THE CONSERVATION OF LIMESTONE OBJECTS
AND STRUCTURES

The advanced and, indeed, precarious state of decay of a
large number of artistically or historically significant stone objects
that have been subjected to long periods of exposure to wind, sun,
water, microorganisms, and atmospheric pollutants is strikingly
evident to even the most casual observer. As a consequence of the
general anxiety felt by the community of scholars, curators, and
public officials for the future existence of this irreplaceable heri-
tage, the Conservation Center of the Institute of Fine Arts of New
York University resolved early in 1964 to make this problem one
of its principal concerns.

A comprehensive survey was made of the technical lite -
rature bearing on the chemical and physical nature of the various
kinds of sculptural and building stone, of the types of deterioration
that have been observed and described, and of the techniques of
preservation and restoration that have been tried or proposed. This
literature survey is included as an appendix to this report. Critical
evaluation of this information led to the conclusion that the most
urgent problem is presented by the current status of limestone ob-
jects, and that the various expedients in use at the present time
for the treatment of limestone are at best ineffective, and in many
cases, actually deleterious.

Consequently, an experimental program as initiated that
was aimed at disclosing the fundamental phenomena which occur
in the deterioration of limestone, and at providing objective data
on the details of the nature of the effects of various chemical agents
on the constituents of natural limestones.

Financial assistance provided in mid-~1965 in the form of
a grant from the Alfred P. Sloan Foundation, plus an equal grant
from the trustees of the Metropolitan Museum of Art made it
possible to prosecute this research program vigorously and effic-
iently.

The results obtained to date have shown that previous
approaches to the preservation of limestone are based upon in-
adequate appreciation of the dynamic instability of the crystallites
present in the microstructure of the stone, A new principle has
emerged from the present investigation that makes it possible for
the first time to develop a rational and scientifically sound method
of permanently indurating and strengthening a weak or deteriorated
limestone. A formulation for the treatment of limestone based on
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this principle has been devised, and initial test results on three ty-
pical limestones have proven highly successful.

Experimental Technique

Three different types of limestone, representative of the
broad range of properties encountered in practice, were employed
in these investigations, They were : (1) a dense, firm oolitic lime-
stone, (2) a dense, but friable travertine having a chalky texture,
and (3) a porous, but hard travertine, approaching marble in
texture and luster.

Small cubes of the limestone, approximately 1 ¢cm on a
side, were cut from larger blocks. Each cube was mounted in a
3/8-inch thick, 1 1/4-inch diameter disc of bakelite, so that one
face of the cube was exposed, while the other five faces were em-
bedded in the resin.

These mounted specimens were then immersed in solu-
tions containing various chemical agents for controlled periods of
time. After the desired period of immersion, the specimen was
removed from the solution, rinsed, allowed to dry, and cross-sec-
tioned. The effect of the chemical substance in solution on the
structure of the stone was studied by microscopic examination of
(a) the exposed surface, (b) the cross-section, and (c) a thin-sec-
tion petrographic slide made from the cross-section. Dissolution
effects were evidenced by the etching pattern and by the degree of
undercutting of the exposed surface relative to the plane of the ba-
kelite disc. New species formation was detected by the modification
of the optical properties of the crystal grains visible in the thin
section. Alteration of the cohesion and induration of the stone was
investigated by performing micro-hardness measurements with
a Knoop diamond indenter mounted on a microscope objective. The
micro-hardness was measured at numerous points throughout the
cross-~section of the specimen..

The compostions of the solutions in which the stone spe-
cimens were immersed were designed to yield information about
the following types of effects :

1. The effect on limestone of prolonged contact with so-
lutions of salts which have no ion in common with the CaCO3 of the
stone, and which do not form with either Catt or CO3~~ a salt of
sparing solubility. Examples of this class include NaCl, NaNOgj,
and CH3COOK solutions.

2. The effect of contact with solutions containing an ion
which is in common with one of the ions of the stone, viz., solutions
of Na;COj3, CaCly and Ca(NO3),.

3. The effect of contact with solutions containing an ion
or ions which can form a salt of sparing solubility with either the
Catt or CO3~ " of the limestone ; e.g., NaF, NazSO4, Na3POg4,

NaOH, NaAlO,, SrClp, BaCl,, Ba(OH),, AlCl;.

. 4. The effect of contact with acidic media, e.g., solutions
containing HCI, HzSO4, H3POy4, HF.

5. The effect of contact with solutions which have been
proposed as agents for the deposition of insoluble or adhesive ma-
terial within the pores and interstices of the stone. These media
include solutions of alum, of sodium silicate, of silicic ésters, and
of organo-metallic compounds. Also included in this category were
experiments in which the stone specimen was treated successively
with two different solutions, the combination of which might be
expected to yield a deposit of insoluble material, e.g., immersion
first in a CaCl2 solution, followed by immersion in NazPOy solution.

The Structure of Limestone

In order to interpret and properly to evaluate the results
of the exposure of the stone specimens to various substances in
solution, it is first necessary to form a clear picture of the nature
of the original stone. In general, limestone is an agglomerate
composed of small, and often imperfectly crystalline, particles
of calcite, which is the thermodynamically stable form of CaCOj3
at ordinary temperatures and pressures. The other form of CaCoOs3,
which is metastable under ordinary conditions, is aragonite ; this
occurs in certain limestone deposits of recent or unusual origin,
but was absent in the limestone samples employed in the present
investigation.

Microscopic views of thin-sections of the three types of
limestone involved in this study are reproduced in Figure 2. Figure
2A ghows the oolitic limestone. The finer the grain-size in the
thin-section, the greater is the amount of light scattering that
occurs at the particles boundaries and interfaces, and the darker
does the photomicrograph appear (the same effect is evident in
comparing the transparency of large chunks of glass with that of
the same glass when ground to a fine powder). With this in mind,
it will be seen that the ooliths in general consist of a center or
nucleus of moderate sized grains, around which has been built up
a sheath of very fine particles. The outermost layer or skin of this
sheath is occasionally composed of particles which are slightly
larger than those composing the bulk of the sheath. Between the
individual ooliths, moderate to large sized crystal grains are pre-
sent, serving to fill in the interstices of the structure.

The travertine thin-sections shown in Figures 2B and 2C
show that this type of limestone is composed primarily of very
small, but well-defined crystallites of calcite. In the case of the
hard, marblelike travertine of Fig.2C, the crystallites are fairly
large, the average particle size being about 0.1 - 0.05 mam. The
centers of most of these crystallites appear opaque in the thin -
section (but are white in reflected light), showing that they consist






that characteristic of larger crystals.

It is, however, highly significant that the rate of this re-
crystallization is sensitive to the nature of the solute present in
the aqueous medium. The results of the experiments to date may
be summed up in the following generalization : Recrystallization
of calcite occurs at a greater rate, the stronger the adsorption of
the solute on the calcite crystal lattice.

Thus, the most pronounced catalysts for the recrystalliz-
ation phenomenon have been found to be, in the order named, so-
lutions of : barium hydroxide, the alkali aluminates, any of the
soluble barium salts, the strontium salts, and the calcium salts.
Saturated solutions of strontium or calcium hydroxides are more
effective than solutions of the same concentrations of other stronti-
um or calcium salts ; however the limited solubility of these hy-
droxides prevents large rates of recrystallization from being
achieved with these compounds.

Less effective, though distinctly catalytic in nature, are
solutions containing fluoride, sulfate, phosphate, and/ or hydroxyl
ions. The heavy metal ions also show catalytic effects on the re-~
crystallization rate.

Application to the Conservation of Limestone

The discovery of practical means of inducing and
controlling the recrystallization of minute crystallites within the
structure of a limestone opens up hitherto unrecognized avenues of
approach to the problem of strengthening and preserving decayed
or poorly indurated stone. If such a specimen is caused to undergo
recrystallization, the following desirable effects may be anticipated:

1) The reduction in numbers of minute particles will de-
crease the internal surface area and decrease the adsorptive and
absorptive capacity of the stone for discoloring and deteriorating
pollutants.

2) The growth of large crystals in place of the smallest
ones will tend to decrease the internal network of inter -particle
channels and capillaries, thereby slowing up the rate of penetration
of corrosive agents and of leaching out of solubilized material.

3) In the process of growth, bridgés will tend to form be-
tween contiguous crystallites, and a three-dimensional network of
partially and wholly fused crystals will form, thereby greatly in-
creasing the strength, cohesion, and hardness of the stone.

4) If macroscopic holes, cracks, lacunae, etc. in the stone
are filled with finely powdered CaCO3, either mechanically, or by
precipitation from solution, this new material can be caused to re-
crystallize and consequently fuse with and become an integral part
of the surrounding stone. Thus, breaks can be repaired, and pores
may be filled, with a material that is chemically and physically



identical with the remainder of the stone, and hence that cannot

break separate, alter, or corrode it during the subsequent
life of the object. )

5) The recrystallization process occurs throughout the
bulk of the stone, wherever the agqueous solution penetrates, and
does not produce merely a surface alteration of properties.

6] The recrystallization process is capable of achieving
the desirable effects detailed above without producing significant
changes in the color, texture, volume, or external appearance of

the stone.

Practical Test of the New Technique

The fact that the desirable effects enumerated above can
indeed be fully realized in practice has been demonstrated as
follows. Samples of each of the three types of limestone were kept
immersed for a period of one month in a solution containing 8 %
by weight of Ba(OH),.8H,0 and 4 % by weight of urea. The barium
hydroxide is sirongly adsorbed on all the internal surfaces and in-
terfaces within the stone, and during the prolonged immersion,
brings extensive racrystallization.

The urea slowly decomposes in the alkaline medium,
according to the equation :

CO(NHy), + Hp0 = CO, + 2 NH;

The carbon dioxide released from the urea reacts with the barium
hydroxide, converting it to insoluble barium carbonate. This bari-
urmm carbonate 1s formed at a slow and continuous rate within all the
pores and channels of the stone, and, in fact, undergoes crystal
growth and recrystallization under the influence of the immersion
mediummn in the same way as the calcite crystallites. Thus, the
desirable effects of the recrystallization process are by this means
supplemented and reinforced through the simultaneous deposition
ind incorporation of barium carbonate throughout the bulk of the
slone .,

1t will be noted that when the immersion has persisted long
enough, no soluble or reactive substance remains. The original
barium hydroxide has been converted to barium carbonate, the urea

has decomposed, and the ammonia produced in its decomposition,
being volatile, escapes.

Ssmall blocks of the limestone specimens employed in this
study were prepared, and several 1/4-inch holes were drilled in

sach [Figure 8). These holes were then filled with finely~-ground
to the state of an impalpable powder) chalk, mixed with some pow-
dered charchoal to impart a distinctive color to the added material.
iiter one month of immersion in the solution described above, the

k powder was found to have recrystallized and fused to a solid



that was as hard and coherent as the remainder of the original stone,
and the latter had become harder, stronger, and less porous than
it was before the treatment. The added chalk dust was now directly
bonded to the surrounding
scopic appearance of typical test specimens is shown in Figure 8,
and a thin-section photomicrograph showing the crystallites of the
stone and added material is reproduced in Figure 9. Measured on
the Mohs hardness scale, the soft, friable travertine was found to
have been increased in induration enough to raise its hardness from
the rank of 2 to 4.

These changes in the specimens were not associated with
any appreciable modification in the gross appearance of the stone ;
the color and texture remained substantially as they were before
the treatment. There was no evidence of any tendency toward a
volume increase, skin formation, crack or fissure production, or
other alteration in the stone that might militate against the applic-
ation of this technique to the treatment of valuable artifacts or

structures.

Conclusion

It appears justified to conclude that the specific formul-
ation described in the preceding section, which is only one of sever-
al that have been found to produce the desired improvement in the
properties of limestone, is suitable for application, without further
development, to the treatment of any object that can be immersed.

Further investigation of this new technique, particularly
in application to a wide range of limestones of different types and
in various states of deterioration is desirable, and is currently un-
der way at the Conservation Center of New York University.
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Chronological Survey of the U.S. Patent Literature Relating to

Compositions for the Impregnation of Stone (Including

1863

summaries and abstracts of preferred formulations).

1 J.C.Coombe, U.S, Patent 38,287, April 28, 1863 -

"Improvement in Indurating and Preserving Stone, Ce-
ments, Wood, etc."

If the stone contains potash, alkaline earths, or
bases capable of forming insoluble compounds with hy-
drofluosilicic acid, the latter is applied by washing the
surface of the stone with it, immersing the stone in it,
or other means. If the former are absent, the stone is
first impregnated with a solution of potash or its salts,
or with lime, baryta, magnesia, or other alkaline earths;
the stone is dried, then treated with the hydrofluosilicic

acid.

. E,J, Salisbury, U.S. Patent 102,869, May 10, 1870 -

"Improvement in Preserving and Hardening Stone, Brick,
Ete."

The stone is first treated with a solution of magne-
sia containing 2 pounds per gallon of water ; this opera-
tion is repeated until the stone has become saturated to
the depth required. Then, the surface is coated with a
solution of a soluble silicate, e.g. a mixture of sodium
silicate and potassium silicate of neutral pH and specific
gravity about thirteen hundred.

J.A. Greer, U.S. Patent 222, 694, Dec. 16,1879 - "Im-
provement in Compounds for Artifical Stone'.

An insoluble coating can be applied to stone or
brick as follows. Immerse for one hour in a solution
made by boiling 2.1 pounds of carbonate of soda in 25.5
pounds of water for 2-3 hours, then adding 5.1 pounds
additional water. Dry for 36 hours ; then place in a so-
lution containing 3 ounces of alum per gallon of water
for 20 minutes.

. H.G. Hosmer, U.S, Patent 214,142, April 8, 1879 -

"Improvement in Processes of Making Artificial Marble",

The stone (limestone or alabaster) is subjected to
moist heat or steam, then immersed in 2 5 % alum so-
lution for 24 hours. A coloring agent may be added to
the latter if the stone is to be tinted. ’

1882

5. H.C. Jewell, U.S. Patent 259,863, June 20, 1882 -

"Manufacture of Artificial Stone and Marble',

Sand, gravel and hydraulic cement are mixed and
dampened with a solution of 1 1b of deutosulfate of copper
in 75 gallons of water to give the artificial stone. This
is hardened and made impenetrable to moisture by sa-
turating it with the following solution : 1 1b alum ammonia
ferri, 2 lbs borate of soda, 3 lbs nitrate of potash, 1 pint
carbolic acid, 3 lbs muriate of ammonia, 0.5 lb nitrate
of ammonia, 2lbs oxalic acid, 2 quarts lime water, suff-
icient water to give a saturated solution.

. R, Josia, U.S. Patent 265,501, October 3, 1882 -"Com-

position for Treating Sulfates of Lime for the Manufacture
of Artificial Marble".

Gypsum blocks are heated at 260-300°F for about
twelve hours, then immersed in a solution of 200 parts
water, 4-5 parts alum, 2-2.5 parts oxalic acid, by weight,
for 12 hours. Best results are obtained by repeated dipp-
ings in this solution alternating with equal drying periods,
starting with seconds, increasing to minutes, then hours.

R. Josia, U.S. Patent 265,502, October 3, 1882 -"Com-
position for Treating Sulfates of Lime for the Manufacture
of Artificial Marble",

Similar to preceding, but to yield a black stone,
the impregnating and indurating solution used consists
of : 200 parts water, 3 parts sulfate of iron, 0.5 parts
sulfate of copper, 3 parts Campeachy wood, 6 parts gall-
nuts, 0.5 parts logwood, by weight.

R. Josia, U.S. Patent 265,503, October 3, 1882 - "Com-
position for Treating Sulfates of Lime for the Manufacture
of Artificial Marble'.

Similar to preceding, but to yield a rose or pink
tint in the stone, use the following solution : 200 parts
water, 4-5 parts alum, 2-2.5 parts oxalic acid, 0, 01-0, 02
parts rose of aniline, by weight.

R. Josia, U.S, Patent 265,504, October 3,1882 - "Com-
position for Treating Sulfates of Lime for the Manufacture
of Artificial Marble".

Similar to preceding, but to yield an ivory color,
use the following solution : 200 parts water, 4-5 parts
alum, 2-2.5 parts oxalic acid, 1 part Brazil wood (Per-
nambuco), 0.5 part sulfuric acid, 0.005-0.01 part rose
of aniline, by weight.



1882 10. R. Josia, U.S. Patent 265,505, Oct. 3, 1882 - “"Com-
position for Treating Sulfates of Lime for the Manu-
facture of Artificial Marble'.

Similar to preceding, but to yield a red color, use
.the following solution : 200 parts water, 4-5 parts alum,
2-2.5 parts oxalic acid, 6 parts Brazil wood, 1 part
chloride of zinc, 0.2 part cream of tartar, by weight.



