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ABSTRACT It is well known that the salt in stoneworks impact on damage of stone by
various methods. Various kind of salt is detected in high content in the black surface layer
of stone monuments and it is required about origin and roles of salts on blackening to con-
siderate. In this study have been investigated the characteristics of salt in the black crust of
sandstone and limestone which used in historical monuments in Berlin, Germany. Salt was
analyzed for cation by Atomic Absorption and Atomic Emission Spectroscopy and for anion
by Ion Chromatograph. The representative ions are Ca’™ and SO;  in all samples and the
most obvious combinations was proved in calcium sulfate by statistical methods. Because
gypsum was detected by X-ray diffraction analyses in the black crusts, this calcium sulfate
was confirmed by 2 hydrate type. The probable origin of Ca is air particle in atmosphere
around sandstone and calcite in mother rock in limestone, and that of S is polluted air and
mortar which used as conservation works.
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Table 1. Solubility of important salts in water

Compound Solugb/lllgg 1;1;120) Temlzecrature
CaCoO, 0.016 25
CaCl, 75 20
CaCl, - 2H,0 98 0
CaCl, - 6H,0 279 0
Ca(OH), 0.2 0
NaSO, 19.08 20
Ca(NO,), 121 18
Ca(NO,), - 4H,0 266 0
CaSO, 0.63 25
CaSO, - 2H,0 0.204 20
CaS0, - 0.5H,0 0.71 25
MgSO, 35.6 20
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Fig. 1. Historical monuments in Museumsinsel in Berlin, Germany (a) Pergamon Museum, (b) Neues

Museum.
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Table 2. Classification and characteristic deterioration type of used stone in monument

Building Name Rock Name

Original color

Characteristic deterioration type

Neues Museum Sachsen Sandstone
(NM) (white sandstone)

yellowish white

black crust, decomformation

Nationalgalerie Nebra Sandstone
(NG) (red sandstone)

brownish red

black crust, decomformation

Pergamon Museum Frank Mushell
(PM) Limestone

dark gray

black crust,
Back weathering due to loss
of scale

Fig. 2. Analyzed samples and original state of used rocks in monuments. Black crust of (a) white Sand-

stone, (b) red Sandstone, (c) limestone. Original state of (a) white Sandstone, (b)) red Sandstone, (c¢') lime-
stone.
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Fig. 3. Black crust in stone surface by polarizing microscope. (a) white sandstone, (b) limestone.

Table 3. Ion concentrations in salt solutions of black surface layer and rocks (in wt.%)

Sampling part* No. of samples Ca®  Mg* K* Na* CI”  NO; SOr

0030 0003 0043 0016  0.030
BS 4 h i i ) ; ] i
0964 0079 0095 0009 0008 0.180 2.494
hite o ) 0.(}28 — _ _ 0.010
sandstone 0.030  0.002 0015 0003 0004 0005 0.020
0.015 0.001
IN 7 i ; - ] - ; -
0030 0002 0008 0005 0004 0005 0020
0.030 0003 0030 0004 0005 004 006
BS 23 A - i - - ; -
8380 0090 0173 004 00190 0229 21543
003 0002 002 0003 0003 0006 0007
red
sandstone us 23 ) N . N . ) N
sands 0.128 0.036 ' 009 0024 0006 0112 0334
002 0002 0003 0004 0005
IN 8 ; ] ) ) i i i
0032 0003 003 0006 0005 0022 0021
2144 0011 0032 0008 0005 0006 3.840
BS 7 _ - ) i i i i
15107 0025 0063 0014 0101 0.115 20625
1318 0008 0014 0.006 0022 0248
limestone Us 5 - - - - - - _
2408 0025 0042 0011 0016 0.175 3.636
0725 0.008
IN 5

0810 003 0.015 0011 0006 0.003 0.023
*BS : Black surface layer, US : Under black surface layer (~3 mm), IN : fresh rock.

NaHCO,#} 12.5mmol H,S0,/1.8 mM Na,CO, (Atomic Absorption Spectroscopy)E-, Na'3} K*
5 A3 Y. 9Fo] €2 Perkin Elmer 3030 2 AES(Atomic Emission Spectroscopy)E ©|
Spectrometers ©]-83}lo] Ca™2} Mg™-& AAS £-3}o] EA st}
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Fig. 4. Correlation diagrams between the ions in sandstone (a-c) and in limestone (d-f).
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Table 4. Correlation matrix of ions in salt solutions and the result of factor analysis

Ca™ Mg K* Na* Ccr NO; SOr
Ca® 1.00
Mg 0.78 1.00
white K* 0.77 0.89 1.00
sandstone Na* 0.53 -0.01 0.15 1.00
cr 0.69 0.14 0.27 0.89 1.00
NO; 0.89 0.50 0.48 0.62 0.75 1.00
SO; 1.00 0.82 0.80 0.49 0.66 0.85 1.00
Factor 1; Ca™, SO, Mg™, K, Factor 2; Na*, CI', NO;
Ca* 1.00
Mg 0.78 1.00
d K* 0.77 0.98 1.00
candstone Na* 0.53 0.83 0.84 1.00
cr 0.69 0.23 0.25 0.11 1.00
NO; 0.89 0.98 0.99 0.83 0.24 1.00
SO 1.00 0.65 0.61 039 0.39 0.62 1.00
Factor 1; Ca®, SO, Factor 2; Mg”, K*, Na*, NO;
Ca® 1.00
Mg -0.51 1.00
K* 0.77 0.98 1.00
limestone Na* 0.80 0.83 0.66 1.00
cr 0.84 0.23 0.61 0.87 1.00
NO; 0.22 0.98 -0.24 0.16 0.54 1.00
SO> 0.95 0.65 0.62 0.72 0.68 0.13 1.00
Factor 1; Ca*, SOZ', K*, Na', CI
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Fig. 5. XRD patterns of black curst samples. (A) Sandstone; (a) original red sandstone, (b) black crust of (a), (c)
original white sandstone, (d) black crust of (¢). (B) Limestone; (a) original limestone, (b), (c) black crust of (a).
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Table 5. lon concentrations of water soluble part
of atmospheric particles around monuments in water

Ca®* Mg” K' Na" CI° NO; SO

ng/m® 2319 217 368 800 1439 5525 11730
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Table 6. Crystallization Pressure of some Salts’

Crystallization pressure (atm)

Salt Chemical formular C/Cs* =2 C/Cs = 10

0°C 50°C 0°C 50°C
Anhydrite CaSO, 335 398 1120 1325
Bischofite MgCl, - 6H,0 119 142 397 470
Dodekahydrate MgSO, - 12H,0 67 80 222 264
Epsomite MgSO, - TH,0 105 125 350 415
Gypsum CaSO, - 2H,0 282 334 938 1110
Halite NaCl 554 654 1845 2190
Heptahydrite NaCO, - TH,0 100 119 334 365
Hexahydrite MgSO, - 6H,0 118 141 395 469
Kieserite MgSO, - H,0 272 324 910 1079
Mirabilite Na,SO, - 10H,0 72 83 234 2717
Natron NaCO, - 10H,0 78 92 259 308
Tachhydrite 2MgCl, * CaCl, - 12H,0 50 59 166 198
Thenardite Na,SO, 292 345 970 1150
Thermonatrite NaCO, - H,0 280 333 935 1109

*C; the actual concentration of the solute during crystallization.
Cs; the concentration of the solute at saturation.
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Table 7. Hydration Pressure of some Salts (atm)"
RH (%)

Temperature (°C)

CaSO, - 1/2H,0 to CaSO, - 2H,0

0°C 20°C 40°C 60°C

100 2190 1755 1350 926
80 1820 1372 941 511
60 1375 884 422 0
MgSO0, * H,0 to MgSO, + 6H,0
65.3°C
100 418
80 13

MgSO, - 6H,0 o MgSO, * 7H,0

10°C 20°C 30°C 40°C

100 146 117 92 86
80 115 87 59 39
60 76 45 17
40 20

NaCO, - H,0 to NaCO, - 7H,0

0°C 10°C 20°C 30°C

100 938 710 611 430
80 63 455 284 %4
60 243 46

NaCO, « 7H,0 to NaCO, + 10H,0

0°C 20°C 40°C 60°C

100 816 669 522 355
80 49 32 160
60 60
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