19 1.81 0.40 25.96 1.51
Sumresary BZ 29,00 27080 2'79 C.71 O 44 370 15 2,02
By 1330 63,00 4,39 1,61 0,80 15.42 1,01
Nakhate A1 3‘&007 16.80 1099 2,01 0C.12 [*2076 1051
rangm =
Kotada A, 30,00 26,12 0.82 2,61 0.20 3B.h2 1,32
Roha Ay 29,16 29,30 2,79 1.71 0,28  35.05 1.51
Bz 340& 16.‘40 1999 2;51 0;08 42.06 1#51
Bhuje By,  35.80 18,35 1.40 1.72 0.28 39,66 1.27
Mandvi B, 32,70 21.00 2,60 1.90 0.16 40,67 0.50
By 27,90 32,70 2.79 0.21 0.36 33.65 1.01
By 25,50  37.50 3419 031 0.88 31.55 1.51
B, 13.80  59.82 1,56 L4.04 0.12 17.11 1.49
Sanato-

rium
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as low=Mg caleite mainly by meteoric waters., Only in some
exceptional cases, CaCO5 might have been brought to the site

of precipltation from an outslde source,

According %o Chillingar et al. (1967), the precipit-
ation of Caco3 cexent is mainly condrolled by physicochemical,
bacterial decempasitional and algal processes.

Harris & Matthews. K (1968) observed that sparry calcite
cement is derived locally by the reprecipitation of dissolved
aragonite of the allochems. These workers also measured the
ratio of 8ré*/ca* in the water and estimated that efficiency]

ﬁ

of reprecipitation of dissolved aragonite was more than 90%.

Regarding the source of cement Gardner (1983), who has
worked on the aeolianites of S.E. Indian (which appears to be
quite similar to miliclites) has stated that "small amounts
of calcium may be supplied internaslly by the breakdown of
ealcic felspar, but by far, the largest potential contribute

ion is from dissolution of aragonite allochenms®,

Yaalon (1967), on the basis of his studies on the
agolianltes of the coastal plain of Israel, suggested that
cementation of these rocke has taken place above the water
table és'a result of wetting by rain water. He further
stated that only about 8% CaCO3 was required to initiate

the process of cementation.

The present author too has found that a major part of
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the cement in the milioclite rocks of Kutch is mostly
‘endogenic and is derived from precipitation of dissolved .
aragnoite allochems by the action of fresh water above the
water table. The evaporation of vadose water, increases
the suction pressure (capillary rise) and causes upward
movement of saturated solution ffom the lower level and
glves rise to precipitation of CaCOB. A small amount of
C&C03 cement could have come from external sources, like
migrating groundwater, weathering of calcic felspar, aero-

soles, nearby miliolite or older Jurassic limestones {Fig.
Vi.2).

Mechanism of Fresh Water Cementation

The original unconsolidated miliolitic sands consisted
of (a) organic particles with aragenitic skeleton (the
molluscs, corals and Halimeda algue), and (b) organic particles
with high magnesian calcite skeleton (most of the foraminifers,

coralline elgae and echinoderms).

These organic particles would have varyling degree of
susceptibillty to calcitisation and cryptocrystallisation
which varies from each other. Schlanger (%1964) and Bathurst
(1971) have arranged the various skeletal minerals in order

e

of decreasing susceptibility to calcitisation as under:
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Coral (Aragonite) é g .
Hal imeda (Aragonite) E%%
Mollugcs (Aragonite) fé :‘é
Pelagic foraminifers (Mg-calcite) :?'?,
Larger foraminifers (Mg-calclite) | @ 3
Echinoids (Mg=-cal cite} gi?
Coralline algae (Mg=cal cite) ' o

It can thu.é be d@duced that the low magnesian calcite ‘
which is derived from the calcitisation of echinoid (lig='
cal'cite) could be younger than that derived from corals on
account of the differences in their susceptibility to caleie-

tisation.

The author has postulated a model for his miliolites in
which the original unconsolidated milioclitic sands weré
aerially exposed and almost all the original aragonitic
skeletal fragments present in the sand were partly or fully
disgolved; the remaining particles were cemented by precipltate
ion of caleite from percolating fresh water, Such a process
has been.widely accepted by geologist wherein the aragonite
bearing sediments are converted inio limestone by exposing

them to fresh water,

Fresh water derived from the rainfall is slightly acldlc
and undersaturated with respect to calcium carbonate. When
it strikes the surface of the unconsolidated carbonate sands,

on account of gravity forces, it percolates downward through
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the pore system of the sediments. In due course, it becomes
highly concentrated with _Cac03, since aragonite shell particles
are unstable and dissolve raepidly in fresh water to form
calcium bicarbonate, This chemical change hasg been e laih?d

by Friedman & Sanders (1978) asi

Call. + H20 w CO.

3 ——

Ca2+.+ ZHCOE
(Liquid) ( aq:ﬁ Dus)

Coa
(gas)

With increasing dissolution of aragonite, the solution
becomes saturated, the pH climbs to about 8, where upon the
dissolution stops.

According to Weyl (1958) and Glover \1964), the above
phenomenon constitutes a very important process that produces
good amount of disgolution for the precipitatlion of low=Mg
calcites, This process of dissolution of calcium carbonate

mineral is increased and accelerated due to

(i) the delivery of new H,0 from rainfall,
(11) addition of CO, and organic acids by bacterial decay and
(iii) cooling on account of changes in weather (Dunham,196%).

Dunham (196Sb), has also asuggested that “"the gas phase
provided pathways by which C02 and gaseous H20 moved Lrom one
part of the system to another, or back out to the atmosphere®.

The CO2 produced by bacteria increases hydrogen ions and pH,
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and adds HCOy. The precipitation of CaCOy takes place when
it is exposed to environment of higher pH and higher co%‘ ‘
content (Cloud, 1960). Hence the percolating rain water in’

miliolites becomes supersaturated with CaCOy in three ways bys

| (1) evapotranspiration of pore water, especially near the

surface of the carbonate sands (Gardner, 1983), -
(41) a decrease in partial Cbz pressure due to degassing

to the atmoaphereg and

(4111) dissolution of aragonite shells and then percipitates
slowly as lowmé blocky calcite cement in opeh spaces
between and within particles causing the blockage of

' many original openings.

According to Gardner (1983), "aeclianites in the early
stages of subeaerfal dlagenesis will exhibit higher Sr2* -
content than their more degraded counterparts from which the

unstable aragonite has bé,en removed®,

“The stable isotope values 0f carbon within dune sands
becomes increasingly negéti‘ve during cementation by Cac0y in
a subeperial environment, The progressive change in g 130
values during aeclianite diagenesis reﬂecﬁs the alteration
of marine carbonate grains and the precipitation of calcite
cement in a zone of fresh water, containing both soil carbon-
ate and marine carbonate (Gross, 19643 Keith & Weber, 19643
Magaritz et al, 1979)", |

' The conversion of these loose carbonate sands
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(miliolitic sands) into consolidated rock (Limestons) would
therefore include following three mein diagenetic processes
during which the calcitization of metastable minerals tb
low=Mg calcite took places

(a)

(b)

(c)

Conversion of high magnesian calcite to low magnesien
calcite, during which the original texture of the shell
Qas preéewed with a thin micritic envelope (Purdy, |
1968), Bathurst (1971) has termed this process as
tincongruent disgolution', where the pore water soiu'é;"
ion gets saturated with calcite (Plate VI,&).

The aragonite allochem's dissolution is partial or
compl ete, resulting in the total loss of texture of
sllochem, The void spaces or cavities created by this
process, reflact the originsl ellochém outline with

.micritic coating envelope forming a mould of the allochem

referred to as 'moldic porosity' by Friedman & Sanders
(1978). Bathurst (1971) termed this as 'congruent
dissolution' (Plate VI,S5).

Precipitation or calcitisation of lowekMg calcite

derived from the dissolution of aragonite and high-lig
calcite allochems to occur as cement between particles
or as mould filling cement within intraparticles spaces.

The above scheme has keen mccepted by Friedman, 1964,

1975; Schlanger, 1964; Purdy, 1968; Gavish & Friedman, 19693
Land, 19673 Bathurst, 1971; Wileon, 1975; ward, 1975
Friedmsn & Sanders, 1978; Flugel, 1982 and Gard mer 19833



Photonicrograph showing partial dissolution

of biociaat with preservation of original
texture (? incongruent dissolution)

(x 1SO, PpL)

PjAtftISU..S

Photomicrograph showing complete dissolution
of bioclast lcongruent dissolution)

(X 50, PPL)
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who have worked in different parts of the world on similar
rocks;

In the light of above, it has been concluded that the
Precipitation and growth of cement in miliolite limestones of
study area have been controlled by the varicus factors,
summarised as under: |

(1) Climate,

(44) mineralogy of allochems,
(111) -availability of fresh water,
(iv) rate of au;i;ersaturation of solution (fresh water),
(v) nearby geoclogical formations,

(vi) mode of distribution of miliolitic sands.

Depending upon the above factora, the miliolite rocks
ahow varying degree of cementation e, gs the sheet miliolites
are more consollidated end less friable than obstacle deposits
which are loogely consolidated and more friable in nature.
This 15 because the sgheet m;l.iclitea being more ge less
horizontal or sub=horizontal remained in contact with meteoric

_water (rain/river water) for a longer time than those of the
obsgtacle depba&ts. The atﬁgnauon of rain water as well as
fluvial action would give rise to conditions conducive for
(@ cementation, Thus the rate of dissolution of allochem
and precipitation of low;rvig calcite would be more in the case |

of sheet miliolite than the obstacle deposits.

w i
h
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Cementation ghangg

as al ready atated, the Kutch mllioliten show atleast
two generations of cement. Many workers (Bathurst, 1958,
1971; Oldershaw & Scoffin, 1967; Milliman, 1574 Fliigel, 19823
Gardner, 1983) have examined this phenomenon in liméstones
from diiferent parts of the world and have observed their B
significance. In chapter V, the author has, following the
nomenclature used by Flugel (1982), designated the two generate
ion of cements as cement 'A' and cement 'B' (Ref. Plate V.5 &
6)s According to Bathrust (1958) these cemen;l:s are the
precipitated lowelig calcite, resulted from the dissolution of
aragonite in fresh water, sub=gserial environment under low |
overburden, | '

In Kutch miliolites, the éwo generations of cement,
viz., 'A' and 'Bf reﬂedt two phasés of érecipitation, and
are separated by an intervening period of compaction and
fracture, as it is observed that many shell fragments have
been broken during the compaction after deposition. The
first generation cement is observed to occur on the pree
Iracture surface of the éhell and the fractured gurfaces'hre
seen directly covered by the second generation blocky cement
'B' or vadose crystal silt., Thus, thin sections ideally
establigh that the cement 'A' is the egrly diagenetic cement
‘as its absence is markgd on the fractured surface of the

shells, and the cement 'B' belong to a late diagenetic event.
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The 7 tﬁpes of cements (Ref.Plate V.5 & 6) have been
grouped generationwise and, their micromorphology and diage=
netic details/significance have been discussed in the
following ‘text,

1) Drusy rim cement

The drusy rim crystals are sméller than those of the
pore filling cement, and usuaslly form the early diagenetic:
cement 'A'. The diagnostic feature of this cement is that it
contains the rings of fibrous and bladed calcite crystals.
occurring as rlmg around the grain, or lining the walls of the
primary openings or secondary cavities produced by the dissole
ution of ellochems, The larger axes of these cement crystals
are usually perpendicular to the boundaries of the pore walls

or par%icle surfaces.

Most of the particles present in miliolites are seen to
have been coated by double films of calcite, made up of the
inner thin micritic laminae and the outer Ifibrous drusy rim

cement.,

This first generation rim cement has been preserved

benecath the later overgrowth of second generation pore filling
cement. The sharp boundary between these cements 1s the
strong evidence of their formation at different times with a
time interval,
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2) Gravitational cement

Features shown by this cement is typicel of fresh
water diagenesis in vadose envirbnmeﬁt. The occurrence
of this cement is characterised by small-sized calcite
crystals, occurring as incomplete rims of cement 'A' and
exhibit a characteristic downward thickening, somewhat
akin to a smell scele stalactites into the interstices |

from beneath or lower boundaries of grains.

The growth of this type of cement is on accouhx of
precipltation of the gupersaturated droplets of water at
the lower surface of fhe particles in vadose environment
(Jacka, 19744 Badiozamani et al, 1977). Tﬁis struciture is
ideally seen in many thin sections of miliolites cut
perpendicular to the oedding plane where the lower surface
of many grains show effect of gravitationel cementation
identical to the phencmenon illustrated by Muller (1971)3
Badiozamani et al, (1977). Many workers (Purser, 1969
Bernoulli & wagner, 19713 Bechatddt, 1975) have named this

type of cement as 'dripstone cement!®.
3) Dog=tooth cement !

This occurs as cement *A' and comprises small calclitic
blocky crystals that line the cavities and alao coat the
surface of miliolite particles. The erystals are commonly
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faghion, as a result the precipitated calcite as cement

also occurs in a meniscus fashion in between grains,

5) Syntaxial rim cement

This refers $o the overgrowth and development of a
single crystal (cement) over an original free surface of
pre-existing cyystal (allochem) in such a fashion that it
shares'the same crygtallographic axes with the allochen,

In othdr vords, the overgrowth calcite cement is in lattice
continuity with that of the allochem substrate, with free
surface acting as nucleus., Bathurst (1958) called this type
of cvergrowth as ‘rim cementation' which results from the
precipitation of low-ﬁg calclte as an overgrowth cement on
a pol&crystalline substrate surface. Such syntaxial
overgrowth of lowwlig calcite cement formirng a rim on the
surface of abraded echinoderm spines is observed in the
miliolites. The‘development of a 'syntaxial rim ccment!

is typicali& indicative of fresh water subsurface or sube
aerial cementation (Pettiaqhn, 19495 Bathurst, 1958, 1971}
iLucia, 1962; Orme & Brown,1963; Evamy & Shearman, 1965,
1969; schneider, 1977; Neugebauer & Rubrmann, 1978;
Burgess, 19793 Gardner, 1983),

Interestingly, the author has observed that the

syntaxial overgrowth on echinoderm spines is of second
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generation, as some echinoderm spines show an intervening
rim of first generation (fibrous) cement developed over a
micritic envelope, which in turn, shows the overgrowth of
second generation syntaxial cement. There is no opticel
continuity between the allochem and cement 'A', whereas the

allochem and the syntaxial rim cement (B) remain in optical
continulty.

6) Pore filling cement

Pore f£illing cement comprises the principal type of
cement and>is represented by crystals larger and clearer
than the fibrous cement. This cement oeccludes the inter
(primary) and intra (secondary) granular pore spaces, and
is made up of blocky or granular sparite. It is a product
of late diagenesis, and forming the second generation cement
'8' The crystals of thls type of cement commonly lack
in parallel orientation and tend to £i11 the pores randomly
rather than rimming them. The crystal size generally ‘
increases towards the centre of the pore from the pofe walls.
The sparite cement Ls observed to unite the constituents
and also filling the empty chambers of some of the tests
like Milioliidae, Rotalildae, gasteropods, etc. A% places,
the secondary spaces, produced du¢ to dissolution have been
filled with this cement and in such bases it is very difficult

t0 detect the exact boundary of the sllochem, The author has
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recorded occurrence 6f completely dissolved allochems
that have been replaced by this cement, where itz original
shape is recognised by a faint micritic rim which forms
the mould or ghost of the allochem (Ref.Plate VI,5). The
fresh water environment precipitation of this cement is
indiceted by its coarseness pointing to a slow rate of
precipitation uninfluenced by organic reactions and free

£rom interference with Mg®™ or other ions (Folk, 1974),

The volds and interstices in some miliolite rocks
have been filled with sediments composed of well sorted

'vadose silt', which are characterised by the following

featuress

1) It has been deposited in the primary (interstices)
and secondary (solution) vugs,

2) ' Below the crystal silt, is fibrous or drusy calcite
cement and above it is blocky calcite cement.

3) This cement ﬁsually post=dates the precipitation
of fibroug or drusy cement and pre~dates the
precipitation of blocky calcite cement.

4) It shows a scarcity of clay size particles, sande
size particles and recognisable skeletal debris.

b

~ Ih many thin sections of miliolite the grains

show successive rims of fibrous cement followed by vadose
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erystal silt and in turn, by the blécky cement {Ref.Plate

V.6 d). This phenomenon indicates that the silt poste

dates the fibrous cement. According to Dunham (1968a)
“"Mineralogically the sediment is calcite; texturally it is
silt" and it confirms the diagenesis in sub-aerial environment,
In all probability, this orystal silt cement is of seéondary
origin and has been accumilated at some spots within the
miliolite by percolation of surface water into the sediment

system.

VADOIDS
Qrigin and significance

The occurrence of vadoids in the Kutch miliolite, has
provided a conclusive evidence in support of their fresh water
diagenesis. The present author has elready alluded to these
coated grains while describing the petrographic characters
of the rock. These grains reveal quite a lot towards a proper
understanding of the diagenesls of Kutch miiiolites and an
indepth study of these vadose environment products has
enabled the author to an understanding of the genetic

processes.

The miliolite limestones of Kutch are characterised by
the presence of coated grains enveloped by alternate light
(microspar) and dark (micrite) concentric lamellae with
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nuclell of skeletal material like foraminifera, mollusc
fraguents, echinoderm spines, algae and peloids (Ref.?late
Ve3) These grains attain a meximum size upto 0.8 mm and
resemble ‘vadose pisoids' of Dunham (1969 b), 'diagenetic
oolds' of Siesser (1973), *calcrete pisoids! of Read (1974)3 |
Elloy & Thomas (1981), and Richter (1983), 'vadose ooids!® |
of Harrison (1977), and 'pisoids with skeletal nuclei' of
Egteban & Pray (1983). Recently, Peryt (1983) has given the
name 'vadoids' to the comted grains originated in vadose
environment, which are often of microid size, and according
to this author to it belong grains that have been variously
termed, e.g. cave pearls, fluvial pisoids, caliche pisoids
anc vadose pisoids. He has also reinterpreted many pisolds
(and microide) which were earlier interpreted as ‘oncoids’

and termed them as 'vadoids'.

The present author has followed the terminology of
Peryt (1983) for the concentrically laminated coated grains
observed in the Kutch miliolites. The vadoid grains observed
by the muthor typically show nuceli of skeletal particles and
peloids of different size, shape and nature, coated by am
envelope of alternate dark and light laminae (Plate VI.6).
The size of the nucleus varles from one vadoid to another,
and there exist a direct relationship between the nucelus
slze and that of the vadolids., ‘No relationship is observed

between the nucleus size and the envelope thickness. On the
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Phetonieiograpli rfiowing characteristic features of vadoids

in Kutoh miliolitea 215
Vadold with triangular Downward thickening
nuolaua of vadold

(X 140, PPL) (X 140, PPL)

© («)

Vadoid with nucleii of Two nucleii with common
various s*<anos envelope in vadold

(X 40, PPL) (X 140, PPL)

(e)

Two elongated nucleii allowing a
common coating

U 140, ppL)
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other hand, the sghape of these vadolds depend on the shapes
.of the nucleus; e.g» in the case of the vadolds with
elongated or triangular ghaped nuclei the development of
laminae is thicker along the longer sides and thinner or
sometimes absent at the shorter side or edges (Plate VI.6a).

The envelopes sometimes show either upward of downward
preferential growth and thickening or both (Plate VI.6b,c).
This textural characteristic is typical of a fresh water
diagenesis and has been described by many other earlier
workers (Bretz & Horberg, 1949; Swineford et al, 1958;
Dunham, 1969 b3 Wardlaw & Reinson, 1971; Steel,1974; Read,
1974; Assereto & Kendall,1977; Hay & Reeder,1978; Surdam &
Stanley, 19793 Hay & wiggins,1980; Lsteban & Pray 1983
Goudie,1983; Peryt, 1983). The downward thickening of such
grains envelope is similar to the downward growth of !'calcrete!
described by Goudie (1983) and according to him "This is
because in a vadose environment, in which most calcretes
form, a gravitational type of cement would develop after
the bulk of the mobile water had drained out of the pores,
with a thicker water film accurring at the lower surface

of the grains in the direction of the gravity vector',

The presence of (i) thicker laminae on the wpward or

downward side in some vadoid grains and (ii) comfortable



£itting of them among other particles, characteristically
points to their 'in situ' growth. “oating of two nucleil by
& common envelope is also another very interesting and
important phenomenon that point to the ‘'insitu! growth of
these grains (Plate VI.6d,e). 4

The development and formation of vadoid grains appears
to have been controlled by many factors, the important ones

being as unders:

(i) presence of nucleus (fossils and peloids),
(i1) presence of fresh water,
(1ii) mineralogy oi rock constituents,

(iv) geological setting of the host rocks and
(v) climate, etce

It is significant that in Kutch, the occurrences of
vadoid grains are mostly restricted to sheet miliolites at
the base of obstacle deposits, river banks and also to the
thin (30-40 cm) layers of calcrete (caliche), that rest over
such sheet deposits, where percolation and capillary rise of
fresh water has been more as compared to those of obstacle

dEPOSitSI (Fig‘ VI. 3} .

Though the preeise mecchanism of the origin of chlcrete
layers over sheet millolites is not fully understood, it is

mostlikely +that they originated by following two quite

distinct processess:

217
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Fig¥l 3 Schematic diagram showing zone of
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(1) on account of the actlon of rain water where the
calcium carbonate would get dlssolved from the upslope of the
terrain (dune deposits) and washed Lo the lower parts where
it would accumulate as secondary layers (calcrete or cliche)
over underlying sheet milioclites and

(11) by a mechanism similar to thet invoked by Flugel (1582).
Acéording to him caliche or calcrete is formed when the
“"Calcium hyurogen carbonate dissolved in pore water rises to
the surface by capillary action and upon evaporation deposlts
cryptocrystalline calcareous crusts on or in the surface, The
occurrence of these terrestrial calcareous crusts is restricted
primerily to arid or semierid regions, where the annual
relative humidity is about 2000600 mm and evaporation

exceeds the annual rainfall®,

The Kutch region having semiarid climate with annual
raintall less than 400 mm is an ideal region for the formation
of such calcrete crusts. The vadoid grains present in
miliolite of Kutch have originated on account of the
prgcipitation of calcium carbonate from the super~-saturated
fresh water around a nucleus, vhere the evaporation is more
than the annual rainfall, The presence of alternate dark
and light laminae around the nuclei is on account of the
alternating dry and humid periocs in semi arid climates,
Siesser (1973), has also invoked the similar phenomena

to explain the origin of his 'diagenetic oolds'.



