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INTRODUCTION

b " . eny of sclereids in most of

A4 systemuatis study of t2e d]St.“buuom ZU uc:lLtlillena:)r\lAcfl. ?Il'lfizgoccyurrence of sclereids hag
the groups of gymnosperms has not'c;).ecl:; nlla:’ e“‘:clerenchyma cells”, “thick walled cells”

sntioned under the names ‘“‘idioblasts™, ! r .0’ g g ?
b:folzlzlzz?lltlxt eecic., by Sewarp (1906) in Araucaria, BOWEI-{ (1881) 11;936111(;122/;%;0?:
(1958, 1962, 1963, 1966) in Welwitchia and Gnetum. MAHESH.WARI ( . ). e
ks .. - of sclereid formation in the shoot of
sclereids of Gnretum. STERLING (1947) giving an a.CCOl:lI’l‘-.O : o JGER
Pseadotsuga taxifolia also refers to the report of sclereids in Arau.cana .bY .RIFF; H ( :)H) ’A Yy
SACHER (19543 in Pinus ponderosa and by KITAMUR{L (1'956') n Sczadopz.l_ys.. I”LAL;L' -AL-
Tavs and ToRREY (1961) have also described the distribution of sclereids in the eaves f)f
Pseudotsuga. These are the only few stray references on the occurrer%ce of sclereids in
gymnospc;erms. The hitherto uninvestigated Indian gymnosperms and conifers were therefore
studied from the sclereid point of view. - .

Some available members of the Cycadaceae, like Cycas revoluta, C. circinalis, Zamia
Slorinda, . mexicana, Encephalortos caffer, and E. villosus were examined. But some of these
showed no sclereids in the vegetative parts. The reproductive parts of Cycas also do not show
any sclereids.

The reproductive parts of the other genera were not available and so could not be
studied.

Ephedra foliata the available Indian species of Ephedrales, does not show sclereids in
either vegetative or reproductive parts.

Several representative genera of the Indian conifers were investigated (Rao & TEWAR],
1961; Rao & Mavraviva, 1963, 1964a, 1965a, 1965b, 1967a, 1967b, 1967¢c, 1967d), for their
sclereid features in the vegetative as well as reproductive parts. The study though not
exhaustive has brought out a number of interesting features about sclereids in conifers and
this constitutes the subject matter of this paper.

A second objective of this study was to see the taxonomic importance if any, of sclereids
in conifers. Foster (1944, 1945a, 1945h, 1946, 1947, 1955a, 1955b) and T. A. Rao (1950,
1951, a, b, ¢, 1952, 1954, 1957, 1961, 1963, 1964)
of sclercids in the study of systematic botany. Our

fully support the contentionsg of the above two authors
included in this paper will show,

have emphasized the importance
observations, though meagre, vet
as the various tables and charts

A few general observations on sclere
ing to HaperLAn) (1914), TFosrinr
prosenchymatous ip origin and are
cortex or the mesophyll of (1. leaf,

———

ids may not be out of place at this stage. Accord-
( 2 3 ids”’

(1949) ‘and Esav (1962), “Sclereids™ are non-
modified parenchyma cells

i of the ground tissue of the
Fhe initials are disting

wishable from the neighbourmg
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cells by a large prominent nucleus, dense protoplasmic contents, and a thin primury wall.
These initials may clongate, or become more or less circular, or lobed, develop later into
ostco, brachy and astrosclercids. Tn the development of all these three types of sclereids,
generally the initial undergoes a general increase in size, looses its protoplasmic contents
and the nucleus, and develops usually a thick, lamellated sccondary wall often traversed
by branched or unbranched pit-canals.

The type ol sclereid that is formed is also to a large cxtent dependent upon the
neighbouring tissues. Further the above development of sclercids is by “intrusive” and
“symplastic”” growths as discussed by Foster and T'. A. Rao in a series of papers (op. cit.).
The classification adoped in this paper is that of Tscuircu (1889) based on the form and
morphology of adult sclereids.

MATERTIAL AND METHODS

All the materials investigated in this paper were fixed in form-acetic alcohol. FOsTER’s
(1946) techniques of clearing and staining were used. In case of hard cones, concentric
nitric acid was also used for maceration. Although lengthy, Fuca’s (1963) technique of clear-
ing and staining was very useful in some cases. Hand sections, microtome sections of 8-10u
thickness, macerations and cleared mounts, were all examined. Alcoholic safranin by
itself or in combination with light-green and Haematoxylin-Orange-G combination were
used. One percent safranin as recommended by Foster in 1/2 xylol and 1/2 absolute
alcohol mixture gave excellent staining results. For temporary mounts Phloroglucin-
concentric hydrochloric acid combination was used (FosTer, 1949).

Mostly identified specimens from the departmental collections have been studied.
The identifications and the specific names have been further confirmed by reference to
DALLiMORE and JacksoN (1948) and Index Kewensis (1946).

DESCRIPTION

Gnetales
Text-Tig. |

Ropin (1962, 1966) investigated the structure and distribution of sclercids in the
American and African species of Gnretum and showed that the species could be classified
according to sclercid characters. He also suggested that presence of sclereids reflects the
primitive condition. In G. schwackeanum, he mentioned the largest sclereids ever reported
in any plant. T. A. Rao (1961) also mentioned the occurrence of sclereids in all the Indian
species of Guelum. A detailed study of the structure, distribution and ontogeny of sclereids
in Gnetum pnemon and G. ula was recently taken up by the authors (Rao & MAraviva,
1967d). It is found that in all the three species sclereids are present in stem, leaves, micro
and megasporangiate cone-axes, micro-sporophylls, the ovule wall and the integument.
Brachy, ostco and astrosclereids of various shapes and bizarre types with thick, lignified,
lamellated, secondary walls traversed by pit-canals occur in various parts. The nucleus
with some protoplasmic contents persists even in the adult sclereid lnmen. In the stem,
brachysclereids occur between the primary vascular bundles and above them. After
secondary growth they occur along with the bast-fibres and thus contribute towards the
building up of a mechanical tissue cylinder in the secondary wood. In the cortex, small
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——

t lereids occur as iso A few isolated sclercids are often found in the pith
astrosclercids as 18

lated cells.

also' 0 . . . . .
In the leal mesophyll, mostly astrosclercids are distributed in a diffuse manner. The

sclereids occurring in reproductive parts arc Jarger than those occurring in the vegetative

parts. . ) , . ’ ) '
So far as has been investigated, Gnelum sclercids do not possess the crystals which are

reported in sclereids of Welwilchia mirabilis by Rovin (1958, 1963, 1966). The adult sclereids
of Gnetum have a persistent nucleus while those of Welwitschia do not have. These two
features may be added to the list of morphological and anatomical differences recognised

hetween these two genera.

Coniferales

From the observations made on the species of Indian Conifers studied in this paper,
it appears that although the development of sclereids is the same in all conifers, the nature
of the sclereids and their distribution in the plant organs varies from genus to genus. Even
in the development of sclereids certain minor differences have been noticed between some
allied genera. Various types of sclereids and their distribution seem to be rather charac-
ceristic of the different genera of conifer. They may even furnish clues for the identification
of the different families and genera, and even species (Table 1). These sclereid features
<o far observed, have been illustrated in a few charts and also arranged in a series of com-
parative tables which will be discussed below.

Taxaceae (1 species) have only brachy and osteosclereids with characteristic lumen
and mostly a persistent nucleus with some remains of the original protoplast. Cephalo-
taxaceae (1 species) also have only brachy and osteosclereids, but with characteristic
peg-like projections on the secondary wall. Podocarpaceac in which 17 species of Podocarpus
have been studied are characterised by the presence of only simple brachysclereids. One
species of Dacrydium has also been studied. It shows the presence of brachy, osteo and astro
sclereids. Araucariaceae (2 genera, 7 species) have three types of sclereids, i.e. brachy, osteo
and astrosclereids with numerous crystals of calcium oxalate. Cupressaceae (3 genera.
12 species) have all the three types, brachy, osteo and astrosclereids, occurring only in the
fertile parts. Polymorphism of sclereids is exhibited to a maximum degree in this famly.
Taxodiaceae again have brachy, osteo or fusiform and astrosclereids, mostly with tannin
present in the lumen of the sclereids. Pinaceae also have three types, i.e. brachy, osteo and
astrosclereids, but mostly in the sterile parts with one exception Picea morinda where the
sclereids are found in fertile as well as sterile parts.

Taxaceae
Text-fig. 2, Table 2.

The distribution and form of the sclereids is shown in the four varieties of Taxus
baccata named as var. I, var. 11, var. IIL, var. IV. Sclereids occur in both vegetative and

Text-Fig. 1—CGnetaceae (Gnetum gnemon & G. ula): a-—astrosclereid;  b—brachysclereid: bt—Dbizarre
types; /—fibre; fe—female cone; [—lumen; la—laminas le—leal; me—male cone; mrb—midrib: n—nuc'eus;
0—osteosclereid; op—ovule; pe—pit-canal; pe- petioles pi— protoplasty sel—sclereid;  sph—secondary phloem;
St—stem; sw—sccondary wall; sx—secondary xylem; vb— vascular bundle; vs— vascular supply; w—wall.
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reproductive parts, mostly brachysclereids with very few osteosclereids. The sclereids are
present in one variety, i.e. T. baccata var. I in the leaves but are absent in the leaves of the
other varictics. They are characteristic in having irregular form of the lumen with dis-
organised protoplast and a nucleus. The genus Ausirolaxus was not studied for want of ma-

terial.
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Text-Fig. 2—Taxaccac (Taxus baccata): ab—axillary bud; b—Dbrachysclereid; fe—temale cone; gr—
ground fissuc; le—leal; me—male cone; n—nucleus; o—osteosclercid; pl-—palisade; sel—sclereid; sp—sporan-
gium; sph—sccondary phloein; ss—sterile sporophyll; st—ste; sw—sccondary wall; si—secondary xylem;
vb—vascular bundle; vs—vascular supply.

Geophytology, 2 (2) 131



Aumew v idwy

uonvIuS Julmp

patourod isepdojoad oo
01 avadde Adyg,

.:d;»

|tuIsio 2q
AITPU0IAs

an JeA0 sassadord junyq a0 pajurod
qrewrg cspeurd-id Aq pasioarny ‘[rem
AIZDUOIAs PaygiuldI] YOyl ‘paje[puuery

o+4

o+49 JUasqQVy JUISqY q D7I0G11p )
a (snxoy
s[eued-11g -01pYyg37)
+ 17zid
W [rem Arepuodag sniqo)s-e3aN SN[IOI)S-OID A spnq AIB[[Ixy JeoT ua1g 571 JO ITWEN]
SP AI{0s JO 2IMONIg SPraIg[ds Jjo uonnquusi(q
(9 #96T 20y 2 07y
(¢ "Sg-1x91 235) HAVADVXV.IOTVHIID 4nwed ‘¢—oIqel
sures oures o+4d qg+0 d juasqy M3] AIdA O AT IEa
q9 0772229 " [
Qures oSuIres oO+49 a+0 d juaIsqy Mm3J 198 O IIT "IBa
q v102999 " J
oures Jures o+49 qa+o0 q JUISqy M1 L1984 O 1T cTea
m H..,u;u.‘wm .l\
"snaponu
v pue 1s2(do] ‘s[eued
-0oad  pesruedio -11d Suruuni )
-stp 2wog -uon®  d3ap Yim ‘Pagru M3y L1218 O ‘7 -rea
-ires 18215 smoyg -811 ‘pare[eure] o+9 qa+o0 dq (@) q 022009 [
s[eued-11g
usum g -+ - v )
[[ZM A1ZPUcIag SN[1qOxS-23IJA SNI[01}S-0IITIAl spnq AIe[IXy Jyea] wag ;,;m.%a
1
SP1913]2¢ 10 2IMIONLG SPIaIa[Ds O uonNqLNsI(] 2 10 ATUEN]
(0 €95 2fy D ovY)
(g *8y-1x21 998) HVADVXV.L Alwey ‘g— d[qel

132

hytology, 2 (2)

0P,

¢



Cephalotaxaceae
Text-fig. 3, Table 3

Sclereids differ very clearly from those of Taxaceae. They are totally absent from
the leaves of Cephalotaxus, and are mostly of brachysclereid type with characteristic peg like
projections on the secondary wall. These are the “left over” remains of the original cell
protoplast which is cornered during lignification. These give the sclereids a very charac-
teristic appcarance.

FORM OF SCLEREID
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Text-Fig. 3—Cephalotaxaccae (Cephalotayus drupacea) : b- brachysclereid; ca— cone axis: fo—‘emaile

cone; /f§~—l'm‘ti1<‘: sporophyll: gl—ground tissue; le—
pit-canal; pf—phloem fibre;
phyll

3 St—stem; sw—secondary wall; sy—sccondary xylem.,
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Podocarpaceae

Text-fig. 4, Table 4

De distribution and type of sclereids in ll?c f)()do[[‘a:i}(f[;’(;(;(ic\,/C]n‘C(‘ln

Table 4 shows the .lb'l idied and the sclereids arc (‘XCIUS]VC. y ol the b ) Ysclereig

AN POdOC‘“'Pf‘S “'l“C bnllcﬂ.pccics, i.e. 1-10, sclereids occur in la.fp"re nl{md(rrs n the

type in (;1111 the SP\CI(l‘l:‘lSl'C l:i::.)(, an;l mega sporangiate cones could not be examined for vy,
stem and leaves. / ,

FORM OF SCLEREID

L.SFERTLE SCALE OF P.LATIFOLIUS

Text-Fig, 1—TPodocarpace
trace; mc—male cone;
secondary wall

134

N ; ’ e fese LB —leaf-
ae  (Podocarpus) : b~bmchysclcrcul; Je—temale cone: 4 .(.;t‘ !/. sw:—
pl—pulisade; re—resin caral; sel—sclereid; sph—secoudary phloem; st—stem;
> sv—secondary xylem; vb—vascular bundle; vs—vascular supply.
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no sclereids in cither stem or leaves, but hay,

One unidentified specics of Dacrydium has otlly brachy.
ne ‘ Jevetds i o

and astrosclereids in the leaves and no sc]crcn(:ls in congs,
R = ¢ which show transfusion tissuc i,
ith foliar sclercids show no trang.

. o« from 11-17 show
of material. Other species from 11-17 sh
transfusion tissue in the leaves.
sclereids in the stem, brachy, osteo : [ Podocarpu.

A point of interest is that these species © | ‘lv ' w
‘e Jereide. and those

TR % ; foliar sclereids, an SR —

the leaves do not show any | wdocarpus into  two  sections. All the specieg
fusion tissue. This feature splits the genus Podocarpi.

studied show exclusively simple brachysclereids.

Araucariaceae
Text-figs. 5, 6, Table 5

Table 5

In Adrawcaria (Text-Fig. 5) as well as Agathis ( ¢
stem, leaves, micro and megasporangiate cones. The sclereids R o
presence of numerous crystals of calcium oxalate in the sccondary wa an a(;(f)r in the
lumen. The scleveids of both the gencra are very similar, c?xcept for a r‘nlnor' ifference,
i.e. there arc no pit-canals in the secondary wall of the sclereids of Arat{carza, Wh'lle thc?y are
present in Agathis. Another point is that osteosclereids are very few in Agathis whxle' in
Araucaria all three of them occur abundantly. These sclereid differences althcugh of a minor
nature do help to distinguish these two genera to some extent.

; eids in the lamily Araucaria
shows the distribution and form of sclereids in the l.amlly ‘ aceae.
Text-Ilig. 6) the sclereids are present in the
are characterised by the

Cupressaceae
Text-figs. 7, 8, Table 6

In table 6 are shown the sclereids of the family Cupressaceae. In the 7 species of
Cupressus studied, all three types of sclereids are present in the micro and megasporangiate
cones, while they are absent in the stem and leaves. The sclereids are characterised by the
presence of a persistent nucleus, either one or two in the lumen, along with some dis-
organised protoplast. In the four species of Funiperus studied, the sclereids have no nuclei
which is a distinguishing feature. In the two species of Thuja (Text-fig. 8) also there are
no nuclei in the adult sclereid. In Thuja in addition to the brachy, osteo and astrosclereids,
bizarre types either H-shaped, Y-shaped, or of various other peculiar forms, are also found.
Polymorphism of sclereids is rather a characteristic feature of the two species of Thuja and
it helps to distinguish them from the other members of the family.

Taxodiaceae

Text-figs. 9, 10, Table 7

Table 7 show the form and distribution of sclereids in Taxodiaceae. In Cryptomeria
Japonica sclereids are present in the stem and micro megasporangiate cones. Sclereids are
of the brachysclereid type or fusiform types. They have tannin lobules present in their lumen
sometimes also along with a nucleus.

In Cunninghamia lanceolata (Text-fig. 10) we find both brachy and osteosclereids,
also having tannin in their lumen. In Taxodium distichum sclereids are only of the fusiform
type with very few brachysclereids. In Sciadopilys verticillata only astrosclereids with empty
lumen occur in the leaves and in the stem there occur thick walled, empty brachysclereids.
No sclereids arc present in the male and female cones, Thus in this family the above men-
tioned genera can be distinguished from each other on sclereid basis.

136 Geophytology, 2 (2)
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Pinaceae

Text-figs. 11, 12, Table 8

The family Pinaccac shown in table 8 also has charact¢ristic sclereid features
different genera. Picea morinda (Text-Fig. 11) is characterised by the presence of Moty
squarish brachysclereids in micro and megasporangiate cones, an-d very fe-w in the leay,
No sclereids oceur in stem. In the two species of Cedrus and 3 species of Abies (Text-fig. 12)
studied so far only cauline sclereids are present. They are of brachy, osteo and astrosclercj
type. Hence these two genera differ from Picea very clearly. In Cedrus some sclereids hay.
their lumen partitioned off into several lumina giving the appearance of septate lumey,
But actually this is not a true cellular condition. These partitions seem to be the dis.
organised remains of the protoplast mixed with the wall substance. In Abies the sclereid.
lumen is continuous. In the three species of Pinus studied here, no sclereids occur in any
part of the sporophyte although SAcHER (1954) records the occurrence of sclereids in the
cortex of the shoots of Pinus ponderosa. Thus all four genera, i.e. Pinus, Cedrus, Abies and Pices

can be distinguished easily on sclereid basis.

DISCUSSION

A detailed study of the structure, distribution and ontogeny of sclereids in a number
of Indian conifers, has brought out the fact that the sclereid features are not uniform in
all of them. This will be evident from a careful study of all the tables included in this paper.
Each family and each genus seems to have its own peculiarity of sclereid structure and
arrangement. This observation has been a little encouraging. Although it is not possible
at this stage to state categorically that the sclereids are of the first rate taxonomic value.
Yet they do help to some extent in taxonomy, perhaps when considered along with other
morphological and anatomical criteria. This aspect assumes some importance when one
has to deal with fragmentary conifer materials, living or fossil, particularly the latter. For
example the fossil shoot of Brachyphyllum found in Jurassic (Rajmahal) India and regarded
generally as araucarian shows sclereids exactly like those found in the living genus Araucaria
(Rao, Maraviva & MENoN, 1965). _

A perusal of the different tables included in this paper shows that to some extent
sclereid characters may help in the identification of conifers at the generic level. But the
same degree of usefulness of sclereid characters does not present itself at the specific level.
Still in some genera like Podocarpus, Araucaria and Abies the pattern of distribution and
structure of sclereids seem to differ even at specific level. For example in the genus Podo-
carpus the first ten species (see Table 4) have sclereids in stem and leaves. Other species from
11-17 have no sclereids at all. Hence the two groups can be easily distinguished from each
other. P. latifolius has no sclereids in stem and leaves, but sclereids are present in the mega-
strobilus. It is possible that the megastrobilate cones of other species also have sclereids
but due to non-availability of the material they could not be examined.

Araucaria cooki has sclereids only in the cortical region of the stem and not in the pith
while the 4. bidwilli and A. cunninghamia (see Table 5) have sclereids in cortical as well as
pith regions. Turning to the genus Abies, A. alba has only very [ew brachysclereids in the pith
regions of the stem, while A. webbiana and A. balsamea have all the three types of sclereids.
Thus, though primarily helpful in generic identifications, sclereid features may in some
cases be helplul in specific identifications also. After all, the data collected in this paper
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CEDRUS

T.5.STEM FORMS OF SCLEREID

scl+st, b;0,a
-le ,mc,fc

Pext-I'ig. 12—Pinaceae  (Cedrus and Abies) :
cortex; ci—cell content; fe—female cone; [—lumen; le—lea
s—sep um; sel—sclereid; sph—sccondary phloem; sw—secondary wall; sy—secondary xylem,

(e

a—astrosclereid; b—Dbrachysclereid; ba—Dbark;
{; me—male conce; o—osteosclereid s re——tesin-canal;
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FUNCTIONS OF SCLEREIDS IN CONIFERS

Sclere@s seem to be mostly of the nature of mechanical tissue giving rigidity and
strength to the plant parts in which they occur. A function which has been atiributed to
them by HABERLAND_T (1914), Foster (1949), Rao (1957) and Esau (1962). In most of
-the \.voody cones ‘thelr rigidity may be due cither to the presence of sclereids or fibres as
in. Pinsts o CXCIUSl‘VelY to the presence of sclereids as in Cryptomeria and Cunninghamia or due
to the. presence of both tissues as in Cupressus and ]u;zij)ar;zs. Thus it appears that both the
sclereids and bast fibres may contribute to the rigidity of woody cones in conifers.
docarpus and Taxus sclereids occur in the leaves
; transfusion tissue is not present. Sclereids are totally absent in the
leaves of those species Wllel‘e transfusion tissue is present. This raises a doubt as to whether
one 0_f the functions of the sclereid may be as a minor alternative to translocatory tissue.
This is further :Supp01'ted by the presence of pits and pit-canals in the secondary wall of
the adult SC[G"C_'d which perhaps play some part in lateral diffusion of materials. But in the
leaves ol a species of Dacrydium investigated both sclereids and transfusion tissue are present

althougl.l the.latter 1s very little. But on the side where sclereids are present very little or no
transfusion tissue is present.

Itisrather interesting to note that in Po
of those species where

The presence of crystals in the walls and lumen of the adult sclereids of genera like
Agathis and Araucaria or the occurrence of tannin in the lumen of the genera Cryptomeria
and Cunninghamia, suggest that they function as repositories of excretory or secretory
products as the idioblasts of plants (FosTer, 1956; Esau 1962).

Whatever may be the structure, taxonomic importance or function of the sclereids
it is evident from the present study that the sclereids are no longer to be considered insigni-
ficant, or unimportant plant cells to be simply referred to as sclerenchyma cells, fibres,

stone-cells; idioblasts, etc. They constitute definite, fixed, significant entities in the patterns
of plant anatomy.

A key for the identification of the different genera of conifers studied so far, on the basis of sclereid form
and distribution.

A. OSTEOSCLEREIDS OR FUSIFORM SCLEREIDS
(1) Only foliar sclereids; Secondary wall homo-
genous; devoid of pits; some stainable contents
in lumen .. .. - .. Taxodium distichum

B. BRACHYSCLEREIDS
(1) Foliar, cauline and strobilar sclereids; lumen
empty, simple sclereids » .. Podocarpus
(a) Cauline and foliar sclereids .. .. P. falcatus, P. taxifolia, P. gra-
ctlior, P. littoralis, P. chilinus,
P. blumeir, P. sps., P. javanicus,
P. neglectans, P. coriaceous
(b) Only strobilar sclereids ‘s .. P.latifolius
(¢) Toliar and cauline sclercids totally absent .. P. elatus, P. chinensis, P. macro-
phyllus, P. neritfolius, P. lali-
folius, P. sp. 1, P.sp. 2
(2) Mostly strobilar and a few foliar sclereids
squarish in form with contents .. .. Picea morinda
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C. BRACHY AND OSTEOSCLEREIDS
(1) Toliar, cauline and strobilar sclereids.

(a) Sclereids with irregular lumen and persistent
 nucleus Taxus baccala

(b) Sclereids with tannin in lumen; peg-like pro-
cesses over the secondary wall .
(2) Strobilar and cauline sc lereids, l()lm

Cunninghamia lanceolala
v sclereids
absent
(@) Peg-like protoplasmic  processes  over the
secondary wall; empty umen ..
b No peg-like processes; tannin present in

ephalotaxus drupacaca

lumen Cryplomeria japonica
D. BRACHY AND ASTROSCLEREIDS
(1) Foliar and cauline sclereids, strobilar sclereids

absent Sciadopilys verticillata

E. BRACHY. OSTEO AND ASTROSCLEREIDS

1) Foliar, cauline and strobilar sclereids; nu-
merous crystals of calcium oxalate present in
the secondary wall and lumen
(@) Secondary wall devoid of pits and pit-canals Araucaria

(i) Sclereids in the cortex and pith regions
of stem .. o .. A. bidwillin, A. excelsa, A. cun-

ninghami
(ii) Sclereids only in cortex, none in pith .. d. cookit
(b) Secondary wall with pits and pit-canals .. Agathis loranthifolia, A. robusta,
4. obtusa
(2) Only strobilar sclereids, foliar and cauline
sclereids ahsent
(a) Adult sclereids with persistent nucleus 1 or
2, and some contents in lumen .. Cupressus macrocarpa, C. goveniana,
C. funebris, C. lusitanica, C. sem-
_ pervirens, C. torulosa, C. lindleyt
(b) Adult sclereids with empty lumen .. Junmiperus chinensis, . formosana,
J. procera, j. sp.
() Sclereids of bizarre types also present in
addition to the astro, brachy and osteosclereids;
N maximum polymorphism .. . Thuja occidentalis, T. orientalis
(3) Only cauline sclereids, foliar and slrobllar
sclereids absent

(a) Sclercids only in pith, cortex and bark

regions: ‘ninterrupte Y banii
o ; ) .J, I'um(.n mterrupted 5 oo Cedrus deodara, O, lthanu
Sclereids ith : oreex, ; 1t i
( reids i pith and cortex, absent in bark;
lumen continuous . | lbies
s of €S
(i) Astro, brachy and osteosclercids in ]mh
and cortex /
55 G . ' . oA webbiana, (. balsamea
) Only few brachysclereids in pith .. A. alba
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(4) Only foliar and cauline sclercids, strobilar
sclercids absent Dacrydium
F. NO SGLEREIDS IN ANY PART

Foliar, cauline and strobilar scleveids ahsent .. Pinus excelsa, P. longifolia, P.

girardiana
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METAMORPHISM OF COAL MACERALS

T. K. GHOSH

Geology Department, Calcutta University, Calcutta-19.

ABSTRACT

The chemical, structural and optical changes undergone by the coal macerals with increasing rank or
metamorphism have been discussed in this paper. When properties of macerals are plotted against rank, it
is found that the different macerals follow separate path. Abrupt and significant change in the properties of
the macerals takes place at about 82-83, 89-90 and 92 percent carbon levels. At about 89-90 percent carbon
content the track of exinite merges with the track of vitrinite and with further progress in rank at about 92
percent carbon content the latter meets the track of inertinite. At about 92 precent carbon level the chemical
and structural differences between the macerals become almost negligible. Though fusinite attains a more or
less stable chemical composition and structure in the early stage of coalification (diagenetic phase), other
macerals of inertinite group show changes in the later stage (geochemical phase) of coalification. The difference
in the chemical composition of the macerals decreases with increasing reflectance and becomes nil or negligible
when reflectance (in oil) of vitrinite of coal reaches a value of about 1.80 or more. Present study also reveals
that an estimation of chemical composition of pure macerals can be made from their reflectance values.

INTRODUCTION

It is well known that the coal macerals differ in their physical, chemical and optical
properties. The differences are significant in low rank coals and the individual maceral fol-
low different metamorphic paths which ultimately merge at higher rank. In an earlier
paper the present author (GrosH, 1971) discussed certain changes in the properties of the
macerals with rank. Some more significant facts regarding metamorphism of coal macerals,
encountered in course of further studies, have been discussed in this paper.

The present study is based on the data obtained on the chemical composition, struc-
tural and optical properties of macerals isolated from Indian coals and the data published
by several other workers (referred to with the explanation of figures) of the different countries
on coal macerals. Properties of the macerals isolated from Indian coals are given in tables

1 and 2.

RESULTS

Elementary composition: The primary difference in chemical composition of macerals
is in their carbon, hydrogen and oxygen contents. With increasing rank carbon content
of the macerals increases and oxygen and hydrogen content decreases. In a coal inertinite
contains maximum carbon followed successively by exinite and vitrinite. Hydrogen con-
tent is maximum in exinite and minimum in inertinite.

Sulphur and nitrogen contents of the macerals do not show any appreciable change
with rank. Usually nitrogen is maximum in vitrinite and [ollowed by exinite and inertinite.
Sulphur content of Tertiary coals ol Assam and Jammu is higher than that recorded in
Lower Gondwana (Permian) coals of India. I'rom the studies of Roy (1963) as well as from
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Table 2**-—Ultimate composition and reflectance

sitic . of macecrals from Tindharia coal,
Darjeeling District,

Eastern Himalaya.

Sample No. Maceral* — 7821"_‘"‘ _COT[,OT.TLQQLL\ B (R‘:f(l)cr L
¢ 1 N S o) ance)
D12 \Y 78.3 5.1 1.4 0.4 14.8 0.65
1 87.8 3.8 1.3 0.5 6.6 1.81
D—13 \% 86.9 4.9 10 0.5 6.7 1.10
1 89.8 3.7 1.0 0.5 5.0 2.12
D14 Y% 88.0 4.9 1.4 0.5 5.2 1.44
I 90.3 3.5 1.2 0.4 4.6 2.60
D15 Y 89.0 5.0 1.1 0.5 44 1.57
I 90.9 3.5 0.9 0.6 4.1 3.12

*V_—Vitrinite; I-—Inertinite.
** Data not plotted in the figures of this paper.

the present investigation it is seen that the sulphur content is maximum in exinite and is

minimum in inertinite. Organic sulphur constitutes the major part of the total sulphur
of the Tertiary coals of India (Table 3).

Table 3—Total and organic sulphur content in coal macerals.

Coal Maceral * Total sulphur Organic sulphur

1 A% 3.16 2.63
4.24
Daranggiri E 4.51 4
I 1.26 0.64
8 A% 2.04 1.03
0.37

Chakkar I 1.67

*V_—Vitrinite; E—Exinite; I—Inertinite.

3 2 o 1 B
i 3 total
] : i nstitutes a significant part of the
Reactive oxygen groups: Reactive oxYlgen Cto e Conotem . oecent of total 0
[ total reactive
oxygen content of the e -als. it is highest in exinite and lowest
fthe macerals increases with rank., Amongst the macerals, 1t 1s hig 3 ndlowes
e ' roups decrease and the (G
i the (OH) groups decreas ‘
S ; o oxygen groups, )
in inertinite. Of the reactive sl il
increase with rank. In a coal both the (OH) groups and (CO) groups a
groups Increa . —y
1 * Fvtr 5 ini in 1nertintte. o ‘ o
nite and are minimum ! . \ I
" Vm; 1 [ elers: Aromaticity ol macerals increases from cxmm‘ to 1((
Structura . = e i <1 ~ reverse order to that ol aroma-
1 al ith r:nk The hydroammuti(;lty increases in the reverse uu‘lu ll( t | e
oL ’ i o * p—— Setaat H r OO \.l.C.&SC
Skt SIO Wh rank coal hydroaromaticity as well asdistribution of hydrogendec
ticity. In the same C :
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the order of exinite, vitrinite and incrtinite. I'rom the [R and PSR stucics TSCHAMLER
el al. (1966) have proved that the “‘exinite possesses (he biggest aliphatic position with
highest relative amount of GHy groups and micrinite possesses the smallest aliphatic posi-

tion with lowest relative amount ol CiHy groups.”™

DISCUSSION

The nature of the metamorphic changes undergone by the coal macerals has been
shown in figures | to 5. The difference in the properties of the macerals is significantly
high in low rank coals and decreases with increase in rank and ultimately merge together
ows that in low rank coals the relative proportion of the different
influence the bulk chemical composition of a coal and therefore
g its rank and properties.

at higher rank. This sh
macerals can considerably
the average analyses of coal sample can not be used in ascertainin
This is particularly true in case of many low rank Indian coals which are rich in inertinite

(SEN, 1968; GHosH, 1969).

The constituent macerals of the exinite group differ from eac
composition particularly below the bituminous rank level. In the sam
content, sporinite contains more H and less O compared to resinite, cutinite and alginite.
The macerals semifusinite and fusinite of inertinite group also differ in chemical compo-
sition. The inertinite starts its track at considerably higher C level compared to the other
two groups of macerals. This reflects that inertinite undergoes the major metamorphic

h other in chemical
e level of carbon

10

<— CARBON

O EXINITE O  VITRINITE A INERTINITE

lext-fig. 1. Relationship hetween ¢, H and O (D. A. I'.~ hasis, C ( 1
8 x5 g tween C, : A= Dasis, CHHAFO =100 percent by weight
gased on the ldamq(:f Macraz (1943), Crick (1951), Konewem (1951), Krocer ef al. (l‘)f‘)l!i), z‘\l,I‘liRyN (1956)),
(lgg'(\){)‘w;‘;flxsclxs(gib)gﬁ MLURCH{SO&T (81957)’ LEraun et al. (1959, 1960), I'ripen & Quitsk (1959), Given et al.
J0U), 1), Lapnir & Stacny (1963), Murciins ¢ Jonts (1964 Y ILER € 66
AUSTEN et al. (1966) and prcsont author. (1963), Murcuinson & Jones (1964), Tscuamrer et al. (1966),

158
Geophytology, 2 (2)



Exinite

Vitrinite

> O O
I

—  Inertinite

70
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] \
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=

80

HYDROGEN ——

Text-fig. 2. Change of carbon, hydrogen and oxygen content (on atomic

j percentage basis) or coa
macerals with rank (C+H-+O=100 atoms). Based on the data used in Text-fig. 1.

change in the diagenetic phase. However, from the chemical and reflectance data of the
macerals isolated from the Tindharia coal (Darjeeling District, Eastern Himalaya) it
appears that the macerals of inertinite group suffer changes in the geochemical phase due
to tectonism (Table 2). Itis also evident from the text-figures 1 to 4 that the rate of chemi-
cal change with rank of the different macerals is distinctly different.

It is mentioned earlier that nitrogen and sulphur contents of macerals do not show
any systematic change with rank. Therefore change in the quantitative distribution of
the three major chemical elements, carbon, hydrogen and oxygen, of the macerals with
rank has been examined by plotting the data on a triangular diagram (Text-fig. 1) (basis
C+H+0O=100 percent by weight). The net change in the macerals with rank is removal
of H and O and enrichment in C. Though oxygen is removed throughout the entire range
of rank increase, however, major part of it is removed at the first stage (Text-figs. 1 and 2).
Hydrogen content of macerals remains almost constant over certain ra?nk ranges and dehy-
drogenetation takes place abruptly and in steps. The rank .levcl for t‘h(? 1n1t1at101} of dehvdro-
genation is not same for all the macerals. Dehydrogenation of exinite starts first at 82-83
percent carbon level and is followed by vitrinite (91 percent carbon level) and inertinite (94
percent carbon levél). Hydrogen content of exinite remains steady (H-10.2 percent) .b?‘t-
ween 76 and 82-83 percent carbon content and below 76 percent carbon contenrt the exinite
track shows increase in H and decrease in O with increase in carbon mntem.\ l‘cxr-hg.. 1.y
Furthermore, at 82-83 percent carbon content exinite track also shows an increase in O
and decrease in H. After having a drastic increase of ox.ygen and d('Cl‘.ﬁ“.l.\‘C ol b\'dmgc‘n at
82-83 percent carbon content, hydrogen content ol exinite once again ‘rcm.zm'ls constant
(H=7.2 percent) up to 89 percent carbon ('nnl,.cnl and thereafter falls ;Lg;,un u‘ll }t mects (}u:
track of vitrinite. Hydrogen content of vitrinite (H=5.3 percent) and inertinite (H.:o.‘o
percent) also remains almost constant up (o 91 and 94 percent (“urhm} contents rc‘spccn\'elyci
Deoxygenation of macerals takes place through the removal of reactive oxygen groups an
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_ Text--fig. 3. Relationship between C (D.A.F.) and H/C (atomic) of coal macerals. Based on the data
used in Fig. 1. (Basis C+H+O+N+S=100 percent by weight).

during dehydrogenation the hydroaromatic and/or aliphatic side chains or side groups are
removed. Dehydrogenation of inertinite takes place through demethanation.

The changes in the atomic hydrogen-carbon (Text-fig. 3) and oxygen-carbon (Text-
fig. 3 & 4) with C or rank (calculated on the basis of C+H+O +N+S =100 percent by

have also been studied to get an idea about the nature of the structural changes

weight)
ws an increase in H/C

undergone by the macerals with rank. The line ol best fit of exinite sho
with increasing C up to 82-83 percent carbon level. Upto this carbon level O/C falls signi-
ficantly till it reaches a value of about 0.06. Therealter exinite track takes a sharp bend
and H/C begins to fall rapidly with rank till it reaches the metamorphic track of vitrinite
at about 89-90 percent carbon content, At this carbon content the track ol exinite also takes
a sharp bend and follows that path till the end. Prior to this vitrinite tack shows a gradual
fall in H/C though O/C falls steadily. The inertinite track meets track of vitrinite at about
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) Te?(t-ﬁg. 4. Relationship between C'(D.A.F.) and O/C (atomic) of coal macerals. Based on the data
used in Fig. 1. (Basis C+H+O+N+S=100 percent by weight). :

92 percent carbon content which corresponds with H/C=0.30 and O/C=0.015. It isevident
from the above findings that abrupt change in thé chemical structure of the macerals takes
place at 82-83, 89-90 and 92 percent carbon contents.

Reflectance of macerals also increases with rank. Text-figure 5 shows that the diffe-
rence in the optical property of macerals decreases with rank and the track of exinite merges
with the track of vitrinite at about 1.80 Ro. From the nature of the tracks of the macerals
it is evident that the difference in the chemical composition of the macerals becomes nil
or negligible when reflectance (in oil) of vitrinite of a coal becomes 1.80 or more. In other
words Ro value alone is sufficient in ascertaining the chemical composition of overall
sample when Ro of vitrinite of the coal sample is 1.80 or more. An estimation of chemical

composition (C, H and O on D.A.F. basis) of pure macerals can be made from their
reflectance with the help of the text-figures 1 and 5.
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o Exinite

o Vitrinite
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Text-fig. 5. Relationship between reflectance and carbon content (D.A.F.,—basis, C+H-+0O=100
percent by weight) of coal macerals. Based on the data of DormaNs et al. (1957), ErRGuN et «!. (1959, 1960), and

present author.
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