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ABSTRACT/Physical and chemical weathering were studied 
as separate processes in the past. Recent research, how- 
ever, shows that most processes are physicochemical in na- 
ture. The rates at which calcite and silica weather by disso- 
lution are dependent on the regional and local climatic envi- 
ronment. The weathering of silicate rocks leaves discolored 
margins and rinds, a function of the rocks' permeability and 
of the climatic parameters. Salt action, the greatest disruptive 
factor, is complex and not yet fully understood in all its 

phases, but some of the causes of disruption are crystalliza- 
tion pressure, hydration pressure, and hygroscopic attraction 
of excess moisture. 

The decay of marble is complex, an interaction between dis- 
solution, crack-corrosion, and expansion-contraction cycles 
triggered by the release of residual stresses. Thin spatls of 
granites commonly found near the street level of buildings 
are generally caused by a combination of stress relief and 
salt action. To study and determine weathering rates of a va- 
riety of commercial stones, the National Bureau of Standards 
erected a Stone Exposure Test Wall in 1948. Of the many 
types of stone represented, only a few fossiliferous lime- 
stones permit a valid measurement of surface reduction in a 
polluted urban environment. 

I n t r o d u c t i o n  

�9 "I-he fact that weathering affects stone used in 
buildings and monunlents has long been known; we 
have records of replacement of stone blocks and 
emergency treatment of  stone surfaces with waxes and 
linseed oil since the Middle Ages. A statue at Herren, 
Westphalia, photographed in 1908 and again in 1968 
(Fig. 1A and B), is carved from soft glauconitic Baum- 
berg sandstone. The rate of  weathering has acceler- 
ated exponentially since the erection of the sandstone 
statue in 1702 (Fig. 1C, and Winkler, 1981). Remnants 
of the statue, which is beyond recognitkm today, are 
now stored in a basement fbr the record. Other similar 
pairs of time-lapse photos are on record. Air pollution 
has accelerated, mostly because of  carbonic and sul- 
furic acids that result from industrial and automotive 
combusion, leading to the phenomenon popularly 
called "acid rain," but it should be noted that air pollu- 
tion has been with us fbr millions of years as a result of 
forest fires, volcanic eruptions, and salt spray from the 
ocean and desert flats. Likens (197(5) has stated that 
the acidity of rain has increased in the last decade 
fl-om near pH = 5.0 to 4.5 or even lower, but I ques- 
tion the validity of these figures; it is extremely diffi- 
cult to measure the pH of rainwater which was origi- 
nally distilled water and which has picked up a few H + 
ions on its travel from the cloud base to the ground, 
reaching a theoretical pH = 5.6 after reaching equilib- 
rium with the 0.03% CO2 of the pure atmosphere. 
Were the measurements taken at the beginning of the 
rain, when atmospheric pollutants were at maximunt 
concentration, at a later stage, or averaged? 

W e a t h e r i n g ,  G e n e r a l  C l a s s i f i c a t i o n  

Weathering is generally classified in most geology 
textbooks as (1) physical weathering: frost action, insola- 
tion, salt weathering as crystallization and hydration 
pressures, plant root action, and fires; and (2) chemical 
weathering: dissolution of carbonates and sulfates, solu- 
bilization hy leaching of  elements from silicates and 
sulfides, followed by oxidation and hydration. 

On both natural outcrops and urban buildings, the 
process turns out to be ntore complex, and not readily 
separable into physical and chemical components. 
Where can we draw the line between crystallization 
and hydration pressure, as these are physicochendcal 
processes? There is also evidence of cltemical reactions 
between salts in the masonry and the masonry sub- 
stance (Arnold 1981) leading to new compounds. 
Today we still do not understand the physical behavior 
and the chemical effect of  water trapped in capillaries 
under pressure in most types of  stone. 

Disso lu t i on  of C a r b o n a t e s  

Pure limestones, limestone-marbles, dololnites, and 
crystalline marbles dissolve in pure water without 
leaving a residue. The rate of  dissolution per unil of  
time depends on the acidity of the precipitatkm, tile 
wind direction, the surface angle to the horizon, and 
other factors. To measure the rate of surface reduc- 
tion, unweathered reference points, such as patches or 
veins of unweathered quartz or hornblende, possibly 
still showing the original surf)ace finish, are needed. 
The writer has performed such surface reduction 
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Figure 1. Time-lapse photos of a sculpture al t l c r t c n  Castle near Rec:klil@lausen, was built of soft and porous glauconitic 
Baumberg sandslone in 1702. A. Pholo laken in 1908: B. Pholo taken in 1968 shows ahnosl complete oblileration of details. C. 
Visual semi-quantitative presczmiti<m of st(me decay of sl~lltle pic:tures in A-B.  
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Figure 2A, Weathered ribs of columns of coarse-grained 
Georgia marble. Unweathered hornblende band indicates 
surface reduction of over 3 ram. South side of Chicago Field 
Museum Natural l listory. B. SmJa(:e reduction c,f marble 
ribs, expressed in ram, against unweathered patches of 
hornblende. Figures measmed widl a depth micrometer. 
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measurements  on coarse-gra ined Georgia  marble  in 
the strongly weathered  columns o f  the Chicago Field 
Museum o f  Natura l  History with a needle -poin ted  
dep th  mic romete r  combined  with techniques of  ma- 

c ropho tog rammet ry ,  and  on f ine-gra ined  Ve rmon t  
marble  in the columns o f  the Lincoln m o n u m e n t  in 

Gran t  Park, Chicago (Figs. 2 and  3). Al though  the 
fronts o f  the Field Museum colunms were strongly 
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Figure 4. Pustules of gypsum on black soot 3 mm in size 
protecting Indiana limestone beneath. Chicago Museum of 
Science and Industry. 

Figure 3, Surface reduction of fine-grained Vermont-type 
marble against an unweathered patch of hornblende; a re- 
duction of about 4 nlm in 60 y of exposure. Column uf Lin- 
coln Monument, Grant Park, Chicago. 

scared by 60 y o f  exposure to 76 cm o f  mean annual  
precipitation, the back sides o f  the columns still show 
the original finish, despite free access to fog and air 
pollutants. A similar observation was made on columns 
of  red limestone-marble outside the church of  San Vi- 
tale o f  Ravenna, over 1000 y older than the colunms 
of  the Field Museum; at Ravenna the weather side was 
deeply etched, whereas the side averted f rom the rain 
still shows the original crude polish; moist air and fog 
were unable m corrode the carbonate rocks in either 
case. Gypsum is fi 'equently ibund  on limestone sur- 
faces that have recrystallized in the presence of  SO 2 
where protected f rom the washing action o f  rain. 
Many such secondary gypsum deposits are intermixed 
with black soot crusts (Fig. 4). Gypsum is about 20 
times more  soluble than calcite at temperatures  near 
40~ whereas at low temperature  and pH o f  the sol- 
vent, acid rainwater, the max imum solubility of  calcite 
in nature is near 0.02% (Fig. 5A). 

Dissolution of Silica 

At near  60~ and pH = 7 the solubility o f  silica as 
amorphous  opal is comparable  to that of  calcite; it rap- 

idly increases beyond pH = 9 (Fig. 5B). Silica as grain 
cement  in sandstones is susceptible to dissolution near  
a hot and sundrenched  alkaline desert floor, and also 
on buildings where silica can migrate f rom inside the 
rock and stone ou tward  toward the stone surface, 
leading  to scaling o f  a thin h a r d e n e d  crust  while 
crumbling occurs beneath (Fig. 6). 

Honeycomb Weathering 

Honeycomb formation is based on the relocation o f  
calcite and/or  silica toward exposed surfaces while the 
stone behind the surfaces, now deprived of  a part  o f  
its grain cement, crmnbles away, often a process accel- 
erated by salt action. At Sacred Heart  Church,  Notre  
Dame, Indiana, siliceous sandstone making up 
columns is crumbling beneath the overhang  with the 
help o f  salt used for de-icing at the south entrance 
(Fig. 7). Honeycombs  have developed above the 
arched entrance by a combination o f  solar exposure 
on the south side o f  the building, alkaline solutions, 
and salts. 

In another  type o f  honeycomb,  calcite was intro- 
duced into calcite-free red Buntsandstein on the east 
face o f  the Muenster  o f  Freiburg, West Germany;  cal- 
cite was supplied by moisture moving outward 
through mor tar  joints, covering the area below with a 
dripstone-like crust (Fig. 8). 

Weathering of Silicate Minerals 

The  weathering o f  silicate minerals cannot  be mea- 
sured in terms o f  surface reduction, but it can be 
j udged  by the width o f  the weathered rims and rinds. 
The  iron of  gray to bluish-gray sandstones, granites, 
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Figure 5A. Solubility of calcite as a func- 
tion of temperature, the ([;02 content, and 
pH. B. Solubility of silica as amorphous 
opal, crypto-crystalline chalcedony, and 
crystalline quartz at near p H =  7; solu- 
bility accelerates above p H =  9. 

Figure 6. Weathering of sandstone by scaling. Migration of grain ccmem from inside lo the surface, migration also from 
mortar,joinI. Specimen is 10 cm long. National |-?,urcau of StalMards Sl(mc "Vest Walt. 
Figure 7. thmeycombs and efflorescence of de-icing sahs developed in fine-grained qHal ' iZ s;.llldS[()llC. Sotlth Cllll'~lllCC tO 
Sacred Heart Church, Notre l)ame, Indiima. 

and  basahs is chiefly der ived  front black micas, horn-  
blende,  and  some od)er  minerals;  iron may also be 
found finely distr i l)uted as grain coatings and grain 
cement.  T h e  thickness o f  the brown weathered  rim 
depends  on the length o f  exposure  to a given amoun t  
o f  annual  precipi tat ion,  the permeabi l i ly  o f  the stone, 
and  the degree  o f  iron bond  in lhe crystal lauice. A 
corners lone  o f  gray Ohio  sandstone  in the Stone Tesl 
Wall of  the Nat ional  Bureau  of  S tandards  was physi- 
cally d a m a g e d  d u r i n g  the t ranspor t  o f  the wall f rom 
downtown Washington,  D.C., to its new location in 
rural  Gai thersburg ,  Maryland,  ])tit now, af ter  30 y o f  
exposure ,  it displays a nar row brown rim 2 - 2 . 5  mm 
wide. A similar Ohio  sands tone  could develop a 3.5- 
ram-wide brown rim af ter  more  than 60 y o f  exposure  
in downtown Cleveland, Ohio. Grani tes  and  basahs 
with very litle permeabi l i ty  ntay show a pene t ra t ion  o f  
about  1 m m  in 40,000 y, according  to ( ; e rnohouc  and 
golc (1966) and Fritz and  Ragland (1980). 

Salt Action 

Great  destruct ive effect is a t t r ibuted to sah action. 
T h e  visual evidence o f  salt corrosion or  salt f re t t ing 
occurs along the u p p e r  f r inge o f  the capillary water  
t ranspor t  (Arnokl  1981). T h e  sources o f  the sahs may 
be di f ferent ;  most comes f rom de-icing roads  with 
NaCI, sulfates and  chlor ides  o f  Na and Mg i i o m  
g roundwa te r  rising th rough  masonry  f rom salts en- 
t r apped  in the masonry,  salts f rom ocean spray,  and  
deser t  dust. T h e  effectiveness of  salt acl.ion depends  
on the kinds o f  salts present ,  on the size and  shape o f  
the capillary system, on the mois ture  content ,  and on 

the exposure  to solar radiat ion.  T h e  west en t rance  to 
St. Marc's in Venice gives a good example  o f  the inf lu-  
ence o f  solar exposure ;  the salt line runs parallel  with 
the stairway down into the in ter ior  of  the church,  
h igher  on the nor thwest  side exposed  to intense a l ter -  
noon sun than on the southwest  side with no af ter-  
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Table 1. Crystallization pressures of a few 
common salts. 

Salt 

C rystallization 
pressure (atm) 

C/C = 2 C/C = 10 

Chemical formula 0~ 50~ 0~ 50~ 

Bischofite M c ( ' t e  �9 6H 2 119 142 397 470 
E p s o m i t e  McSO 4 " 714~O 102 125 350 415 
Gypsum CaSO4 �9 2H20 282 334 938 1110 
Halite NaC1 554 654 1945  2190 
Hexahydrite MgSO 4 �9 6H20 118 141 395 469 
Mirabilite Na2SO 4 �9 10H20 72 83 234 277 
Natron Na2CO 3 �9 10H20 78 92 259 308 
"Fhenardite Na2SO 4 292 345 970 1150 

Figure 8. Honeycombs developed be,math secondary crust 
of calcite on calcite-fi'ee red Buntsandstein, Cathedral of 
Freiburg, West Germany. 

Table 2. Hydration pressures of gypsum and 
epsomite (atm). 

Rel. hum, Temperature (C) 

c~ 0 o 20 ~ 40 ~ 60 ~ 

(piaster of Paris 
( ] a S O  4 �9 1/2H20 to CaSO4 " 2HeO to g,3:psunl) 

100 2190 1755 1350 926 
90 2000 1571 1158 724 
80 1820 1372 94I 511 
70 1600 1145 702 254 
60 1375 884 422 0 
50 1072 575 88 0 

(hexahydrite 
MgSO 4 �9 6H20 to MgSO4 �9 7H20 to epsomite) 

100 146 117 96 92 
9(1 132 103 77 69 
80 115 87 59 39 
70 97 68 40 5 
60 76 45 17 0 
50 50 19 0 0 
40 20 0 0 0 

Figure 9. Line of salt fretting to both sides of west entrance 
to St. Marc's Cathedral, Venice. Saltwater from the lagoon 
rises higher where the sun hits, left, than on the righthand 
side. 

noon sun (Fig. 9). The  corroded uppe r  margin cansed 
by salt frett ing involves a variety of potential salt ac- 

tions, such as crystallization pressures (Winkler and 
Singer 1972), hydrat ion pressure (Winkler and Wil- 
helm 1970), hygroscopic water retention (Vos and 
Tammes  1969), expansion and contraction of salts 
caused shearing on a rock surface by changes of the 
temperature ,  and relative humidi ty (Puehringer  1983). 

Calculated crystallization pressures give an indication 

of the great potential  pressures that may develop 
dur ing  crystallization in narrow closed channels.  Table 
1 presents some data at various degrees of  supersatu- 

ratkm as the function of developing pressures and the 

temperature .  U n d e r  favorable condit ions some salts 
may crystallize or recrystallize to different  hydrates, 
which occupy a larger space, being less dense, and 
exert additional pressure, the hydrat ion pressure. 

Table 2 gives the hydrat ion pressure for plaster of" 
Paris to gypsum, and  for hexahydri te  to epsomite, 
both common  in masonry. T h e  crystallization pressure 

depends  on  the t empera ture  and  the degree of super- 
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Figure 10. Ballustrade of fossiliferous Indiana limestone 
showing strong corrosion in upper portion by combination of 
salt fretting by de-icing salt and acid rain attack. Hygroscopic 
retention leaves the wetline permanently visible. South en- 
trance to Main Building, University of Notre Dame, htdiana. 

Figure 12. Slab of fine-grained Italian White marble, weath- 
ered and warped after exposure of about 100 y to 2000 mm 
precipitation and high relative humidity of" New Orleans, 
Louisiana. 
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Figure 11. Hygroscopic moisture retention in brick masonry 
depending on salt content and relative humidity. After Vos 
and Tammes (1969). 

saturation of  the solution, C/Cs, whereas the hydration 
pressure depends on the ambient temperature and the 
relative humidity. 

Some salts attract moisture through hygroscopicity 
without hydrating. Halite as de-icing salt can retain 
considerable quantities of  moisture when entrapped in 
stone, leaving the areas of  salt concentrations moist 

throughout the entire year. Figure 10 shows a balus- 
trade of  Indiana limestone composed of  even-sized 
sinai fossil shell fragments; it is visibly corroding above 
the wetline; the result is a combination of salt fretting 
and dissolution by acid rain. The  degree of hygro- 
scopic attraction by halite was quantified by Vos and 
Tammes  (1969) on brick masonry (Fig. 11). The  ver- 
tical distribution of rising damp and soluble salts on 
buildings was well analyzed by Arnold (1982). 

Decay of Marble 

Rapid disintegration of some fine-grained marbles 
of" the Carrara type, known as Italian White Marble, 
has often puzzled the architect. The  process is com- 
monly associated with warping if the slabs are thin. 
High precipitation and relative humidity in the Gulf 
Coast area permit the rapid introduction of moisture 
into the marble slabs, as initial cracks tend to develop 
along the grain boundaries and propagate inward, a 
phenomenon known as corrosion cracking in metals and 
plastics (Whalley and others 1982). Bowing of  marble 
slabs and internal disintegration are believed to be 
caused by a combination of stress relief of  locked-in 
stresses from the geological past loading history of  the 
stone and expansion-contraction cycles of  moisture 
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Figure 1;3. Spalling of thin slabs of granite in several layers. Base of Tweed Cotnthouse, Lower Manhattan, New York. 
F:igure 14. National Bureau of Standards Exposure Stone Test Wall. Front view, south side. Wall is built of over 2000 test 
specimens, 11.5 m long and 3.6 m high. National Bureau of Standards, Gaithersburg, Maryland. 

entrapped in the narrow capillary system, leading to 
warping and cracking, tollowed by volume expansion 
(Fig. 12) (Winkler 1982). 

Spalling of Granite 

Tentlike spalling of thin, even slabs of granite at the 
base of buildings near the ground level is common in 
urban areas. The phenomenon is similar to the natural 
process at the outcrop, a combination of stress relief 
tormed many kilometers beneath the earth's surface 
but now exposed, and expansion-contraction of en- 
trapped moisture and salt action of de-icing salts from 
streets and sidewalks. Figure 13 shows spalling of ex- 
posed fine-grained Massachusetts granite along the 
base of  the old Tweed Cotu'thouse, peeling in several 
even layers superimposed on top of each other. The 
blistering is probably enhanced by the process used to 
polish granite surfaces in the mill, which added 
stresses to the already locked-in natural stress. Thin 
surface spalls are common on granite surfaces in nat- 
ural outcrops, mostly near the ground surface. 

Stone Test Wall 

In 1948 the National Bureau of Standards in Wash- 
ington, D.C., erected a stone test wall 11.5 m tong and 
3.6 m high (Fig. 14), composed of  2352 pieces of  stone 
blocks fl'om various commercial quarries in tim United 
States and fi'om many parts of  Europe (Kessler and 
Anderson 1951). I studied the state of preservation 
after 30 y of  exposure of  the wall to the urban atmo- 
sphere of Washington, D.C. The wall was built to mea- 
sure weathering rates in a given time and climate. 

Only very few stone types permitted the measurement 
of  surface reduction rates: blocks of  Indiana limestone 
top the wall as coping stones with full exposure to the 
top, north, and south sides. A strong relief has devel- 
oped between the shell fl-agments of  densely crystal- 
line calcite and the loose fibrous calcite matrix. Fossil 
limestone labeled Austrian Marble (Adneth-type lime- 
stone, Salzbtu'g) developed a similar relief between 
unweathered shells and a fine-grained matrix. Some 
sandstones show rougheni,ag and limited sanding 
along lines of weakness, such as bedding planes. Most 
small specimens measure only 10 cm square and are a 
few cm thick. Some sandstones show spalling of  thin 
surface crusts which are the result of  outward migra- 
tion of grain cement and of  both lime and silica from 
mortar between the blocks, leading to inside crum- 
bling and surface hardening (Fig. 6). The National 
Bureau of Standards Stone Test Wall is thus of only 
very limited value in the study of  weathering rates. 
Similarly, any future stone test wall will allow us to 
study weathering rates only in a given clinmtic envi- 
ronment for a given time. 
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