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INTRODUCTION
ROCK specimens, from the famous sculptural monument of Borabudur,
Central Java, collected by Mr. K. R. Sreenivasan, M.A., Superintendent
of Archeology, Government of India, were given to one of us (C. M.) for
examination and report. This paper embodies the results of the investigations on the specimens carried out in the Geology Department of the Andhra
University.
Before going into the details of the investigations, and the interpretations of the results therefrom, a brief description of the monument as
supplied by Mr. K. R. Sreenivasan, is recorded below:
The monument stands on the summit of a flat topped hillock with a
central mound. This mound has been cut into terraces (apparently) of
diminishing size from base to top and cased with massive stone masonry,
acting as retaining walls and providing the space for architectural and sculptural embellishments. The walls are of very thick section. The lower
terraces, including the ground plane on which a wide platform has been
constructed, are square and five in number. The walls of the respective
terraces are projected over the floor level of the immediately higher one to
act as a balustrade, and thus the second, third, fourth and fifth terraces are
really galleries, enclosed between a main wall inside and balustrade outside.
The sixth terrace (Stupa terrace) is square in its outward balustrade, but
contains a large circular wall inside which is really a platform. On the edge
of this circular platform are placed a row of 32 stupas, while its centre is
occupied by a second circular platform, carrying a row of 24 stupas on the
edge round a third circular platform which in turn carried 16 stupas on the
edge, and a large central stupa crowning the whole monument. There are
stairways on all the four sides situated in the middle of each side,
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Petrological Studies of Rocks of Borabudur, Java

401

The inner wall of the ground plane (terrace I), and the walls enclosing
the galleries which follow, contain the rows of narrative panels, while the
balustrades carry on top a series of niche temples and Budha toranas. The
circular terraces have undecorated walls, but the stupas on their edges have
open-work domes (with rhomboid or square mesh-work in stone), revealing the seated Budha inside.
The walls are built out of well-cut and closely fitting blocks of stones
without any cementing material at the joints. No selection has been made
in the use of the stone, which is a volcanic rock. Vesicular, as well as nonvesicular, varieties have been used at random. The sculptures have been
wrought after construction and a panel and indivudual figures in a panel
cover more than one stone. This system of sculpturing obviously does not
admit painting, but originally the entire surface seems to have been plastered
over and the stucco over the sculptures perhaps appropriately painted.
This, to a large extent, must have been preserving them. Perhaps, the core
of the monument consists only of the disintegrated crown of the hillock
(earthy overburden), with some artificial filling behind the walls, originally
or during reconstruction of the upper circular terraces by Van Erp. The
plaster is all gone; the monument is leaky and water sinks into it through
its floors and walls, only to seep out through the joints and even through
the vesicular stones. The floors of the galleries and the circular terraces
are made of the same stone, in many cases vesicular.
The monument with its fine sculptures has survived to the present day,
the destructive action of weather and time, in spite of the defective material
of which it is built.'
MATERIAL SUPPLIED
The following materials of which most of them have been obtained
from the monument and one picked up at the spot, were given by Mr. Sreenivasan for investigation (Table I).
METHODS OF STUDY
From the description of the specimens in the above list, it may be seen
that the material consists of three rock specimens from the monument, one
specimen of salt from the saline encrustations on the walls of the monument,
one specimen of limonitic yellow earthy material and one specimen of dark
earthy powder, said to have been collected from the joints of the structural
blocks of the walls and of the pavement respectively, and a specimen of
pebble picked up from the floor of one of the galleries. All of these have
been studied by physical and qualitative chemical methods and a few of
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TABLE I

Specimen
No.

Description as is given in the Field
Notes of Mr. K. R. Sreenivasan

vlegascopic description of the Specimens

1

Black stone, fallen from the monoment. Material Trachyte or
Andesite. Black on exposed
surface and porous nature of
freshly broken surface. Brackenning due to perhaps vegetation

A black, light stone the blackness being due to a
coating of lichen. On freshly broken surfaces it
has a greyish green colour with numerous pores
some of which are fillet or coated by brownish
earthy material. On such broken surfaces it
appears granular on account of the presence of
numerous pores and also small crystals

2

Weathered porous
similar to No. 1

stone chip

It is a rock of similar appearance as No. 1 with a
black coating of lichen on the surface. However on
freshly broken surface, it appears to be less porous,
more compact and less granular than Specimen
No. 1. No brown earthy material is present in
the body of the specimen as in the case of
Specimen No. 1. It shows no signs of weathering
and is fresh and very hard. Small shining crystals
can be recognised megascopically on freshly broken
surfaces

3

Weathered stone chip from galIlery No. 3 from a base of a
panel

It is a greyish looking rock with a patch of lichen
coating. It is porous like the other specimens
but decidedly not so porous as No. 1. It is more
compact and harder than No. 1, and shows no
signs of weathering. The grain size is coarser
than those of No. 1 and No. 2. The dark minerals
are relatively less in amount with greater proportion of felspars.

6

Clayey material from inside the
open joints in the wall of the
gallery No. I

It looks like a earthy, yellowish ocherous material
containing pieces of stony matter more or less
resembling the above specimens

8

Earth from beneath one of the
pavement stones of the third
gallery

The material looks like a black powder formed from
crumbling of rocks due to mechanical disintegration with slight amount of chemical alteration.
Few pieces of rock fragments resembling the
above rock specimens can still be identified in the
powder. There are identifiable sand grains and bits
of calcium carbonate

13

Saline encrustations (efflorescence) at joints in stone work
with pieces of stone from
effected joints

Material is white in colour, with small identifiable
decomposed rock fragments

22

Loose piece of stone not taken
from the monument but picked
at the spot

The specimen appears to be a rounded piece of
stone, namely a pebble, with a few patches of
white encrustation. It has a greyish green colour
like the above rock specimens. It is non-porous
and a hard rock containing relatively big crystals
identifiable megascopically

them have also been studied by microscopical and petrochemical methods.
The results of these studies are recorded in Table II.
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TABLE II

Qualitative analyses of salts obtained by aqueous and dilute acid
extracts of the materials themselves or of the encrustations on them
Constituents identified in the extracts
Specimen No.

Specimen No. 11
Specimen No. 21
Specimen No. 3

Aqueous extract at a tempe
nature of 100 ° C. over a
period of 48 hours

Dilute acid extracts at 100 ° C.

Carbonates and sulphates are As moderately diluted acid attacks easily these
basic rocks, very dilute acid (1 9) was emnot detectable. Chlorides
ployed for extraction of soluble salts over a
are present, mostly of alkalimetals and to a minor extent period of 12 hours. Iron in fair abundance
is detectable. Presence of calcium to a very
of calcium
minor extent is also noticeable
:

Specimen No. 6 .. Chlorides are present, but no
sul phates
Specimen No. 8 -. Chlorides are present to a
minor extent. Sulphates are
absent
Specimen No. 13 .. Neither chlorides nor sulphates are detectable

White saline en- Neither sulphates nor chlorides are present
on
crustation
surface of pebble
(Specimen No. 22)

Calcium salts are absent, but iron is present
Carbonate of lime and salt of iron are detectable
Carbanate of lime is present to a large extent.
Other salts such as sulphates and chlorides
are absent. Iron is present to a very minor
extent
Carbonate of lime is only the major constituent
present, though the presence of iron is also
detectable

PHYSICAL CHARACTERS OF THE SPECIMENS

The three specimens obtained from the monument are fairly light for
rocks of their composition, the specific gravity being 2.7-2.78. The porosity
of rocks is fairly high and was determined by method suggested by Fox
(1935). The specimens for porosity determination were kept suspended
by means of thin threads under a hydrostatic pressure of 40 lbs. for 24 hours.
The volumes of such water saturated specimens were determined by the
displacement of water in a graduated jar. The volume of water absorbed into
the pore space was determined by the difference in weight of the watersoaked specimen, and the same specimen after dehydration at 105° C. The
percentage ratio of the volume of the water saturated sample (apparent
volume) and the volume of water absorbed into the pore space gives the
porosity in percentage for each of the specimens.
The results of the porosity determination for the Borabudur specimens
are given in Table III.
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TABLE III

Specimen No

Volume of water
Volume of water
absorbed into the pore displaced by the saturated Percentage of pore
space, or the total
specimen or the apparent
space
volume of pore space volume of the specimen

No. 1

4.980 c.c.

No. 2

1.33

No. 3

1.06

19 c.c.

25.75%

c.c.

6 c.c.

22.18%

c.c.

6 c.c.

17.6

Thus the porosity of the rock varies from about 17%-25%.
In Table IV, a comparative statement of the porosity of these specimens
from Borabudur with similar data for compact igneous rocks, such as
TABLE IV
Porosity (in percentage) of igneous rocks
SI. No.
1
2
3

Andesites
25•75
22.18
17•6

Diorites
4.3

4
5
6

Basalts

Gabbros

0•4 3.0 4•2
0•5 5.5
2•6
5.52
19.5
26.0

51. i Specimen Description of the rock
No.I
No.

Locality

Vitrophyric, Vesicular
andesite
do
do
Quartz diorite

Borabudur monument,
Central Java
do
do
Pontresina, Switzerland

Blue basalt
Gabbro
Basalt
Dark hard trap rock

Lichtenau, Westphalia
Randauthal, Hanover
Debus, Bohemia
Harnani Pahad (Gulbarga)

1

1

2
3
1

2
3

••

1
1
2
1

..

2

..

3

..

4
5

..
..

6

..

••

••
..

Between Gulbarga and
Martur
Very compact fine-grained Railway cutting Gulbarga—
trap
Martur
Hard compact rock
Tuljapur section (Ghat)
Amygdaloidal compact Devlali
trap, hardly exfoliating
Pumice-like stone from Wadgaon (Osmanabad)
hill at Wadgon
Hard trap

Traps

Remarks

Supplied by Mr. K. R.
Sreenivasan
do
do
International c r it i c a l
table of numerical data,
1927
do
do
do
C. Mahadevan, 1938 and
L. S. K. Murthy (1938)
do
do
do
do
do
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diorite, basalt, gabbro, as well as vesicular and amygdaloidal traps are
given.
The above table brings out the interesting fact that the rocks of the
Borabudur monument are as porous as the vesicular rocks of Deccan Trap
formation of South India. However, the great contrast between the porosity of compact non-vesicular igneous rocks of other places and rocks of
more or less similar chemical composition from Borabudur and of South
India, cannot be overlooked in the above table.
PETROLOGICAL AND PETROCHEMICAL STUDIES

With a view to find out the nature of these rocks and determine the
alteration, if any, undergone by them, petrological and petrochemical work
on specimens was undertaken.
Megascopic Characters.—An examination of the rocks with hand-lens
reveals the following :They have a look of a greenish black volcanic rock. They are of vesicular nature, the vesicle being two mm, to hundredth of a millimetre in
diameter. The vesicles are mostly of irregular shape. The three rocks
from the monument and the other pebble picked up from one of the floors
of the galleries show a megavitrophyric texture, well seen on polished surfaces.
Microscopic characters.—Thin sections of the rocks show the following features under microscope.
Texture—The rocks are of hemicrystalline nature. Some of the minerals
are phanerocrystalline to micro-crystalline, the former being medium to finegrained.
These have an inequigranular vitrophyric texture indicating two
phases of crystallisation—one which has given rise to the phenocrysts, and
the other to the glassy ground mass. Euhedral crystals of plagioclase felspars, euhedral to subhedral crystals of augite, rarely hornb'c,-nde and biotite,
and orthoclase and anhedral magnetites form the phenocrysts in a grey to
brownish-black glassy ground mass.
A inicrosection of the pebble reveals similar mineral association and
it is a compact and non-vesicular volcanic rock.
MINERALOGY

Felspars.—The common felspars of the rocks are the intermediate
plagioclases of the composition of andesine to labradorite. The plagioclases often show strong zoning. They are idiomorphic with a tabular
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habit and hold small inclusions. A very slight alteration is noticed under
ordinary transmitted light. But on the whole, the felspar is fresh. The
only alkali felspar is the orthoclase variety, showing characteristic Carlsbad
twinning. It forms a very minor accessory and it is not altered either.
Augite.—The augite occurs as well-formed light green crystals without
appreciable pleochroism. Twin lamellation is not uncommon. Most of
the crystals have one set of cleavages, whereas a few show two sets of cleavages.
Small granules and specks of this mineral are found distributed in the groundmass. They are mostly fresh and unaltered.
Secondary Minerals.—Secondary minerals such as chlorite, epidote
calcite, sericite, etc., formed by the chemical alteration of primaries are
absent.
Accessories.—Magnetite, a few rare crystals of hornblende, biotite
and some transparent to translucent inclusions of uncertain nature, form
the accessory constituents of the rock. The black magnetite, is present
in large excess over all other accessories. Magnetite dust is found all over
the groundmass.
Glass of the groundmass.—The grey to brownish-black glassy groundmass is translucent to opaque in transmitted light. All over its body, there
are numerous dots and granules of augite and magnetite, and some unidentifiable transparent microlites. The glass at places shows slight alteration
to palagonite. Empty, irregular patches, representing cross-sections of
vesicles are seen.
CHEMICAL CHARACTER
From the preceding description of the texture and mineral composition of the rocks, it will not be very difficult to identify them as andesites, the
volcanic equivalents of diorites, i.e., intermediate igneous rocks. The specimens were chemically analysed and the results are presented in Table V
along with comparative data.
From a study of the chemical compositions it is easy to see the similarity
between the chemical compositions of Borabudur rocks and typical andesites from other areas. The chemical compositions of the rocks of Borabudur
do not, by themselves, reflect any chemical alteration of the rocks, as there
is no indication of the presence of CO 2 from secondary calcite and higher
content of H 2 0.
A. F. C-DIAGRAM OF OSSAN FOR BORABUDUR ROCKS
To know the place of the Borabudur rocks in the map of the principal
rocks of earth, though they have been identified as andesites microscopically
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and to a certain extent chemically, the Ossan values for them are plotted
in the A F C—Triangle of Ossan's system (Johannsen, 1939). It will be seen,
from the above diagram (Fig. 1), that the Borabudur rocks are within the
i6. A/ka/ikalkgranit.
/6. A/ka/ika/ksyenif.
/7. Q(iarzdlor/t
ia. Dio o-i t
i9. Gabbro
2o. h'ornb/endit
2i. Pyroxenit
Per/dotif

i. A/kca/igrani/
2. A/ka/isyenit
a. E/ao/i/hsyenif

4. Easexit
5. Thera/ith
6. Shonkinit
7. Fergusit
8. Miss aunt
.. /go/ith

22. Dvnif

22

10. MellclSyi t

za. Anorthooif
24. O/isok/a'sit
N. Mi/tierezuaan^rnenee/tuns
der Ervptivgete/ne.

ii. 5ekinkinit U•Fasinit
12. /r/it
ego

#3. N ujs'i/
/9. Pedrosif

25

Sextant.7ll

- 05

\

20

\ ScxtantJY
e19

4106
Sextant Y

A25

20

Sextant I

i5

/0

5

Sextant Yr

FxG. 1. Position of Borabudur rocks and the principal igneous rock types in the
A.F.C. triangle of Osann's system • 1 •2 Rocks from Borabudur, Java

region of diorite, a plutonic equivalent of andesite. As such, it is quite
reasonable to conclude that the Borabudur rocks are andesites according
to Ossan's delineation of world's principal igneous rocks, without perceptible alteration.
2 alk-2 (al-alk)-(100-al) DIAGRAM OF NIGGLI FOR BORABUDUR AND
ALLIED ROCKS

This diagram (Fig. 2) clearly illustrates the proportion in which the
important minerals like normative alkali-felspars, normative anorthite, and
normative melanocratic minerals represented by alk, (2a1-alk), and (100-2a1)
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2a/k

(/oo.2a/)
FIG.

/

2

3

4

2. 2 alk, 2 (al—alk), (100-2 al)

5

6

7

a

9

2 (a/- alk)

Diagram for the Borabudur and allied rocks

respectively, occur in the rocks. Predominance of plagioclase felspars over
alkali-felspars can be seen from the figure, which is a common feature with
the andesites.
K — 2 alk
DIAGRAM FOR BORABUDUR AND ALLIED ROCKS
al—alk

The nature of the plagioclase is very useful in the identification of rocks
rich in plagioclase felspars. The nature of these felspars can be determined
optically as well as chemically. The chemical composition of the rocks
and the Niggli diagram have been made use of here for knowing the nature
of these felspars. From the diagram (Fig. 3) it will be seen that the projected points fall in the andesine field, indicating thereby that the plagioclases
of the rocks are of intermediate composition, ranging from andesine to
labradorite. This is in accordance with the common observation that the
andesites generally contain plagioclases falling within the above range.
Q L M; k — r; DIAGRAMS (FIGS. 4, 5) OF NIGGLI (1938) FOR BoRABUDUR AND ALLIED ROCKS
The igneous rocks of the world have been classified into large groups,
each being characterised by the geographical distribution, nature of eruption and kind of earth movement with which the eruptions are associated.

1. o
/9:!

08
3:/

3:/

2 a/1r

O.6

I:!

0.4

1:3
0.2

/:/9
0

0.4

0.2

o's

0-8

1-0

— .- AC

Fia. 3. K—

2 alk

a1-}- alk

M

Diagram for the Borabudur and allied rocks

2
N/a/n . a /r.

4

6

L
a

_._.__. _ Alkali .tia5a/t.

Noma/ Basa/t .............. Ga/c -a/kali Suite.

Fri. 4. QLM Diagram for the Forabudur and allied rocks
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The main groups are pacific for calc-alkalic kindreds associated with orogenic
movements, Atlantic for alkalic kindreds associated vbith eperiogenic movements and lastly, Mediterranean. The Niggli diagrams help to fix any rock
in the above classification by certain Niggli values. From the position
of the projected points for the present set of rocks, it is seen that the rocks
come under the calc-alkalic suite. This is quite in keeping with the common
observation that andesitic lava is mainly erupted from volcanoes that exist
on or near the mountain chains.
The Borabudur rocks of Java perhaps represent, consolidated andesitic
lava, poured from the volcanoes situated at or near the mountains, of the
locality, which form a part of Alpine-Himalayan system.
From the Q L M diagram it is also evident that the Borabudur rocks
lie well above the saturation line P.F. indicating thereby that the rocks contain
no unsaturated minerals and capable of containing free silica in the form
of quartz or in the occult state. This is in accordance with the results
obtained by other means, such as from the normative composition, etc.
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From these investigations it is shown that the specimens of Borabudur
monument are classified as andesitic rocks with high porosity. The results
do not show any great degree of decomposition or chemical alteration.
DISCUSSION

The problem which is of interest from a geological aspect in the studies
of the Borabudur monument may be summarised as follows:
(1) The nature and source of the structural material (Sp. Nos. 1, 2, 3)
of the monument as is evident from the preceding studies.
(2) The probable source and nature of the pebble (Sp. No. 22) picked
up from the floor of one of the galleries.
(3) The nature of material of the earth (Sp. No. 8) obtained from
beneath the stone pavement of the third gallery and its probable source.
(4) The identity and source of clayey material (Sp. No. 6) obtained
from inside the joints in the wall of the gallery No. 1.
(5) The identity and source of saline encrustations on the surface of
the monument at the joints, of the structural blocks of the walls.
From a microscopical examination of rocks and their chemical compositions, it is evident that they are unaltered and undecomposed vesicular
andesites with fairly high porosity.
From a study of the chemical data represented on the well-known
statistical diagrams of petrologists, it was found that the specimens represent
rocks of andesitic nature belonging to pacific suite. As such it is safe to
conclude that the specimens represent volcanic rocks probably obtained
from the consolidated andesitic lava beds of the locality (Central Java).
Specimen No. 22 which looks like a rounded and smooth pebble, picked
up from the floor of one of the galleries, is found to be identical in mineral
composition with those of the other specimens obtained from the monument but without vesicles. The pebble had patches of white encrustation
which on chemical examination is found to be carbonate of lime. As there
is the probability of the builders having used lime mortar and rubble as
a packing material between the terraced surface of the hillock and the rocky
pavement constructed over it and as it is a common practice to use rubble
consisting of sand and pebbles from river beds along with lime mortar for
construction, it may be possible that the specimen No. 22 represents a pebble
with lime coating dislodged from the packing material employed. On
account of the fact that the pebbles of watercourses are generally those that
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are derived from the most prevalent country rock, it may not be unlikely
that it represents a water worn fragment derived from the andesitic rocks
of the area. This reasoning, if properly assessed, perhaps may account for
its identity with the structural material of the monument which are also
obtained from the andesitic rocks of the area. The possibility of
its being brought there, from elsewhere seems to be very remote.
The specimen No. 8 which represents the earth obtained from beneath
the pavement, shows the presence of fragments of calcium carbonate,
sand grains along with dark powdery material appearng like mechanically
disintegrated material of the rock of the pavement. It may be possible that
it represents an incompletely leached out lime-mortar probably employed in
the construction of the pavement, mixed with good amount of disintegrated
and slightly altered material obtained from the under-surface or from the
joint surfaces of the blocks of the pavement.
The saline encrustation found at the joints on the surfaces of the walls
is found to be mostly carbonate of lime, though it contains in part silicate
of the same element. As the extracts from the rocks of the monument did
not point out to the presence of carbonate of lime to any appreciable extent,
it is not unlikely that the encrustations are deposits, formed by the evaporation of percolating water carrying salts of extraneous origin which seeps
through the joints of the walls and through the pore spaces of the rocks of
the monument. There is every chance for the downward percolating
water from the summit of the monument to carry salts of lime in solution
from the lime mortar packing or from the decomposed core of the monument or from both. During the downward journey of the percolating water
carrying lime in solution from the mortar or core of the monument can
either flow on the terraced surface of the central mound to the ground water
table or seep out in part through the joints of the walls and floors and the
pores of the rocks. The solution, on drying, deposits the salts on the surface of rocks near the joints and pores. The absence of such encrustations
near the joints of the blocks of the pavement, may be due to the difficulty
of water carrying soluble salts, rising up through the vertical joints of the
floor against gravity or due to less protection provided for the preservation of such encrustation at the joints of the ground pavements.
The clayey material obtained from the open joints on the monuments
which is free from carbonate of lime, may represent either earthy filling
behind the blocks or highly decomposed material from the core of the central mound itself, coming out through the joints wherever the lime-mortar
packing between the hillock and the structural blocks, if it has been used,
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has been leached out or it may be the ocherous plaster, applied on the architectural surface of the monument by some archaeologist (personal communication from Mr. K. R. Sreenivasan), which might have filled the then
existing gaps between the structural blocks, to give a uniform and smooth
surface for taking photographs. Which of the possibilities is true is not
easy to say with the present available data.
From the foregoing discussions and studies, it is clear that there is not
any indication that the rocks of the monument which are heavily sculptured
and ornamented were either weathered or are weathering rapidly at the
present time. The saline encrustations are quite foreign to the rocks of
the monument and probably derived from the lime-mortar filling behind
the blocks of rocks utilised in the construction of the monument or from
the decomposed central mound. It can be safely asserted that neither the
salts which occur as encrustations nor the earthy material found in the joints
and elsewhere are derived from the alteration of the rock, out of which the
monument is constructed.
It is not intended to suggest restorative measures for the conservation
and preservation of the monument as it is beyond the scope or province
of our present work. The value of our investigation carried out on the specimens supplied to us, however, indicates clearly that the rocks of the monument are neither weathered nor do they show signs of rapid weathering;
they are however quite porous and absorb and transmit water during rains.
The salts are derived from the weathered core of the mound or perhaps from
the lime rubble in association with it and need not be taken as an alarming indication of the decomposition of the monument. An appreciation
of these facts may be helpful in taking the proper course of treatment for
the preservation of the monument.
In conclusion, we desire to place on record our thanks to Mr. K. R.
Sreenivasan for giving us the material for study and the valuable and lucid
notes of his field observations supplied to us.
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EXPLANATION OF PLATE

Specimen No. I.—Augite andesite. The vitrophyric texture, with phenocrysts of plagioclase

laths, and prismatic and rounded grains of augite are clearly shown in photomicrograph.
The andesite being a vesicular one, the vesicles are shown in the photomicrograph as
irregular white patches in the black glassy ground mass. The zoning of the felspar and
its slight alteration are also clearly seen.
Specimen No. III.— Augite andesite. The two photomicrographs of the same section show
the highly zoned felspars with slight alteration in one, and well-developed augite crystals
in another. Other features same as No. 1.
Specimen No. 22.—Augite andesite. Mineralogically same as No. I and No. III but more
compact and harder than No. I and No. III in hand specimen. The characteristic vetrophyric texture and phenocrysts of plagioclase and augite laths are seen in the photomicrograph.
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Specimen I Porphyritic Andesite

Specimen 22. Porphyritic Andesite

Specimen III. Porphyritic Andesite

Specimen III. Porphyritic Andesite
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