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The pore structure of Salem limestone isinvestigatad,

- and conclusions regarding the effect of the pore .

geometry on modeling moisture and contaminant -
transport are-discussed based on thin section
petrography, scanning electron microscopy, mercury

-intrusion porosimetry, and nitrogen adsorption

analyses. These investigations are compared to and
shown to compliment permeability and capillary
pressure measurements for this common building

", stone. Salem limestone exhibits a bimodal pore size
- distribution in which the larger pores provide routes

for convective mass transfer of contaminants into the

“material and the smaller pores lead to high surface

area adsorption and reaction sites. Relative
permeability and capillary pressure measurements of
the air/water system indicate that Salem limestone

 exhibits high capillarity and low effective permeability

to water. Based on stone characterization, aqueous .

" diffusion and convection are believed to be the

primary transport mechanisms for pollutants in this

., stone. The extent of contaminant eccumulatro_n in
the stone depends on the mechanism of partitioning

between the aqueous and solid phases. The

‘described characterization techniques and modeling

approach can be applied to many systems of interest
such as acidic-damage to limestone, mass transfer of

" contaminants in-concrete and other- porbus'building

materials, and modeling pollutant transport in

- subsurface molsture zones.
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492-8660; fax: (303) 492-4341.
1 Present address: University of Washington, Chemical Engr, Box

" 351750, Seattle, WA 98185,
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Introduction
Acidic precipitation is an area of

the Rocky Mountains, and the West Coast are. sub)ect to'it
effects (1), -Many, parts of : also report acidi

precipitation effects, In addition.to: daraging the, eco-*
“system, acidic precipitation takes its toll on widely used

materials such as painted wood, metal, and carbonate stone

(2). The financial consequences. ofthis damage are difﬁcult :
“to assess, but estimates have placed the cost of preventron

and remediation due to-ambient. sulfur and sulfate con-
centrations alone to be in the- nerghborhood of $2 billion
(1982 dollars) per year (3). Other estimates claim that the

direct costs of atmospheric corrosion in general and’
} corrosronprotecnonmmdustrralcountrlesareontheorder .. L
of 1-3% of the GNP (4, 5). Of cofisiderable intérestisthe =~~~

effect of acidic precipitation on building and dimension

stone, such as limestone, Damage:to limestone  (and-
carbonate stone in general) by atmospheric-SO, and NOy:
hasbeenwell documented inthe United States and Europe..

(2, 6-15).

The successful preservatron of porous and perimeable '
‘building stone exposed to acidic atmnospheric environments
hinges on the understanding of acidic precipitation depo- -

sition processes (i.e., wet and dry déposition) and damage
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" inNorth America and other parts of the warld, - Mostof thes. o
" northeastern United States and parfsoftheuppeerdwest. o

mechanisms. Many investigators have attempted to de- ..

scribe damage mechanisms using empirical; electrochemi-’

cal, and kinetic models but have been met with varying
degrees of success (12, 16—18). Our approach is to

~formulate darmnage mechanisms based on moisture trans- .
port, in which wetting and drying of the stone drives’

dissolved contaminants from the stone surface through the
pore network by diffusion and convection (19, 20). -

The transport and accumulation-of aqueous pollutants
in the limestone interior-is modeled based on-the theory

. of variably saturated fluid flow in porous media (2], 22), a
. complex process influenced by the physrcal and chemical
characteristics of the miedia, thé contaminant, and the.

transport fluids. Mathematical description emerges from

conservation of mass and the definitioriof the Darcy velocrty o

(20). The concentration proﬁle of a pollutant, c'in ﬂurd ;A

is described by

¢‘— V(¢S ,DrVC )

where y; is the Darcy veloclty of flid*, ¢ri is the porosrty of -

(CIU)+7', _. ,. [1)

the material, S;is the pore volume saturatron. and D;isthe™ ~

diffusion coefficient of the pollutant in “fluid .. The
partitioning of contaminant between aqueous-and solid

_ phases is described by ry the net mass transfer rate of the

pollutant into fluid i, The Darcy velocity of a fluid i is a

function of fluid permeability and the pressure dnvmgforce '

for flow:

—_ kefvp o+ . A ..
Vr"‘?{ (r 8p) - @)

where g is the viscosity of fluid i and ke is the effective
permeability of the media to fluid i. The flow driving force
is the combined term P, + gpjz where P; is the pressure in




. of fluid" i,.and z is thé-élevatior: Both the effective, | .
" permeability and fluid".pressure -are -functions of-the 4. .carbonate'surface recessiori was observed (after about15.»
gaturation, S; In addition"to Ki: and; Py.r; is -the.1host -
" important parameter in the model; Defining the correct. :
. mechanism for pollutantexchangebetwgen the phases, be.:|
gt adsorptxon, precipitation, or- heterogeneous reactron,:

» - greatly influences the lnterpre. tlon and 1mphcatro 5

_interms ofthe pore structure and its effect on mass transfer :
- 18 the focus of this work. - N o
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fluid i, gis the gravrtatlonal acceleranon, o1 is the density

the pore structure characterrzan n..
Solution of the mode! egs 1 ‘and 2 requrres appllcatlon. )
of appropriate boundary condltions (20) and; determmation .

of the functional relatlonshrps between ﬂuid pressures,, |

permeabilities, and phase saturations. Many researchersl"
have formulated modéls’ relatmg the individual fluid
saturations to fluid pressiires and permeabrlrtres (23—26),
yet no model can fully account for the complexrty and

variability of an actual porous syster (27). “For'thisréason
and to gain further insight'into the physics of the piesent .-

problem, comprehensive charactetization of the limestone

Materials-and Methods

For this investigation, a block of berge, fossrhferous'

' limestone was collected from near the top of the Missis--

* sippian Salem Formationatthe Independent Quarry, near’ -

Bloommgton, IN. The stone is graded as‘select buff’,.and

the complete composition and mlneralogy is detailed in,

refs 20 and 28.. Mass transport-relevant characteristics were
investigatedin laboratories operated by the U.S. Geological.

Survey, Coors Brewing Co., .and Marathon Oil Co. The
“capillary pressure function and’ optical analyses were

" investigated at U.S.G.S. facilities, while mercury intrusion”’

porosimetry (MIP) and nitrogen adsorption measurérients -
were made in cooperation with Coors, ‘Analytical labora-
tories at the Marathon Oil Petroleum Technology Center_

‘were used to measure absoluteand effective permeablhtxes

and to determine the porosity of the stone.

'Thin Section and Scanning Eléctron Mrcmscbp‘yAnaly-' '

" sis. Thin sections.were ‘made from the Salem limestone:* |.

with blue epoxy and rhodaming B flucréscent dye.: Ob- -

servation and photography -of:.the -thin sections -was -~
, performed with a Nikon .UFX-II' polarizing .microscope -

" "equipped with tungsten and mercury lamps-and 35-mm .
* camera. Arepresentative sectionwas chosen forillustrating

" the pore stracture of this stone, and photographs were taken
* in series (at the same stage coordinates) at magnifications

L transrnitted light and blue incidentlight were takefiat each ~

of 55x and 140x. Photographs of the sections in blue

magmﬁcatron Pores' appear dark blue when the section
is viewed in blue transmitted light: (blue filtered light fromi’

-"the tuhgsten lamp), fossiliferous limestoné appears dark-
brown or black, and calcite cement appears white. The .|

blue incident light was supplied by the mercurylamp, and

the fluorescing pores appear green. The fluorescence | .

reveals the micropores that cannot. be seen. when viewed

" in transmitted light.

Micrographs, oflrmestone'were taken usmga Cambndge
Stereoscan 250 Mk 2 scanning electron microscope (SEM):
Compositional characterization of the sample surface was

performed using energy dispersive X-ray (EDS) analysis. -

Limestone samples were observed and photographed at
magnifications of 200x and 1250x.

Pore casts were made by impregnation of lrmestone
billets with epoxy (identical to that used in thin section

meie) e . mmaiie i macs o= .-
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N "sample to successive states of .static equrllbrlum usin
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limestone. cast was submerged in acrd untll sufficient
*:weeks).: Photographs of etched hmestone pare casts wer
-w1th ‘EDS: analysrs software and hardware
:Mercury Intnision and’ Nitrogen Adsorptmn Poro 1m

g etry - Mercury was rncrementally forced.into.a llmeston
. pressures ranging from 10 kPato411 MPa. Thebulkdensity.

" of the sample was 2.24 g/mL. The cumnulative. volume. of:
mercury taken up by the stone was measured asa functior

pressure was calculated. The pore entry size distribution

descnbed in the literature (29, 30):

. in¢remental volume of mercury into thé pores of the.
limestone to the work required toform an'area element of
mercury/stone interface, it was posslble to relate the pore

- surface area to pore volume (29).
- and pore entry size distribution:

.asolid was used to determine the pore size distribution of

mental measurements of the volime of nitrogen adsorbed :

limestone pores.

Theé total pore volume of each sample was determined:by

.sample and its wet weight when completely saturated with

recorded. Using the previously ‘measured total pore

was generated.

The absolute permeabilities of 11 cylindrical core plugs
were determined using forced air flow., The porosity of
each plug was determined by application of Boyle's law to
helium gas infiltration. Relative permeabiiities for air and
water in the stons were measured in core plug no, 3. This

preparation) followed by etching in 0.1 M acetic acid. The:

. ‘taken. using- an ISl XS-30-SEM, whrch 2was -also. equippec :

oftheapplledpressure. Usingthe Young~Laplaceequation - - . .z1.
(29), the pore entry radius corresponding 10 the applied” : ..

Th addition to determining the pore enrry srze dlstnbu- :
tiohiin the stone, MIP was used to quantify the pore surface :.
“-| area & well. " By relating the work required to force an. --:

The physical adsorption of a gas in the pore' network of. :

the measured difference between the dry weight.of the-.

water of known density. Thepressure. chamber was . .
desrgned w1thawater-permeable, ceramic plate servingas - - :.
the base. Air was used fo pressunze the vessel in.an-..© -
‘incremental range from 7 to 207 kPa. ‘At éach pressure :,
. increment, ‘the air/water system in' the limestone was":. ... w:
allowed to reach hydrostatic equilibrium, with the airforcing - =2, +: | .
.~the water out of the limestone pores, through the-ceramic .. - -/™~0 .+ -0 0 s
plate, and into a collection cylinder.. At eachiequilibrium .--.; .
. -stage, the volume of displaced water was. measured and- - .-
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“in the stone is fllustrated by plots of cumulative and-- ... -’
“incremental ifitrusion volume against pere entry radrus as. ol

Plots of cumulative.. - - ..~ - *.
- surface area and surface area distribution were madeinan. .. . -
analogous manner to those for cumulative pore volume I

pores inaccessible by mercury intriision (29, 30). . Incre: - . -

by the sample as a function of relative pressure were used .- . .

[ to determine a relationship between differential adsorbed - . |-
" nitrogén volume and pore radius via the Kelvin equation - .
(29, 30)., Thrs common procedure wasused to quantify the "+

" pore size and surface area distributions of the smallest -

Capillary Pressiire, Permeabrlrty, and Phase Satura- LEOE e oo

- tion. ‘A'static method was used to determine the pressure/: .©

--saturation relationship for air/water in-Salem.limestone, ...

“(31):" Two limestone blocks with: dimensions of .ap+ "~
proximately 45 x 45 x 45 mm were fully saturated with

~water; and éach was placed ina specral pressure chamber:. -

volume, water saturations at the various’ pressure incre: .. - -
ments were calculated, and the caprllary pressure curve - -:
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FIGURE1 Salem llmastnne thin section in hive tmnsmitted light (A'and I:) and blue mcldant light (B and n) Blue- dye apuxy rovaals the
B mtergranularporosnwhetween cnrhnnnta grains (A end C}, and green apnflunrescnnce md:calas lhe prasence of mtmgranular pomsxtywnhm

carhonate grams ‘(B ani D).

pamcular plug was chosen because it exhiblted nearly the‘

same porosity and permeability as the arithinetic average

‘ofthe 11 core plugsamples. Novisible beddinglaminations
- were observed in the core plug samples, and permeability-

measurements indicated afairly high degree of homogeneity

in the rock (porosities and air perineabilities were faixly -

uniform for all 11 core plugs).

The absalute permeability of cores 1—11 was determined .
" by application of Darcy's law to air flow through-the-dry ..
core using a CMS-300 permeameter manufactured by Core -
-Labs. Each individual core was subjected to a radial net. -
confining stress of 3445 kPa via a rubber core sieeve, and -

- the axial flow of air was monitored as a function of applied

pressure. Darcy's equationwas used torelate permeability,. . | .
air flow rate, and pressure drop. In.practice, the actual .,
permeability of the media may be less than the absolute

air permeability measured in.the cores at a given apphed

pressure due to slippage at the air/rock interface. Klinken- :
berg (32) was the first to"address this phenomenon and a

howit relates to absolute permeablllty determination when

usmg a gas flood method, He proposed a correction to

"+ ‘agcount for the ﬂuxd/rock slippage,. and it was used fo
_ determine the absolute permeablllty ofthe Salem hmestone.

__ Therelative permeability of a ro ck toa given fluid phase . .'

“is commonly determinedi inacore sample byeither steady-
state, unsteady-state, ot centrifuge methods (31, 33). In
the present study, the relative perreability of air and water ",

in Salem limestone was measured using the unsteady-state
method. With this methad, one phase is displaced from

- the- core by injection of the other. Using Buckley and

" Leverett's saturation front advancement theory (34), the
relative permeability ratios were calculated by measurement
of the produced fluid ratios (31}, in this case air to water.

T When combined with the resuits from the‘ absolute perme-
" ability measurements, the relative permeabilities allowed. . . -

determination of the effective permeabllity/phase satura-
tion relationship for air and water in the limestone.: ... -

Discussion of the capillary pressure .and permaabilityu'
requires definition of two important parameters. Consider
the capillary pressure measurements made on the limestone
samples. Asairwas forced into the water-saturated sample,

tthe saturation of the water (Sw) decreased and eventually-.

became independent of further increases. in.air pressure.,
This saturation is defined as the irreducible water saturation, .-

" Swo. Similarly, upon water uptake by the dry samples, the- . _:-

air saturation decreased until the air phase became

-djscontinuous. This saturation is defined as the residual.; .- ..
. air.saturation, Spr. Note that the water saturation under, ... .

. these conditlons is Swr=1— Sar. Thetwo parameters Swo ... -
and Swp_ are, therefore, end points for-the range. of. :
 saturationsin which water can move by. convectlon through

.the llmestone

Besults amd Dlsr.ussmn . S s

T.hhl SGCﬁOIl and SEM Analysis. Flgure 1 ShOwS photo- > R

graphs of the Salem limestone thin" section in blue

~transmitted light and blue incident light, As evidenced by .
Figure 1A, alargé pore network crosssection with a diameter -
of about0.25 rfim is present. Itsstructure is dictated bythe. -

geometry of bath the carbonate grains and calcité cement.

. .Veryﬁne pores cannot be distinguished. ‘The same section,”
" when viewed in blue incident light (Figure 1B), reveals that’
* many fine pores are present within the carbonate grains.

All that appears green is pore space occupied by the

" rhodamine-containing epoxy. Many of the carbonate

particles are tinged with a light green hue. This indicates
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graphed in blue incldent llght. Th¢ {ar

- only whien viewed with epifluorescanc

- magnification, the area percentage of thefing porescannet. .
. . be precisely. quantified. Although the size-of a few pores Ik
can 'be estxmated the resolutlon is nothxgh enough to allow

b stone appearstoexhtblttwokmds ofporosity nteréranular

-and intragranular. The mtergranular porosityis easﬂy seen

are much smaller than the intergranular pores and llkely
contribute greatly to the total pore surface area.

Fluorescent thin section microscopy allows forageneral.:
observation of pores smaller than 1 zm in diameter, but -
. individual pore structures and pore network détails are too -

. small to resolve petrographically. Forthié reason, scanning ™ |
+ electron'microscopy was used to study these smaller pores-
at higher magnification, while also offering a quasi-three-".

dimensional view of the carbonate grains and a partial view
of the small, intragranular pore openings.

At200x% magmﬁcatlon {Figure 2A); small pore openmgs--’*

. ‘can‘be seen in bright areas of the micrograph. The size'of’

- thesé pores appear to-be less than 5umm; and'their presence
compliments the conclusions from the petrographic analy-
sis. Thatis, ahigh degreeof intragranular porosity appears:

" “to exist-in the samiple: At 1250% (Flgure 2B), the location

. of the intragranular poresis- illustrated farther. - The Tight’

-half .of Figure 2B is likely thé rough surface of. a sheared

- fossil fragment and appears to be comprised of partlcles '

. lessthanZymmsnze Manypore openings ¢an beidentified
- in this region. The left side; of Fxgure 2B .appears to be
calcite cement, but small pore openings are not easily seen

."at this magnification. *Based on'these observauons and -
the results from the petrographic analysis, it seems that, of "
the intragranular pores, the very smallest are corifined to |
the calcite cement. While the presence ‘of these smaller

pores is suggested by petrographic and conventional SEM
analysis, examination' of pore casts provides the most
definitive view of the pore structure and location.

Theetched limestone billets, whenviewed with the SEM .

clearly illustrate the complex pare structure of this stone.
Since only the carbonate stone was susceptible to the acid
“etching, the epoxy pore cast represents the three-dimen-

sional pore structure in which positive image represents

pore volume and void space represents areas of zero
porosnty The pore geometry is dictated by the shape and
- size of the voids in the limestone. These voids represent

P v ERRARAMMEATI L ARIrLimE & e At iteme mme s oom
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"'completeness of etchlng when these mlcrographs weré first
taken . ltwas thought that perhaps notall'of the carbonate- *
‘been removed: and that some carbonate or calcxte.' v

+

ntnbutmgto the positive image observed i in
iliéts..
< positivé lmage Was.compased entlrely of'epoxy and that:. '
complete etchmg had been achieved.

Fiei -

rograph illustrates what appears 16'be -

atie peres well over 100 um in. size. As the

'_'-magmﬁcetlnn increases, it becomes apparént that miost. of<

in transmitted light and i generally composed of- larger;: __"'these seeminglylargeporesere actually tomprised of many,

 pores: The intragranular porosity is easily seen whien the
sections are viewed in blue.incident light. These pores, .
"+ located within the: fossil fragments and inthie calcite matrix,

- very fifie' micropores. The micrographs shown in Figure’

3C,D illustrate this for pores with an apparent radius of 50 ~~ .
am,. The last two, micrographs in the series, Figure 3EF; e

give some mdxcanon and appreciation of the size of the
finer pores in the stone. Figure 3 suggests that both

.+ micropores and larger pores contributeconsiderablytothe - -

overall pore-structure, although the micropores dominaté '

" innumber, In addition, nearly all of the connected pores

are a great deal smaller than the 10-um scale in Figure 3F.

- The pore cast results are consistent with the results from -

the epifluorescence thin section investigations. That is,
Salem 'limestone appears to be characterized by a wide

range of pore sizes. Although-the spatial distribution of - -

-the vatious pores types has been established qualitatively; '

the pore size frequency distribuition cannot be' easily - -

determmed from petrographic or conventional SEM mgth-7 -
- ods. MIP and nitrogen adsorption”inethiods provide a

quantltatwe understandmg of the pore structure m terms“ Croo T

" of voliime’ and area distribiitionss: * :
Mercury Intrusion and Nitrogen Adlorptlon Porosun- '

etry ‘The'poreentry size and pore surfacé ared distributions

in’ Salem limestone .were determined by sphcmg the ™

nitrogen adsorpnon and mercury intrusion results a atapore S

entry radiug equal to 0.02 ym. Results areé |llustrated in -
Figures 4 and 5. The stone contains pores ranglng in sxze :
from 0.001 to 35 ,um,,and the total cumulative pore volume -
for the eemple measured was 0,132 mLIg Note'that over

99% of the total pore volume is attribitable to pores with: e

radii of 0.03 pm-or larger and that the majorlty ofthej pore

' volume (54%) is contributed by péres with an entry radius’
. 0.03 < r < 0.8 4m.. The petrographic study indicated that "

pores with radii much larger than 35 um are present in the
Salem limestone. The discrepancy between the opticaland -

intrusion/adsorption results can_be explained by the ™ -

- structure of the pore network.

- Itiscommon in limestone forlarge pores to be connected
to the surface by small pores (35). This type of pore
geometryis oftenreferred toas “ink bottle” (31, 35). During
intrusion measurements, mercuryis only able to enter large
pores atthe much higher breakthrough pressure associated

DATE: 04/17/96

However, ED§ verified “that ithe ~ -

Ws thesampleat 50x magnlficatmn The' Chg

rical pore in cross section and many other' C
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L wnth the sma]l connectmg pores. This makes it dlfﬁcult to
* directly determine the presence of large pores. In effect,
mercury intrusion measures the radii of the connecting

pores between the large, ink bottle pores. The resuit is that

* - the'large pores are hidden in the intrusion analyss.
- . The effective pore surface area was determined to be

1.51 m?*/g, and analysis of Figure 4 reveals that 70% of the

-total ‘pore surface area is contributed by pores with radii

of 0.03 ym and larger. Consider that pores of this size
account for 99% of the total pore volume, and the
significance of the fine pores is apparent. The 1% of the
pore volume that is composed of mesopores and smaller
contribute 30% of the total pore surface area in Salem
limestone. The contribution to surface area of micropores
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(r < 0.003 um) alone is even more extreme: Although these’ R
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L '.FIGUBE 2 SEM mlcrographs of Salem limestons at {A) 200x and (B) 1250 x magnification. Low magmhcatmn suggests.the presence of-. -
mtragranulnr porosity &s indicated by the small openings in most of the grains shnwn. High magmfmatlun llluslrmss that: puws wnhm fnssn -
: fragments (ngh! slde) are larger than those in the calcite- cement {left sida). : : . g0

very fine pores constitute only 0.18% of the total pore :

volume, they contribute 21% of the total pore surface area. -.-

The pore entry size and pore area distributions areshown.

in Figure 5. Peaksappearatentryradiiof0.002and0.1um.. ... : .

The area under the pore entry size distribution curveis the -

volume of pore space contributed by pores of a givén size. : .
Analysis of Figure 5 indicates that nearly all of the pore .
volume in the Salem limestone is contributed by pores in -

two size ranges: 0.001 > r > 0.005 um (the upper end of
the micropore region) and 0.01 > r > 0.3 um (primarily the
macropore region). It has been found in catalysts having
a bimodal pore size distribution that the fine pores are
often in the size range 0.001 > r > 0.01 um, and these smali
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' FIGURE3, SEM micrographs of Salem limestone pore casts, Positive image 'Eoprasants the porosity in the sample, and void space iliustrates

the location of nonporous carhonate material removed by etching wnh apetic acid,

pores account for most of the pore surface area (36). Note -
that a high percentage of the total pore surface area in" ‘|-
Salem limestone is contributed by the fine pores with entry -
radii less than 0.01 um. In catalysts that exhibit such a -

pore geometry, the larger pores can provide rapid mass
transfer into the sample, from which the fine pores can

- lead to reaction sites or be reaction sites themselves (36). -|.

Itislikely that transport and reaction of aqueous pollutants

-in the limestone may be affected in a similar way due to’

the bimodal character of the pore size distribution and the

.large contribution to surface area by the smailest pores.

That is, contaminants may be convected primarily through
the large mesopores and macropores while the precipitation

+and/or reaction of pollutants may take place. nearly -

exclusively in the fine pore structure,

.. Capillary Pressure, Permeability, and Phase Satura-:

.-tion, Results from the porous plate capillary pressure -
. measurements are illustrated in Figure 6. The curve .
- represents the average pressure/saturation behaviorofthe - - . .

two limestone samples investigated. Since the stones were
vacuum saturated, the residual air saturation, Swn, cannot
be determined from this curve but must be approximated
by the permeability measurements. The irreducible water
saturation, Swo, is approximated by the asymptotic behavior
of the capillary pressure curve. It appears that the water

‘saturation approaches a value not much less than 0.60 upon

DATE: 04/17/96
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- FIGURE 5, Salem limestone. pore, entry size and
',dlstrlbutlons as datermmad by merciiry. intrus
?'adsorpllon. Note tlié bimodglnature oftlle poro enify size distributio
andthe largs parcemage of surface & ma cuulnbmed bythe smallest-‘

_pores.

Vo apphcatlon of increasing air pressures. “‘We assume here
-, thiat this is the irreducible:saturétion;-and analysis of the
" relative permeablhty curves conﬁrms that Swo =0. 60 is- a ;
‘- *gopd approxrmatlon . L e
. .-The: physncal srgmﬁcance sof the caplllary pressure:.
functicm lies in the high-irreducible water saturation and
_'.1ts relanbnshxp ta_the’ pore . size, distribtition in"Salem™| "
“limestone, The caprllary pressure function illustrates that,

. once wet, the limestone will not easily-give up retained
" moistuite. Infact, 60% of the pore volume remains water-’
“saturated regardless of increasing air pressure through the ~
stone. This is expiained by the existence of a significant -
pore volume contributed by pores of small entry radii. These: -
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smaller pores imbibe and hold waterby capillarity, and the
implications to moisture and solute transport through the:
pore network are extremely important. As this strongly

held pore water is immobile, moisture transport must occur :

by evaporation/condensation mechanisms, and contami-
nant transport must occur by diffusive processes alone.
Only when the stone is greater than 60% water-saturated
will convective transpart mechanisms be significant.

i (*é?-'fié-iﬁmii. l'
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04 06 .
: PoreWatchatumuon,Sw B
FlGUllEB caplllaryprassuranurvalnrmr/watermSalemllmastnne .
" -as iletermined by static' measuraments of moisture loss in a prassure.

chamher. The irreducible water saturation-is approximately.0.60, .
dicating. tlllt st low. uturatlons wateris llald tighilv bv caplllarity

.core ' ,' core pore |
ian O length  wol .
_fem)  (ml) . porosity {em?x 10%).. ..

7397 6478 - 0.174 . 1,156 -

‘permeability -

K 1
|.2 '7.560 .6.628 ° 0.175 . 1.136
| 3 7.483 6587 0.174 ~ 1381
4 7.422 6:620- 0.975 = 0.877
B 7451 6.463°. .0.171 11146 L e T
"8 - 7.685 ' 6.906. 0.181 - 1.665 -
7 2,627 7.426 - 6.122 . 0.179 1.438 .
8 2531 7438 6608 0.177 1.235
8 S0 L2630 7.617 6743 0.475- - 1.606 .
10 . -.2530 T7.348°,6539. 0176 -.1:620, -
“11 2530 7.427 - 6:646 0178 T 1.410

.. 2529 747 .62 0176° 134,
L0.007 £0.05 0,08} %00 .:1:013

1,

: average: porosnty of the 11 core plug
. samples was . determined to be 17.6% withporositiesranging © ¥ -
from17:3t0 18; 1% Porosity of hmestone used as building - | ’
atenal cary vary 'from 5 to; 20% (37).% . The permeablhtles
(corrected for the- Klmkenberg effect). ranged from 9.8 .-
1071 ¢m¥ to*1:65 x 10710 cm? for the 11 cores with the',
average being 1.34 x 10~19cm?,” Permeabilities of bmldlng L
~and monument limestone are commonly in the range.1:0,:¢. 2 .. .o LS
* x 10712—6,0"% 10~° cm? (37). The sample permeabrhtles-':. R A
and porosities are summarized in Table 1. R e
- Therelative permeability curves are illustrated inFigure-~ il f -
.7. Laboratorymeasurements of relative permeability often =~ -~ -7 - - .. :
. -exhibita dependence on the saturation history of themedia™ - - - "« .
and hysteresis between the wetting and drying curves-(27, - -
31). The hysteresis is thought to be caused by complex .-
pore geometries, contact angle hysteresis; and nonwetting- "
fluid entrapment, although other factors may contribute
as well. Correct interpretation of the permeability/satura-
tion relationship requires definition of the relative perme-
ability ratio, k;, for both stone drying and wetting mea-
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Pare Water Saturation, Sw

. Watting curves are denoted by solid lines (—),‘and déying curves
e ey b g denoted. bydashedlmes {aus), Nutafnrwamng curves k= kJ/k
: and_for drying.curves k= It.l(lr.‘?w:u}l Thé:absolite permeability to
... air, k, was determined-by forcad air llow thrnugh ] sample core; .

. '(Tabla 1) : . o . -

surements By conventron, k, is* deﬁned for the wettmg‘ .
curves as the’ effective permeabllrty, ‘ken divided by the
.. absolute permeabrlrty to aix, ks, where lrepresents erther .
" . the air orwater phase. For ‘the drymg curves, kris defined
asthe ratio of ke,to the effective permeabrhty attheresidual
water safuration; Esws.. Information fromithe curvesis used :
in‘'two ways. First,a quantltatlve déscription of the' water/
arrtransportmechamsms inthestoneis illustrated. Second, .
the relative permieability ciirves can be used to determine
 the functional relationship between, ke, and 5 needed to
* solve the mass transfer.egs 1 and 2.. . .
. - Analysis of ‘the wetting curves (sohd lines i m Figure 7)
" indicatesthat; -pore water will not ﬂowthroughthe limestone
. until a water-saturation. of nearly 0.65 is, reached, At
-,saturatrons less than-thils valug;-water will lmblbe into the

. .'-i-;..} fing pores &nd is 1mmob11e ‘At-saturations greater than
- 0.85; the-water has formed a‘ contiriuous phase through a -

" to influence the watet distribiition; in® the storie,
i"The maximum water, permeabilityoccurs at SWR 0.85,,

results imply. that 15%of the’ pore Yolume- is always -ait

ink bottle nature of the limestone pore-structure; itis lrkely :

thiat. the. air is trapped in" large’ pores’ by- water-filled, -

connecting pores..

. contribute to effective permeability: at- this saturation.

=~ . :because the network of smaller, continuous pores provides
. the vast majority of pathways for water movement,

- Analysis of the-drying curves (dashed lines in Figure 7).

- rapidly from 1.0 to hearly zero below a watet saturation of -
0.60. Below this saturation, the water-is held tightly by-
capillarity and is immobile irrespective of further increases
inapplied airpressure. Note thatfor water saturationsless
than 0.60, the air and water drying curves presented here
cannot be-determined by conventional forced-flow mea-
surements. Instead, these curves represent inferred ex-
trapolation of the data expected for drying by evaporation.

portion of the pore network, enabling the gpplied pressure |
A which correspondsto aresidualairsaturatiori of0.15. These "
- Lo . filled and has no-effect on: water moyemeéit through the > |.

*-stone. " Based :on.the porosrmetry medsuremerits and the -

These isolated ink bottles do not. -

-indicates that the relative permeability of water decreases - -
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"FIGURE’I Relative parmeabrllty curves forair and water.in Saleni |-

. Ilmesmne 85! maasursd using 'unstaady-state, forcod-flow'techninites, - | to be 17; 6% “Thin section ‘and SEM analyses mdrcate that

" porosity is primarily of inter- and intragranular nature; -
* althoiigh a majority of the pore volume s contained. withm i

"*'_the stone,is wet, water is held tightly'in the pore network:
© and, exceptin- the region of 0:60 < Sy < 0.85, waterwill n¢
. exitthe stone’ by convective processes.: Rather. evaporat
| islikelytobea significant process bywhlch water is refmove;
| +-atwatersaturations below-0.60: In addition, the most like
,."'Itransport mechanism for contammants at “Sig < 0.601;
1" diffusionwhile both convecnveand diffusrve transpon wi
» |" ;b€ significant in the water- saturatmn range 060 S\\
1 35 : . . 5 .

nitrogen adsorption and MIP reveals that' théstone exhibits ™
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:Both the wetting and drying curves suggest that, once ,

‘.“solute transport in Salem limestone i is apparent through;_. B

arialysis of the pore size and pore area distributions and-

1 therr relatlonshrp to overall porosrty As measured using .

the carbonate grains.‘ Further quantitative, assessment by:

. -a bimodal pore size drstributron. afid a significant. portxon o

of the pore surface area is contained in the smallest pores.

_ The results fromthe re]atwepermeabllrtymeasurements
and caplllary pressure function reported here comphment
and- are consistent with the fmdmgs fmm the;. stone

| . "characterization. The data indicate that Salem lrmestone

- hasa very low effective permeabrlity to water; even.at hrgh
" water saturanons. This can be explamed bythe exlstence .

. * and contaminant transport in.limestone .concerns: the: :
» location of surface area. The surface area distribution :
- reveals-that:a large portion of the stone surface. .area. is -

“be; accesgible, for-adsorption and reacnon wrth aqueous
: ,}.pollutants in these wetted pores.

,,,,,

while in the larger pores water is easlly displaced by air. It

‘| s possible for the water saturations to be relatively high.

- ' (due to the small pores) while the ﬂow of water is virtually.

' zero. (due to the air-filled, large pores), "The stone exhibits "~
. an irreduciblé water saturation of atound 0.60. Therefore, .. =

miore than half of the stone pore volume can be filled with

c | ‘static water. This implies. that ‘in wet  liinestone, the P
* * stone, but bnce théré.is held stronigly by-capillarity in the . |- transportofpollutantsthroughtheaqueousphase isgoing .,
! 1o’ be réstricted to nonconvective (dxffusrve) mechan m

.for water saturations less than 0. 80.

- Another srgmﬁcant relationship between pore structure

contained in micropores, ie., , those more- apt to contain
water. The resultisthat a large number of surface sites will. -

+-Of specificinterest is the effect of pore structure on. stone

‘damage. The pore structure analysis suggests that-stones
" exposed to ambient conditions will likely become wet (by :

rain or condensation) and will partiallydry (by gravitational- ;
drainage or. evaporation) depending on the cycles of - i -

. -humidity exposure.” The characterization of the limestone

pores indicates that large ink bottle pores will be the last.

- to fill with water and the first to dry. .The accumulation of-; ... - .-

pollutant in the material will depend on the mechanism of :-
partitioning defined in the transportequation, Ifadsorption
and heterogeneous reaction are probable mechanisms, then -
the small, high surface area pores will be more vulnerable
to chemical alteration by contaminants. If precipitation
and crystal growth are the primary mechanisms for

‘pollutant exchange, the larger pores will accumulate the
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. contaminant to'a greater extent due to repeated wettmg
; -.-and drymg "

The gualitative optxcal analys:s, in f‘Oﬂ]Ul‘lCtlon w1th the ]

o quantlﬁcatlon of pore size distribirtion; permeabilities, and.+
“ capﬂlary pressure - function,: aids:in; the: evalinatingand .

. "understandmg of transport ) mechamsms invariably sdtii-:
* rated Salem. limestone. Orice characterized, these:param- :|
... ;-eters ‘can. lielp form the' basis"for successfully. modeling:: |*
‘mass transport of contamlnants inlimestone buildings and -

- monumients expdsed to acidic environments. In addition,
the characterization technigues and modeling approach

 described- hére can be applied:to many other systems of
interestsuch as mass transfer in concrete and otherporous .
'bmldmg materials and modelmg ofcontammant transport s

in subsurface moisture zones.
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