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ABSTRACT

This report provides the baseline analytical characterization of the
surface and bulk of freshly quarried Salem Limestone, and also the
evaluation of several surface analytical techniques applied to rock
weathering studies. The materials examined were selected from: (1) a
control block which is being used in the National Acid Precipitation
Assessment Program (NAPAP), and (2) from the stone yard at the National
Cathedral in Washington D.C.

The surface analytical techniques evaluated included laser ionization
mass spectroscopy (LIMS), secondary ion mass spectrometry (SIMS), Auger
electron spectroscopy (AES), scanning Auger microscopy (SAM), X-ray
photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM)
with energy dispersive X-ray analysis (EDX).

The insulating nature and thermal sensitivity of the Salem Limestone
presented a particularly difficult problem for surface analysis with an
electron or ion beam. Charge accumulation drastically reduced the yields of
secondary ions, precluding the analysis of carbonate surfaces by means of
SIMS. Laser ijonization (LIMS) of the limestone, however, produced
multicomponent mass spectra, but the data were not reproducible. In spite
of surface losses of sulfur and carbon, useful Auger spectra were obtained
and excellent SEM/EDX images and elemental analyses were recorded. Although
the lateral resolution of XPS was relatively modest, the technique provided
reliable chemical speciation information in the near-surface region of the
Salem Limestone with no observed sample degradation.

The high calcium Salem Limestone contains fossil fragments with sparsely
distributed grains of clays, silica, and heavy metal oxides. The use of XPS
with sputtering for depth profiling revealed the presence of near-surface
sulfur in the freshly quarried rock which appears to be disseminated over
the calcite grain surfaces throughout extended regions of the sample. In
the exposed limestone from the Washington National Cathedral stone yard,
there is no evidence of near-surface sulfur, nitrogen or lead, elements
often associated with anthropogenic activities.



INTRODUCTION

The high calcium limestone quarried from the Salem Limestone formation
in southern Indiana is a mineral resource that is virtually unlimited and of
immense value. In the form of lime, it is an ideal soil neutralizer and is
used as a flux in the processing of a number of commercially important ores
for industrial metals. Large quantities of Salem Limestone are used daily
by the paper and textile industries, and in a variety of ways by the
chemical industry. It is also used in its native form by the glass
industry. As a construction material, it is used for the building and
maintenance of roads and in the manufacturing of portland cement. The most
visible application for Salem Limestone has been as a building stone in a
wide variety of structures and monuments; several notable structures include
the Empire State Building, parts of the New York Metropolitan Museum of Art,
the Rockefeller Center, the Pentagon, and the National Cathedral in
Washington, D.C.

Because of its use throughout the United States as a building material,
Salem Limestone has been selected as one of the materials to be included in
the materials effects studies by the National Acid Precipitation Assessment
Program (NAPAP 1983). Part of the NAPAP study is the assessment of
mineralogical changes in building stone that have undergone exposure to
various weathering processes for varying lengths of time. In this study,
freshly quarried “control" stones believed to be relatively unaffected by
anthropogenic processes (those associated with human activities) are being
exposed at five different sites across the United States. By contrasting
the changes in surface and bulk chemistry after varying periods of exposure,
we hope to define those processes initiated by acid deposition, and to give
estimates of stone damage directly related to human-caused acid deposition
as separate from damage related to other weathering processes.

This report provides the baseline analytical characterization of the
surface and bulk of freshly quarried clean Salem Limestone, and also the
evaluation of several surface analytical techniques applied to rock
weathering studies. As part of this effort, techniques such as laser
ionization mass spectroscopy (LIMS), secondary ion mass spectrometry (SIMS),
Auger electron spectroscopy (AES), scanning Auger microscopy (SAM), X-ray
photoelectron spectroscopy (XPS or ESCA), scanning electron microscopy (SEM)
with energy dispersive X-ray analysis (EDX), and powder X-ray diffraction
(XRD) have been used for the characterization of the control materials.

This analysis will include information on the distribution of mineral
grains, compounds and elements. In addition, we also report the analysis of
a weathered sample of Salem Limestone taken from the stone yard of the
Washington National Cathedrall/, Although the weathered sample is not

part of the NAPAP systematic study, the results of its characterization are
useful for judging the type and extent of chemical alteration we can expect
to observe in the materials undergoing planned weathering.



HISTORICAL REVIEW

The greatest part of the literature on acid rain deals with its affects
on soils and on components of the atmosphere, the limnosphere, and the
biosphere (BUDIANSKY, 1981; BOYLE, 1983; BUBENICK, 1984); most of these
publications focus on the environmental impact and health effects of acid
rain (SHRINER et al., 1980). Reports on studies of acid rain weathering of
building stones are scattered throughout the literature of a variety of
disciplines including political, geochemical, the fine arts, architectural,
and behavioral. Much of the pre-1978 literature on stone decay has been
summarized in the anthology edited by Winkler (1978). The Winkler
compendium includes contributions from seventeen recognized authors covering
topics such as stone properties, stone weathering, and stone preservation;
the treatment also includes comprehensive literature reviews in all of these
areas. Another extensive literature review, specialized in the area of
brick weathering, has been released by Hughes and Bargh (1982).

Numerous reports have appeared with examples of the deleterious effects
of acid precipitation over wide areas of North America (LIKENS et al.,

1974; COGBILL, 1976; GLASS et al., 1980, 1982; HILEMAN, 1981; SPICER,
1982; HOFFMAN et al., 1983), Europe (SEEGER, 1968; LONGINELLI et al.,
1979; LIKENS et al., 1979), and other areas around the globe (SEQUEIRA,
1981). This phenomenon appears to be closely related to the accelerated
deterioration of building materials and monuments worldwide (VIKTOROV,

1973; FURST, 1974; HOFFMAN et al., 1976; FASSINA et al, 1976;
ROSSI-MANARESI, 1976; KALISER, 1976; GOUDIE,1977; GAURI, 1980; JEANETTE,
1980; SHARP, 1982; RABE, 1984).

It has been possible to measure weathering rates of building materials
by photographic examination of inscriptions on tombstones (MEIERDING, 1981)
and of aboriginal stone artifacts (WINCHELL, 1913). Such work indicates
that weathering rates have accelerated over the last century and most
dramatically over the past two decades, with the most pronounced weathering
occurring in central urban areas. Such evidence indicts factors such as
NOy from automobile emissions as a major contributor to acid deposition in
urban areas, although the culpability of specific species is still difficult
to quantitatively assess. A wide range of papers dealing with every aspect
of atmospheric sulfur collectively present compelling evidence that SO2
emissions have been related to changes in acid rain over the last twenty
years (DAVIES, 1974; FREDIANA et al., 1976; EFES, et al., 1976; DRUFUCA,
1977; HUSAR, 1977; NRIAGU, 1978; HALES, 1979; FORREST, 1979; CARTER,
1979; BUDIANSKY, 1980; DE PENA, 1982). Some of this evidence is countered
with arguments that other natural factors, such as organic acids and
naturally-emitted sulfur and nitrogen compounds and alkaline dust, also
affect the normal acidity of rain water (POUNDSTONE 1981, SEMONIN 1981).
However, the contribution of natural factors to baseline pH seems to be at
least qualitatively recognized in most assessments of acid rain.

1. The specimen was lying in the stone yard for several years after being
quarried and cut in Bloomington, Indiana; thus, the stone was only
affected by local weathering in Washington D.C.



The principles controlling the weathering of building materials are the
same as those governing rock weathering in a geologic sense, and there exist
a vast literature on this subject (CARROLL, 1970; LOUGHNAN, 1969; OLLIER,
1984 and references therein). Without question, the most damaging assault
on building stone is from water, either pure water or water containing
dissolved CO2, SO3, and oxides of nitrogen (WINKLER, 1966). Even water
free of contamination directly hydrolyzes and dissolves the stone matrix.
Water containing the sulfate ion, the most corrosive pollutant, attacks
carbonate rock by direct dissolution action of sulfuric or sulfurous acid
and/or by conversion of calcite to calcium sulfate. Water provides
transport in and out of the stone for oxidizing and reducing agents, acids,
bases, chelating agents, and microorganisms. Microorganisms contribute to
the dissolution process by naturally acidifying the moisture on the stone
and by generating ligands that form complex ions with the dissolved
minerals. The deterioration of stone may be accelerated by a high content
of expandable clay minerals (DAVISON, 1978; DEMEDIUK, 1960; FISHBURN, 1940;
FREEMAN, 1966; FREEMAN et al. (1967). Temperature excursions, especially
temperature cycles across the freezing point of water, exacerbate the
damaging effect of water by enlarging pores and cracks in the stone. As the
matrix of the stone dissolves, more resistant mineral grains are loosened,
and the strength and gross dimensional features of the stone are altered.

In summary, stone weathering is initiated by external physical and/or
chemical attack on the individual grains of the stone. But it is
conceivable that once the weathering of certain mineral grains has been
initiated, the reaction products can attack neighboring grains which
otherwise would have been relatively inert to the external weathering
agent. For example, such weathering mechanisms might be expected in the
neighborhood of pyrite and marcasite grains which have been shown to
generate sulfuric acid on oxidation (KELLER, 1966; WINKLER, 1973 p.142). To
understand stone weathering at the microscopic level, we consider it
essential that techniques be used that will permit the measurement of
chemical alteration of individual mineral grain surfaces and their short
range environment.

EXPERIMENTAL PROCEDURE

Sample Preparation

Four samples were examined in the study. Three samples were taken from
the freshly quarried Salem Limestone study block; the fourth sample was
obtained from the stone yard of the Washington National Cathedral. The
quarried specimens used in this work were cut from 2 (or 4) x 12 x 24 inch
slabs from a block measuring 42 x 48 x 100 inches; a detailed description
of the Salem Limestone study block and its preparation and cutting procedure
is given in ROSS and KNAB (1984). Each slab was assigned a two-letter,
one-digit number designation to identify its position in the study block.
The samples used in this study are AU-3, HU-3, and NU-3 taken from the top,
middle, and bottom of the study block, respectively. The slabs in turn were
cut into smaller briquettes measuring roughly 2 x 3 x 3 inches. The hand
specimens were then sliced with a water lubricated diamond saw into pieces
about Tmm thick such that the cut faces were oriented parallel to the




bedding planes of the limestone formation. The results of the limestone
characterization reported below indicate that the bulk and surface
chemistry, and the general petrography of the three control samples were
closely matched. Accordingly, we feel confident that the control samples
selected for study are representative of the control block.

Several samples that may have been contaminated during handling were
cleaned by submersion in a dilute high-alkaline phosphate detergent solution
in an ultrasonic cleaner for about 10 minutes. Following this, the samples
were thoroughly rinsed in distilled water. The samples were then boiled in
acetone and ethanol for five minutes each and finally were oven dried at
1100C for 30 minutes. It became apparent that the detergent cleaning was
affecting the surface chemistry of these samples. Therefore, the detergent
solution cleaning step was dropped, and the samples were cleaned only in
acetone and ethanol. These solvents are used to degrease the samples, and
analysis of a few specimens rinsed only in distilled water showed that they
did not alter the surface chemistry of the minerals in these stones except
to remove possible gross contamination. The sample from the stone yard of
the Washington National Cathedral, labeled NC-1, was cut and cleaned in the
same fashion as the quarried rock; both freshly cut and exposed surfaces
were analyzed.

Bulk analysis

Major and trace element analyses for the Salem Limestone study block
were performed using conventional atomic absorption (AA), inductively
coupled plasma (ICP), and dc-arc optical emission techniques (OES). X-ray
powder diffraction patterns were run on a computer controlled Rigaku X-ray
diffractometer. EDX analyses were performed with a Tracor Northern 5500
X-ray energy dispersive system in conjunction with the SEM work described
below; the excitation volume of EDX, a function of the sample morphology,
sample material, beam energy and beam diameter, was a hemisphere with
approximately 2 um diameter.

Surface analysis

Because stone weathering may be initiated by chemical attack on
individual mineral grain surfaces, we chose to evaluate techniques that
collectively could provide chemical speciation information from highly
localized surface-most atomic layers of a sample.

Scanning electron microscopy (SEM)/energy dispersive X-ray
analysis (EDX): Conventional secondary and backscattered electron imaging
was performed on a Cambridge Model 250 Mark-II SEM with the samples carbon
coated. Except for the possible volatilization of sulfur, no apparent
sample damage was evident with beam conditions typically set at 20 kV and
300 uA. This is in keeping with earlier reports on the specific application
of SEM to the examination of limestone and marble surfaces (ASMUS, 1978;
LEWIN and CHAROLA, 1978). The imaging resolution of SEM under the
conditions used in this work was less than 0,01 um.




X-ray photoelectron spectroscopy (XPS): In XPS, often referred to as
electron spectroscopy for chemical analysis (ESCA), core-level X-ray
photoelectron spectra can provide compositional and oxidation state
information on the near-surface atomic layers of a material to a depth as
great as 5 nm. For a general review of XPS including theory and
instrumentation, the reader is referred to HERCULES and HERCULES, 1974, and
to RIGGS (1975). General applications of XPS have been reviewed by
HERCULES, 1976, and applications in the area of geochemistry have been
reviewed by BANCROFT, et al. (1979). Specific examples of the use of XPS in
rock weathering studies can be found in the publications by PETROVIC, et al.
(1976), BERNER and HOLDREN (1979), HOLDREN and BERNER (1979), SCHOTT et al.
(1981), BERNER and SCHOTT (1982), and SCHOTT and BERNER (1983).

Two sets of XPS experiments were conducted, the first with a VG ESCALAB
Mk II, and the second set with a Perkin-Elmer Series 5400 ESCA; the latter
instrument afforded a lateral resolution of approximately 200 um, a factor
of ten better than the VG instrumen% The vacuum_during data collection for
both instruments was in the low 10~ 1 to high 10-12 pa range. XPS
spectra for both instruments were obtained using a non-monochromatic Al
X-ray source (Al K = 1486.6 eV) operated at 300-600 watts in conjunction
with a hemisperical analyzer; a silver standard and a sample of Iceland
Spar were used for calibration.

The photoelectron peaks in the raw XPS spectra of Salem Limestone were
normal in shape and width but shifted to higher binding energies by
approximately 6 eV. Because the positive surface charging was static,
instead of utilizing the charge neutralizing electron flood gun, we
corrected the spectra mathematically using the average difference between
the observed Tine positions and the reported energies for the 01s (530.9 eV)
and Ca2p3/2 (346.8 eV) lines for calcite (Wagner et al., 1979). Survey
spectra were collected in constant analyzer energy (CAE) mode with a pass
energy of 50 eV over the range of binding energies from 0.0 to 1000.0 eV
(step size 1.0 eV). Narrow band spectra were collected similarly, but with
a step size of 0.1 to 0.2 eV and with a pass energy of 20 eV. The
Perkin-Elmer instrument was operated under similar conditions as the VG
instrument except for the smaller area of analysis.

The XPS observations were augmented by intermittent argon-ion sputtering
as a means of obtaining additional information on the depth distribution of
sample constituents. This is discussed in more detail in the discussion
section.

Auger electron spectroscopy (AES)/Scanning Auger microscopy (SAM):

Auger electrons can be excited by either X-rays or, more efficiently, by an
electron beam; the fundamental principles and applications of Auger
spectrometry have been reviewed by JOSHI, et al., 1975 and by RIVIERE,
1983. Electron-beam excitation of Auger electrons is favored since an
electron beam can be electromagnetically or electrostatically focused for
high lateral resolution on the sample surface. This property of electron
beam excitation is fully exploited in the SAM technique, in contrast to
conventional AES which uses a diffuse beam of electrons for sample
excitation.




Thus far, AES/SAM has found relatively limited application to the
analysis of geological materials, although several examples have been
reported (see, eg., MUCCI et al., 1985; MACKINNON and MOGK, 1985; and
BISDOM et al., 1985). For a discussion of the attributes and limitations of
high spatial resolution AES/SAM applied to the analysis of mineral surfaces,
the reader is referred to HOCHELLA, et al., 1986a,b.

As with XPS, two sets of AES/SAM experiments were conducted, the first
with the VG ESCALAB Mk II system, and the second set with a Perkin-Elmer
Phi-600. The VG instrument afforded a lateral resolution of approximately
0.2 um at 1 nA beam current; the Phi-600 provided a 35 nm beam at 0.05 nA.
To obtain usable Auger spectra on Salem Limestone, we raster-scanned the
electron beam over areas 0.1 x 0.1 mm or larger at 3 to 5 kV and up to 20 nA
of sample current. Beam currents were not directly measured. The sample
was also tilted in the beam in order to increase secondary and backscattered
electron emission to help balance the influx of non-backscattered primary
electrons (HOCHELLA et al., 1986a). We were able to obtain Auger spectra
with a reasonable signal-to-noise ratio and no peak shifts at a tilt angle
(the angle between the sample normal and the electron beam) of between 450
and 559, At a constant beam setting, an increase in sample angle
dramatically decreased sample charging. Survey spectra were collected from
0.0 to 1000.0 eV kinetic energy in constant retard ratio (CRR) mode.

Secondary ion mass spectrometry (SIMS): The SIMS technique relies on a
focused beam of jons for surface sputtering and secondary ionization. The
ions released from the surface are collected by a mass spectrometer,
providing analytical information on all elements of the periodic table.
Although the technique is destructive to the surface, the primary ion beam
can be controlled such that successive atomic layers can be systematically
removed from the surface, providing a depth resolution of 15 nm (0%) to
25 nm (Cs*); Tlateral resolution of the sampled area on the surface is
typically 40-50 um, but can be as small as a few microns. For recent
references concerning the use of SIMS in geologic applications, see MCKEEGAN
et al. (1985) and references therein.

Experiments were conducted with a Cameca IMS-3F SIMS spectrometer.
Positive and negative ion spectra were collected with 03 and Cs*
primary ion excitation, respectively. Samples were studied with and without
a gold coating. Beam conditions were adjusted to maximize the fraction of
neutral species to minimize sample charging.

Laser ionization mass spectrometry (LIMS): The LIMS technique uses a
focussed laser beam for sample ablation and ionization; a time-of-flight
mass spectrometer provides analysis for isotopes and molecular species.
Since the depth resolution of the technique is measured in micrometers, LIMS
should be considered a microanalytical technique rather than a surface
analysis method. An example of the application of LIMS for in situ isotopic
analysis of mineral grains has been reported by SUTTER AND HARTUNG, 1984.
For a general overview of LIMS, the reader is referred to a paper by HEINEN
AND HOLM, 1984. OQur experiments were conducted with a Cambridge Mass
Spectrometry Ltd. LIMA-2A instrument.




RESULTS AND DISCUSSION

Evaluation of analytical techniques

It is well known that chemical and structural artifacts can be induced
in a target area when energy is transferred to the atomic framework of a
surface by particle bombardment. The extent and type of induced damage
depends on the nature of the irradiation used for surface excitation, on the
flux-density of the irradiation, on the time of surface exposure, and on the
chemical composition and structure of the material being examined.

Excitation with electrons (SEM/EDX and AES/SAM): Electrically
nonconducting materials, and especially those with low heat conductivity
such as the Salem Limestone, present a particular challenge for analysis
with a beam of charged particles. The build-up of sample charge during
irradiation results in line broadening in the electron energy spectra, and
elevated local temperatures on the surface can result in structural and
stoichiometric alterations of the surface within the excitation volume.

Fig. 1a shows the differentiated AES spectrum of study block sample HU-3
observed under low lateral resolution conditions (2 x 2 mm) with the VG
instrument. Although peaks due to the major elemental constituents (C, Ca,
and 0) are clearly evident, the signal-to-noise ratio in the spectrum is
insufficient to show minor element peaks. Fig. 1b shows a high spatial
resolution SAM spectrum of HU-3 taken with the Perkin-Elmer instrument. It
is notable in Fig. 1b that the carbon peak is altogether missing, an example
of electron stimulated or possibly thermally stimulated carbonate
decomposition (BRAUN, et al. 1977). Such stoichiometric alteration under
high current density conditions precludes the main advantage of SAM over
XPS. For example, the threshold for calcite decomposition for a 3 kV, 10 nA
beam occurred when the beam was rastered over a tagret area less than
approximately 104 um2.

Because the SEM/EDX technique is not very sensitive to elements with
atomic number less than 11, and because the excitation volume of the method
precludes its use as a surface sensitive technique, coating the sample
surface with a layer of carbon to render the surface conducting does not
lead to any loss of information. We found SEM/EDX could provide high
lateral resolution imaging of individual limestone grains and
semiquantitative bulk elemental analysis of grains larger than 2-3 um.
Similarly, we found backscattered electron imaging of great value in
locating non-carbonate grains.

Excitation with ions (SIMS): Cs* jon bombardment was used for the
production of negative ion mass spectra and 0% ions for the production
of positive ion spectra. Without the use of gold coating on the sample, the
jon yields in our experiments were insufficient for the detection of any
analytical signal in both positive and negative ion spectroscopy. Even with
the samples gold coated, secondary ion yields were just barely sufficient
for the detection of oxygen in the negative ion spectrum and calcium in the
positive ion spectrum.
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Excitation with photons (LIMS and XPS): When electromagnetic energy is
dissipated into the sample surface, electronic defects can be induced which
can destabilize existing compounds and can result in new compound
formation. Examples of photon induced damage include the reduction of high
valency transition elements, eg., Crté to cr*3 in dichromate, and the
desorption of oxygen and CO2 from oxides and carbonates, respectively (see
COPPERTHWAITE, 1980 for a review of photon induced surface damage).
Fortunately, the great majority of salts, oxides, and metals show no damage,
even with long irradiation time.

Our experience with X-ray photoelectron spectroscopy indicates that
calcium carbonate surfaces are stable under X-ray excitation. XPS provides
readily interpretable information on chemical species in the surface-most
atomic layers of a material, although the lateral resolution is typically
limited to approximately 200 um. Although detailed knowledge of the lateral
distribution of an element is strictly limited by the resolution of the
technique, under certain circumstances a general picture of the elemental
distribution can be inferred from controlled surface sputtering followed by
XPS measurements. This tactic is discussed in some detail below in our
accounting for sulfur in Salem Limestone.

A serious limitation of XPS, AES/SAM, and SEM/EDX, at least when such
methods are applied to limestone samples, is that the methods all require
relatively high atomic concentration of the analyte in the excitation volume
for detection. We estimate that analytical sensitivities for the limestone
samples are in the range of one atomic percent for these techniques. For
this reason, and because SIMS analysis was not successful, LIMS was
considered as a technique that potentially could provide trace level
concentration data from a localized region of the sample. Unfortunately,
the poor optical imaging of the sample made it difficult to identify the
area targeted for the laser pulse. Moreover, the nonreproducibility of the
LIMS results and the poor mass/charge resolution limit the analytical value
of the method for our purposes.

In summary, LIMS and SIMS are precluded as techniques for the analysis
of carbonate surfaces, even with the most sophisticated sample handling
techniques. SEM/EDX provides high lateral resolution imaging and bulk
elemental analysis of localized areas; consequently, SEM/EDX is valuable
for overall sample reconnaissance. The XPS technique provides valuable
chemical speciation information from the surface-most atomic layers of
limestone materials with no induced surface damage. Moreover, the
combination of XPS and ion sputtering can be used to obtain data on the
depth distribution of chemical species. If lateral resolution is
sacrificed, AES/SAM also can be used for the analysis of limestone surfaces.

Limestone characterization

The Salem Limestone control samples consist of the fossilized debris of
marine organisms; most of the fragments observed in thin section are 0.2 to
1.0 mm long. The depositional environment and the sedimentology of the
Salem Limestone formation have been thoroughly described by SMITH (1962) and
DONAHUE (1967). Major and trace element analyses of the Salem Limestone
control samples are given in Tables 1 and 2, respectively.
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The X-ray diffraction patterns of samples NC-1 (National Cathedral) and
HU-3 (middle of the quarry block) were identical. A computer search/match
routine matched all lines with the calcite pattern, except one 1ine just
above background which was identified as the major quartz peak (26.650 20).
There was no indication of dolomite or of any other phase in the samples
from the diffraction patterns. However, a number of other phases were found
by SEM/EDX.

The SEM photographs in Figs. 2-3 illustrate a morphological feature,
typical of all samples examined, in which calcite grains are concentrically
disposed to approximate an o0litic texture; both the core and rind of the
00ids in all samples consist principally of calcite grains up to 3 um
diameter. The 00id rinds are relatively thin compared with the diameters of
the cores, and the 00id shapes are usually more oblong than oval. SMITH
(1966), suggests that the Salem Limestone is not true odlitic rock since it
it not composed of well formed ooids. In contrast to Fig. 2a, the weathered
Washington National Cathedral sample of Fig. 3 shows the o06id rinds to be
more eroded and the pores more filled than in the control samples.

Because of the basic mono-mineralic nature of this limestone,
backscattered electron imaging was important in locating non-carbonate
grains, even though the roughness of the surface resulted in noisy images.
The distribution of various clays and oxide grains is sparse throughout the
00id cores; impurity grains appear to be altogether absent in the o0id
rinds. Figs. 4a and 4b show secondary electron and backscattered electron
images, respectively, of sample NU-3 with a high-iron mineral grain in the
center of the figure and a silica fossil fragment near the top of the
figure. Because the backscatter coefficient for silica is less than that
for calcite, the silica fossil is not visible in Fig. 4b; EDX showed only
iron in the inclusion and silicon in the fossil fragment. Additional heavy
metal grains analyzed by EDX contain Sn, Cr, and Pb. We believe the
heavier metals (Fe, Sn, Cr and Pb) are present in the form of oxides or
carbonates since these elements appear to have no association with sulfur in
the samples examined. This is discussed in greater detail in the following
paragraphs on XPS results.

An XPS spectrum typical of the Salem Limestone study block samples is
shown in Fig. 5 for HU-3; the 60-190 eV and 275-295 eV binding energy
regions are shown in the high resolution scans in Figs. 6 and Fig. 7,
respectively. All XPS spectra of the study block samples show Ca, 0, C, and
Mg lines with relative intensities indicative of CaCO3 with a minor Mg
(dolomitic) component. Varying amounts of minor N, Na, Al, Si, P, S, Fe
and Pb were also detected on the surface of these samples (cut-surfaces and
“as received" surfaces). The Al and Si lines, attributed to minor amounts
of clay and silica, is substantiated by SEM and EDX data. The lines due to
the heavier metals (Fe and Pb) also confirm the EDX observations.

In accounting for the sulfur, we have no SEM or XPS evidence for the
presence of sulfides. The energy of the S2p line in Fig. 6 (168.2 eV) is
actually close to that of a metal sulfate, 5 to 7 eV higher than that
expected for a metal sulfide (WAGNER et al., 1979). This observation is
consistent with the work of PERRY et al. (1983, 1984) and HOCHELLA et al.
(1986b) which shows that metal oxides and sulfates appear on sulfide
surfaces due to atmospheric exposure. Accordingly, although we can not
completely rule out the the presence of sulfide grains, we feel that if any
such grains exist in the sample, they are present in extremely low
abundances.



12

There are at least three possibilities for the distribution of sulfur.
The sulfur can be highly localized in sulfate or sulfide grains. The sulfur
can be widely distributed over many grains. And finally, a combination of
the first two special distributions could exist. If the sulfur is globally
distributed over the surface of the calcite grains, the XPS sulfur signal
will decrease as the near-surface atomic layers are removed by sputtering.
If the sulfur is highly localized in grains, the signal should remain
unchanged or increase, possibly with a chemical shift depending on the
oxidation state of the sulfur within the grain. And finally, if the
combination distribution exists, the signal will probably decrease to a
constant level on sputtering.

A simple sputtering experiment was conducted to augment the analytical
data on sulfur. A sample of HU-3 was argon-ion sputtered at 4 kV
accelerating potential with the Perkin-Elmer 5400 ESCA. The approximate
surface removal rate at this energy for Si02 on Si is 6-7 nm/min.

Although the removal rate for carbonates has not been calibrated for this
instrument, it is 1ikely to be within a factor of 3 of that for Si0;.
After the first 30 seconds of sputtering, the S2p line intensity was
undetected above the background (Fig. 8a and Fig. 8b). This experiment
suggests that the sulfur is widely distributed over the calcite grains but
confined to the near-surface atomic layers.

The Na and P were only observed on the study block samples that were in
contact with a mild detergent solution used to degrease the samples for
ultra-high vacuum compatibility, and we believe that their presence is due
to adsorbed alkali phosphates from the detergent. The energies of the Nals
photopeak and the Na KLL Auger electron line give an Auger parameter of
573.5 eV which is within 1 eV of that observed for NaP03 (WAGNER et al.,
1979). Samples cleaned with a highly diluted detergent solution showed only
Na and no P. Samples cleaned in only acetone and ethanol had no surface Na
or P.

The XPS chemical shift, evident in Fig. 7 for the carbon 1s spectrum,
allows us to differentiate between the carbon due to air exposure and the
carbon in the cog- groups of the calcite structure. The signals from
the carbon in the calcite and the carbon contaminant are at approximately
289 eV and 284 eV, respectively (SOMMERS, 1975). The contaminant carbon
species most likely present, based on the mass spectrometry of evolved
gasses from oxide surfaces when heated, are CO and CO» (STEVENSON and
BINKOWSKI, 1977). The peak due to the contaminant can be eliminated by a
small amount of sputtering, or depending on surface roughness, can be
enhanced by tilting the specimen in relation to the electron energy analyzer
to increase the surface sensitivity of the technique, i.e., angle resolved
XPS.

Small amounts of nitrogen were found on the surfaces of many of the
samples studied. A1l evidence suggests that this nitrogen is from air
contamination affecting only the top one or two monolayers of the surface
and not a result of nitrates that may be dissolved in ground or rain water
that have come in contact with the surfaces of these grains. This
conclusion is based on a sputtering experiment similar to that conducted for
sulfur. Although uniform sputtering is impossible on a rough surface, a
sample of HU-3 was argon ion sputtered in the VG instrument twice for 1
minute periods at 1 kV accelerating potential. The approximate removal rate
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for the ion gun on the VG instrument at this energy is 0.7 nm/min. The
carbon contamination was removed at the same rate as the nitrogen, and after
the first minute of sputtering, the N 1s line intensity was less than one
standard deviation above the background. This amount of nitrogen can be
attributed to 'knock-in' effects of the bombarding argon ions. After the
second minute of sputtering, no nitrogen was detected. This sputtering
experiment suggests that the nitrogen is mixed with the carbon contaminants
and is confined to the top few tenths of a nanometer of the surface.
Additionally, when samples still wet with ethanol were inserted into the
instrument, effectively eliminating air exposure after cleaning, the
presence of nitrogen was reduced or eliminated on these surfaces.

The National Cathedral (NC-1) samples showed the same presence or
absence of Na and P depending on contact with the detergent solution.
However, in contrast to the study block samples, no heavy metals were seen
in the spectra of the cut or exposed surfaces, and no sulfur was detected.
Si and Al were only detected in one of the four NC-1 samples studied. It is
tempting to speculate that non-carbonate grains and impurity elements may
have been flushed from NC-1 during its exposure in the Washington National
Cathedral stone yard. If such an assessment is valid, these observations
should be confirmed by the analysis of NAPAP samples that have undergone
weathering for varying lengths of time. Such a study is currently underway.

CONCLUSIONS

In this study, we have evaluated a variety of analytical techniques for
the study of carbonate surfaces, and in the process, have characterized the
bulk and surface chemistry of the Salem Limestone control block used in the
National Acid Precipitation Assessment Program.

This study is based on the notion that under given conditions,
individual grains in the stone will weather differently depending on their
respective chemical composition and on the weathering products of
neighboring grains. Hence, the key to understanding stone weathering must
be based on observations of surface alterations of individual grains.
Accordingly, high lateral resolution instrumental techniques sensitive to
elemental oxidation states and which can differentiate signal originating at
near-surface atomic layers from the bulk signal will be required for this
work. Because of surface damage induced by the probe beam, no single
technique appears to meet these needs for carbonate surfaces. Attempts to
use scanning Auger electron spectroscopy for high lateral resolution work
(submicrometer) resulted in decomposition of the carbonate matrix. Low
positive and negative ion yields precluded the application of SIMS in this
work, and the non-reproducibility and poor lateral and depth resolution of
LIMS rendered such data virtually useless. However, the combination of XPS
and SEM/EDX with intermittent surface sputtering have proven invaluable in
this application.

The control samples are made up almost entirely of fossil fragments
consisting of calcite grains partially organized into odid units, with only
minor amounts of dolomite. Backscattered SEM imaging proved to be very
useful for finding dispersed quartz, iron oxides, and clay grains in the
rather homogeneous field of calcite grains. We observed a notable spatial
partitioning of the impurity mineral grains between the cores and the rinds
of the o0ids with the rinds apparently barren of non-calcite grains, and
feel this distribution is a consequence of the Salem Limestone diagenesis.
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The surface chemistry as measured by XPS is, of course, dominated by C,
0, and Ca, but minor N, Na, Al, Si, P, S, Fe, Sn and Pb were also detected
in all or some of the samples examined. The Al, Si, Fe, Sn, and Pb can be
accounted for by impurity grains in the limestone. The Na and P were shown
to be introduced by sample cleaning with in a mild soap solution; this
cleaning step was later dropped. The adventitious nitrogen and carbon are
found to be atmospheric contaminates confined to the surface-most atomic
layers on the calcite grains. The carbon contaminantion, probably CO and
C02, is found on all silicates, oxides, and carbonates exposed to air.

The presence of adventitious nitrogen from air exposure is much less common.

The sulfur (in the form of sulfate) appears to be disseminated over the
near-surface atomic layers of calcite grains throughout extended regions of
the sample. Such contamination could have been introduced by ground water
in the quarry. The presence of such disseminated sulfur in the freshly
quarried Salem Limestone is a significant consideration in the ultimate
interpretation of weathering data.

Because of the high degree of homogenity of the Salem Limestone, the
dominant weathering process should involve a direct chemical attack on
individual calcite grains without the influence of reaction products from
the weathering of neighboring impurity grains in the limestone. A secondary
weathering process conceivably might involve the redistribution of calcium
sulfate by means of the leaching action of water passing through the stone.
Such a mechanism is supported by the results of our analysis of the
Washington National Cathedral stone yard sample. No sulfur or heavy metals
(except small amounts of Fe) were detected in the XPS spectra, and there is
no evidence that the surface of the grains in the Salem Limestone from the
stone yard have been chemically altered due to acid rain.

In summary, the objectives of the NAPAP materials effects testing
project are to identify mineralogical changes in building stones that have
undergone exposure to weathering processes for various periods of time. The
Salem Limestone control block appears to be an excellent choice of material
for such a study since it provides a relatively homogeneous calcite matrix
against which chemical alteration should be easily detected by XPS and
SEM/EDX.
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TABLE I. Major Element Oxides

AU-3 HU-3 NU-3
s10, .44 .48 .52
A1,04 19 .18 A7
Fe,04 .10 13 12
Fe0 .02 .01 01
Mgo .44 .47 47
Ca0 56.2 55.4 55.5
Na,0 .06 .05 .06
K0 .22 2 15

+

H,0 A7 .40 31
H,0” 01 .01 .07
Ti0, .01 01 .01
PO .01 .03 .03
Mn0 01 .02 .02
co, 43.2 42.7 43.5

Total Percent 101.06 99.99 100. 93



Ag
Ba
Co
Cr
Cu
Mo
Ni
Sc
Sr

r

TABLE II.

AU-3
Bl
6.0
1.7
3.7
1.1
2.9
3.8
3.5
500
6.2
3.8
6.8
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Trace Element Constituents

-3 -3
11 .10
3.2 3.2
1.3 1.5
6.0 1.6
1.0 1.0
2.9 3.0
3.2 2.5
3.1 3.8
540 510
4,5 6.9
3.7 4.1
5.8 5.2

A11 concentrations are part-per-million.
Trace elements are determined using semi-quant optical

emission spectrographic method.
valve is +.5 and -.33 of the amount reported.

The precision of each
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FIGURE CAPTIONS

Differentiated and smoothed Auger electron spectra of study block
sample HU-3. (a) Electron beam rastered over 2 x 2 mm area of
sample. (b) Electron beam stationary (0.02 um diameter beam).
Note absence of carbon line.

Scanning electron micrograph of NU-3 at (a) 50X and (b) at 200X
showing Salem Limestone odids.

Scanning electron micrograph of NC-1 (Salem Limestone sample from
Washington National Cathedral) at 50X .

Scanning electron micrographs of NU-3 at 2500X showing (a) SEM
image and (b) backscattered electron image of same area as (a).
Note Fe-rich grain and silica fossil fragment. EDX showed only
iron in the inclusion and silicon in the fossil fragment.

Survey X-ray photoelectron spectrum of HU-3 (60-190 eV and 275-295
eV regions are expanded in Figs. 6 and 7, respectively).

Narrow band X-ray photoelectron spectra of HU-3. See text for
explanation.

Narrow band X-ray photoelectron spectra of HU-3 showing carbon 1s
lines. The line at 289 eV is due to the carbon in the calcite
carbonate group; the line at 284 eV is due to contamination from
air exposure.

Narrow band X-ray photoelectron spectra of sample HU-3 (a) before
sputtering, and (b) after 30 seconds of sputtering with Art at 4
kV. Note decrease in sulfur line intensity relative to silicon
line intensity after sputtering.
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Narrow band X-ray photoelectron spectra of sample HU-3 (a) before
sputtering, and (b) after 30 seconds of sputtering with Art at 4
kV. Note decrease in sulfur line intensity relative to silicon
line intensity after sputtering.
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