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SURVEY OF GASEOUS POLLUTANT CONCENTRATION 
DISTRIBUTIONS IN MINERAL COLLECTIONS 

ROBERT WALLER,1 KATHERINE ANDREW,1 2 AND JEAN TETREAULT3 

'Canadian Museum of Nature, Conservation Section, PO Box 3443, Station D, Ottawa, 
Ontario KIP 6P4 Canada 

2Current address: Ludlow Museum, 47, Old Street, Ludlow, Shropshire SY8 1NW, UK 
'Canadian Conservation Institute, Department of Canadian Heritage, 1030 Innes Road, Ottawa, 

Ontario K1A 0M5, Canada 

Abstract.—The concentrations of four types of gaseous pollutants were semiquantitatively 
determined in samplings of cabinets from three mineral collections. The pollutants measured 
included: acidic vapours (thought to be primarily carboxylic acid vapours), mercury vapour, 
sulfur dioxide, and silver-tarnishing gasses (thought to be primarily hydrogen sulfide). These 
pollutants were monitored using simple and inexpensive monitors and/or dosimeters. Some 
of the monitors and dosimeters were commercially available, whereas others were specially 
fabricated and calibrated. The three investigated collections provided examples of three 
material combinations: metal drawers in metal cabinets, wooden drawers in metal cabinets 
and wooden drawers in wooden cabinets. Interpretation of pollutant concentrations as func
tions of position within the crystal-chemical classification system used to organise collection 
storage generally showed anticipated patterns. Several exceptions to these patterns, which 
have significant implications for collection care, were also noted. 

Research about museum pollutants has largely dealt with the environment ex
ternal to the museum building but, more recently, with pollutants generated by 
the materials used in the construction of museum furniture, fittings, and displays. 
Summaries of pollutant research relevant to museums are provided by Padfield et 
al. (1982), Thomson (1986), Brimblecoombe (1989), Haiad et al. (1990), and 
Grzywacz (1995). Recent research has concentrated on the identification of efflo
rescent growths on museum objects (for example Tennent and Baird 1985, 1992, 
Tennent et al. 1993), however, relatively little research has been carried out on 
pollutants generated by the geological specimens themselves. In spite of this, any 
geological collection worker will be familiar with pyrite decay and its character
istically unpleasant sulfurous smell. In addition, some specimens are volatile and 
their vapours could constitute internal pollutants (Waller 1992). 

This study was designed to obtain information on the effects of the cabinet 
construction materials and the mineral species present on the types and levels of 
gaseous pollutants present. The work described here had three main goals: (1) to 
adapt or develop low-cost, semiquantitative pollutant indicators for use in cabi
nets, (2) to evaluate the effect of different types of storage cabinets on pollutant 
levels, and (3) to evaluate the distribution of pollutant concentration levels within 
the crystal-chemical ordering of systematic mineral collections. 

Three collections were chosen to provide examples of three different storage 
material combinations: metal drawers in metal cabinets, wooden drawers in metal 
cabinets, and wooden drawers in wooden cabinets. The optimum size of collection 
for this project was considered to be 100-200 cabinets. This number of cabinets 
would allow most of the cabinets to be tested and would permit reasonable res
olution of pollutant level variations as a function of the mineral species present. 
The collections used for the field testing were those of the Canadian Museum of 
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Nature (CMN) in Ottawa, the Geological Survey of Canada (GSC) in Ottawa, 
and the Royal Ontario Museum (ROM) in Toronto. 

DESCRIPTION OF THE COLLECTIONS TESTED 

All of the collections were arranged systematically according to common crys
tal-chemical classification schemes, starting with native elements, then sulfides, 
and ending with silicate minerals. All collections used acidic, lignin-containing 
cardboard specimen trays as containers for most specimens. At the Canadian 
Museum of Nature, some of these trays had an over-wrap of alkali-buffered paper. 
The Geological Survey of Canada and the Canadian Museum of Nature utilise a 
classification based on Dana's system of mineralogy (Palache et al. 1944, 1951) 
for the nonsilicate minerals. The Royal Ontario Museum uses the revised Dana 
numbers found in Ferraiolo (1982) for the nonsilicate minerals. All three collec
tions use a crystal-structural classification for the silicate minerals starting with 
orthosilicates and ending with tectosilicates. The Geological Survey of Canada 
and the Canadian Museum of Nature use Strunz (1970) as the guide to classifi
cation. The Royal Ontario Museum uses Dana's Textbook of Mineralogy (Ford 
1932) in conjunction with Deer et al. (1966) and specialised recent publications 
such as Hawthorne (1983) and Bailey (1988) as guides. 

Canadian Museum of Nature Collection 

The Canadian Museum of Nature collection is housed in standard geological, 
all-metal cabinets measuring 81 X 74 X 69 cm. The majority of the cabinets are 
finished with baked alkyd enamel; a few are finished with a baked acrylic coating. 
Cabinets were all at least 2 yr old at the time of the study. Sampling included all 
of the cabinets containing nonsilicate mineral species and every second cabinet 
containing silicate minerals. A total of 148 cabinets were sampled out of the 
population of 192 cabinets used to store the collection. 

Geological Survey of Canada Collection 

The Geological Survey of Canada collection is housed in metal cabinets mea
suring 192 X 64 X 66 cm, finished with what was thought to be a baked alkyd 
enamel and containing unfinished softwood drawers. All 55 of these double-height 
cabinets were sampled. These cabinets were thought to be in excess of 20 yr old. 

Royal Ontario Museum Collection 

The Royal Ontario Museum collection is housed in cabinets, 82 X 50 X 58 
cm, made either of birch plywood, or of a close-grained hardwood. The hardwood 
cabinets are described by the staff as being made of cherry wood. All cabinets 
were sampled from native elements to oxides, except in oxides where three or 
more cabinets contained the same species. In those situations, only the first and 
last cabinets containing the species were sampled. From halides, to carbonates, 
to other oxysalts, inclusive, every fifth cabinet was sampled. Only five of the 134 
silicate cabinets were sampled because of time constraints. A total of 171 cabinets 
were sampled out of a population of 398 cabinets. 
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POLLUTANTS CONSIDERED 

Because of their importance in deterioration reactions affecting museum col
lections, four kinds of gaseous pollutants were studied. These included carboxylic 
acids, sulfur dioxide, mercury vapour, and reduced sulfur gasses. 

Carboxylic Acids 

Acetic and other carboxylic acids are known to be emitted by materials such 
as wood, coatings, adhesives, sealants, etc. used to construct storage cabinets and 
display cases (Miles 1986, Padfield et al. 1982, Tetreault 1992, Tetreault and 
Stamatopoulou 1997). Acetic and formic acids, emitted by wood, have been iden
tified as the cause of acetate and formate salt formation on calcareous specimens 
commonly known as Byne's disease (Agnew 1981, Grzywacz and Tennent 1994, 
Nicholls 1934, Tennent and Baird 1985). Acetic acid will corrode metals, partic
ularly lead, but also other metals (Blackshaw and Daniels 1979, Green 1989, 
Padfield et al. 1982, Tennent et al. 1993, Tetreault et al. 1998). Carboxylic acids 
are also thought to be responsible for dulling the surfaces of certain borate min
erals (Erd pers. comm. 1991) and, presumably, other minerals that are salts of 
weak acids. 

Sulfur Dioxide 

Sulfur dioxide is a major product of pyrite oxidation at intermediate to low 
relative humidity levels (Waller 1990). It is formed according to the reaction: 

FeS2 + H 20 + 30 2 => FeS0 4 H 2 0 + S0 2 

(at 25°C and low to moderate relative humidity). Sulfur dioxide dissolves to form 
moderately acidic sulfurous acid, which in turn is readily oxidised to form very 
strong sulfuric acid solutions. It is known to affect a wide variety of materials in 
museums (Thomson 1986). At higher levels of relative humidity, much of the 
sulfur dioxide is oxidised in situ to form sulfuric acid. Migrating sulfuric acid 
will react with monosulfide minerals to produce hydrogen sulfide as described 
below and will char paper labels, trays, and even wooden drawers. 

Mercury 

Mercury has a low but significant vapour pressure, 0.0018 mm of Hg at 25°C 
(Dean 1978). Mercury vapour is emitted by specimens containing native mercury 
and possibly by other mercury-containing minerals. In addition to being a poten
tial health hazard, and depleting the mercury specimens themselves, the mercury 
emitted can form solid solutions with other native metal mineral species, altering 
their chemical composition. 

Reduced Sulfur Gases 

Numerous gases containing reduced sulfur are known to exist as pollutants 
(Graedel 1984). The most significant of these in terms of sulfidation reactions are 
thought to be carbonyl sulfide (OCS) and hydrogen sulfide. (H2S) (Brimble-
coombe et al. 1992, Franey et al. 1985, Soto et al. 1982). Within mineral collec
tions, elemental sulfur vapour may also contribute to sulfidation reactions. Hy
drogen sulfide is released when the acid solutions generated during pyrite oxi
dation react with monosulfide minerals according to reactions such as: 
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FeS + H2S04 => H2S + FeS04 

Hydrogen sulfide might also be generated by hydrolysis of simple sulfides by 
atmospheric moisture. Hydrogen sulfide and other reduced-sulfur gases are known 
to tarnish silver mineral specimens (see, for example, Pearl 1975). 

Other Gaseous Pollutants 

Many gasses and vapours known or suspected of being present in mineral 
collections were not monitored. Both oxygen and carbon dioxide can cause de
terioration of specimens (Howie 1984, Waller 1992) but these common atmo
spheric gasses were not considered in this study. Other pollutant gasses known 
to be present in mineral collections, but not measured as part of this study, include 
formaldehyde and radon. 

Finally, it is probable that other gasses occur as pollutants in collections. For 
example, boric acid and the arsenic and selenium analogues of hydrogen sulfide 
might be expected to occur, in at least trace amounts, in some parts of collections 
although this has not been documented. This study was not intended to identify 
exhaustively all pollutants present, but, rather, to determine concentration distri
butions of selected gaseous pollutants. 

METHODS 

Five types of test strips were selected for use in the study: metal (copper, silver, 
and lead) foils, lead acetate papers, palladium chloride papers, pH test strips, and 
sulfite ion test strips. These were either purchased off-the-shelf or manufactured 
in-house. The fabrication of purpose-made strips, and the calibration, photography 
of results, and testing procedures are described below for each of the five types 
of test strip deployed. 

Metal Test Strips 

Manufacture.—Metal test strips comprised 5 X 5 mm coupons (pieces) of cop
per, silver, and lead foils, degreased with acetone and adhered to Mylar® (poly
ethylene terephthalate) drafting film, with Rhoplex N-560 (Appendix 1), a pres
sure-sensitive acrylic adhesive. The metals used were 99.999% pure copper and 
lead and 99.9% pure silver. 

Calibration: acetic acid.—A series of concentrations of acetic acid in water 
were used to make saturated solutions and excess salt mixtures with magnesium 
nitrate hexahydrate (Mg(N03)2-6H20). These solutions provided a range of eight 
acetic acid concentrations (Table 1) at a fixed relative humidity level of 54% 
(Tetreault et al. 1998). The solutions, contained in small disposable beakers, were 
placed in screw-topped glass jars with a test strip mounted onto a second inverted 
beaker. The metal test strips were exposed to these mixtures over a period of 13 
wk. This exposure period then dictated the duration of field testing of collections. 
In this way, a direct comparison of corrosion obtained in collection cabinets to 
corrosion obtained in calibration exposures was possible. A range of states of 
corrosion was obtained on the lead foil coupons after 3 mo. The colour gradua
tions obtained varied from untarnished up to 1.32 ppm, pale blue-grey tarnish at 
4.13-7.74 ppm, darker blue-grey tarnish between 12.4 and 20.6 ppm, a patchy 
white efflorescence at 25.8-41.2 ppm, and a solid coating of white efflorescence 
at 51.6 ppm. 
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Table 1. Concentrations of acetic acid in the gas and Mg(N03)2-6H20 saturated solution phases. 
Gaseous phase concentrations calculated from Clarke and Longhurst (1961). 

Concentration of acetic acid 
in gaseous phase/ppm % of acetic acid in liquid phase 

(volume/volume) (volume/volume) 

0.00 0.00 
1.32 0.025 
4.13 0.077 
7.74 0.14 

12.4 0.23 
20.7 0.38 
25.8 0.48 
41.2 0.77 
51.6 0.96 

Calibration: hydrogen sulfide.—Because of technical difficulties, the calibration 
of metal test strips for hydrogen sulfide could not be done at the low concentra
tions and long exposure times encountered during field testing. Instead, a series 
of exposures at fixed concentration and varying time was used to establish a scale 
related to concentration-time dosage. For example, a strip exposed to hydrogen 
sulfide at 27 ppb for 9 days was said to have received a dose of 27 ppb X 9 days 
or 243 ppb-days hydrogen sulfide. 

Atmospheres of fixed hydrogen sulfide concentration and 50% relative humidity 
were generated using a permeation wafer device (Appendix 1) (Andrew et al. 
1993). Calibration exposures were made for periods between 1 and 23 days at 27 
ppb hydrogen sulfide and 50% relative humidity. Test strips were inserted ap
proximately twice a week to provide a nine-step series of concentration-time ex
posures. Iridescent blue tarnish formed very rapidly on the copper; brown, and 
then black, tarnish formed much more slowly on the silver. The lead showed a 
variety of interference colours between a dull blue, through shiny brown to pro
nounced shiny blue. Test strips were photographed together with a colour scale. 
The exposed test strips were encapsulated in Mylar® for use in field-testing. Metal 
test strips were also exposed to a combination of 25 ppb hydrogen sulfide and 
0.7 ppm sulfur dioxide at 50% relative humidity to determine the combined effect 
of these pollutants. This level of sulfur dioxide roughly doubled the extent of 
sulfidation for concentration time dosages of up to 300 ppb-days hydrogen sulfide. 
See Table 2. 

Lead Acetate Papers 

Manufacture.—A commercial lead acetate test paper was employed (Appendix 
1) and a buffered lead acetate paper was made by soaking the commercial lead 
acetate paper in a 1 M solution of sodium carbonate. The paper was buffered to 
retard acidification that would otherwise result in reduced sensitivity of the lead 
acetate to hydrogen sulfide. Both types of lead acetate paper were dampened 
before use with an 80% w/w glycerol/water solution. 

Calibration.—The lead acetate and buffered lead acetate test strips were ex
posed to the same concentration-time dosage regime as the metal test strips, de
scribed above. The unbuffered lead acetate papers showed a variety of colours 
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Table 2. Mapping of responses of copper foil test strips to 27 ppb of H2S at 50% relative humidity 
against responses to 25 ppb of H2S and 0.7 ppm of S0 2 at 50% relative humidity. 

0 ppm sulfur dioxide 0.7 ppm sulfur dioxide 

lp no. 

19 
18 
17 

16 
13 
14 
13 
12 
11 

ppb H2S-days 

0 
30 
55 

135 
245 
350 
435 
500 
620 

Strip no. ppb H,S-days 

25 
50 

125 

300 
550 

from yellow, through light reddish brown, dark brown, to black and silvery grey. 
The buffered lead acetate papers ranged from beige through brown to black. 

Palladium Chloride Paper 

Manufacture.—A test paper for mercury vapour, based on the spot test de
scribed by Feigl and Anger (1972), was made by dipping filter paper into a 
slightly acidified solution of palladium chloride, PdCl2 (Appendix 1). 

Calibration: mixed pollutants.—The palladium chloride paper was exposed to 
the same concentration-time dosage regime as the metal test strips, described 
above. Exposed to pure hydrogen sulfide, the test papers became a slightly mottled 
grey-brown; exposed to mixed hydrogen sulfide and sulfur dioxide, the papers 
developed a yellow to yellow-brown colour. Neither of these discolourations re
sembled the silver-grey reaction to mercury. 

Calibration: mercury.—Test strips were taped onto the lid of a screw-top jar 
containing an excess of liquid mercury at 25°C and 50% relative humidity. At 
this temperature, the vapour pressure of mercury is 0.0018 mm of Hg (Dean 
1978). The surface area of mercury in the jar was much greater than the surface 
area of the test strips (50 : 0.3 cm2). Consequently, the air in the jar was assumed 

Table 3. Concentration time dosages of mercury employed for calibration of the palladium chloride 
test paper. For the longest exposure, the values in parentheses reflect experimental conditions, whereas 
the values in italics were assigned based on the colourimetric evaluation described in the text. 

Strip no. 

0 

7 

6 

5 

4 

Time 
(minutes) 

0 

50 

170 

290 

1,440 

Exposure 
(ppm-days Hg) 

0 

0.0833 

0.2833 

0.4833 

0.59 (2.43) 

Intermediate values assigned 
(ppm-days Hg) 

0.0416 

0.1833 

0.3833 

0.54 (1.444) 
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Figure 1. Metric brightness (L*) versus concentration-time dosage of mercury in ppm-days for the 
palladium chloride test strips during calibration. Solid line shows the least squares fit for the first four 
data points. 

to be saturated with mercury vapour and the concentration of mercury in the jar 
was calculated to be 0.0018/760 or 2.37 ppm. As with the metal strips exposed 
to hydrogen sulfide, a concentration-time calculation was employed (Table 3). 

The test strip given the highest concentration-time dose (2.43 ppm-days) ap
peared to be out of line with the others. This was thought to result from the test 
strips becoming saturated with respect to colour at a concentration-time dose 
lower than the highest exposure used for calibration. Measurements of metric 
lightness (L*) taken with a Minolta model CR-241 chromameter were used to 
relate the appearance of the calibration test strips to the concentration-time ex
posure. Figure 1 shows this relationship together with a line showing the least 
squares fit of the first four data points. The test strips exposed to <0.5 ppm-days 
of mercury show a near linear relationship between metric lightness and exposure 
dose. In contrast, the strip exposed to 2.43 ppm-days of mercury has a much 
higher metric lightness than would be expected by considering the other test strips. 
The linear regression fit for the first four data points was extrapolated to L* = 
55 to determine that a concentration-time dose of 0.59 ppm-days could be suffi
cient to cause a metric lightness of 55 in the test strip. Concentration-time dosages 
recorded in cabinets were subsequently adjusted to reflect this. Any cabinet for 
which a mercury concentration equivalent to 0.59 ppm-days was recorded may, 
of course, have had a higher level. 

During field testing, it became obvious that the reaction of the palladium chlo
ride test paper to the mixtures of the various pollutants was complex. After 72 hr 
in the field tests, nearly all the palladium chloride strips had developed a light 
grey spotting, although those in cabinets known to contain mercury minerals had 
become a uniform silver grey. Test strips left in the room air for 3 mo also 
developed a light grey spotting. 

The sensitivity of the palladium chloride test strips declined over a 1-yr period 
following preparation, despite being stored in a sealed desiccator over dry Drier-
ite®. The exact nature and cause of this deterioration are not understood. In prac
tical terms, the consequence of this loss of sensitivity is that test strips must be 
calibrated at the time of use. Test strips were calibrated and used in this project 
about 6 mo after preparation. 

pH Test Strip 

A nonbleeding pH indicator strip for the range of 0-6 made up of three narrow-
range indicator papers was used (Appendix 1). It was dampened with an 80% 
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w/w glycerol/water solution to measure the equilibrium pH (EqpH) of the air. 
Equilibrium pH is defined as the pH obtained in an aqueous solution in equilib
rium with the air. The manufacturer's colour chart was used to interpret colour 
responses as pH units. The pH paper reading at 24 hr provided an estimate of the 
concentration of carboxylic acids in the cabinet air. These readings can be related 
to an equivalent concentration of acetic acid through a calibration curve (Tetreault 
1992). Equilibrium pH readings below 3.6, and those taken after 3 mo, are thought 
to be influenced by the effects of other acids, such as sulfuric acid formed by the 
oxidation of sulfur dioxide. 

Sulfite Ion Test Paper 

Quantofix® sulfite ion test paper (Appendix 1), dampened with an 80% w/w 
glycerol/water solution, was used to detect sulfur dioxide. Sulfur dioxide will 
dissolve and dissociate in the glycerol solution giving a positive reaction for sulfite 
ions. The manufacturer's colour chart (calibrated for use in aqueous solutions) 
was used to interpret colour responses. Calibration of colour responses for gas 
phase exposures was not available. However, during one experiment, a test strip 
exposed to a concentration of 6.8 ppm of sulfur dioxide yielded a maximum 
colour chart response of 25 ppm of sulfite. 

The sulfite detecting paper took time to develop a maximum colour, which then 
faded over time. This reduction in intensity of colour appeared to be linked to a 
drop in pH below 3.5. The product literature states that the paper will not work 
at low pH but does not specify a limit for functionality. Continued reduction in 
pH is a result of in situ oxidation of sulfite to sulfate and the rate of this reaction 
is known to be relative humidity dependent (Waller and McAllister 1987). Con
sequently, the time required to achieve a maximum response in the test strips is 
expected to be relative humidity dependent. A test was run to record the indicated 
sulfur dioxide concentration, on the sulfite ion test strip, over time inside mineral 
cabinets. The cabinets selected for testing were those containing disulfide species, 
such as pyrite and marcasite, at the Canadian Museum of Nature. They were 
known to contain high levels of sulfur dioxide and be at a relative humidity of 
approximately 35%. It was found that, within uncertainty of test strip readings, 
the maximum response to S03

2 was recorded after 72 hr of exposure (Fig. 2). 
In the light of this result, it was decided to record test strip responses at 72 hr of 
exposure in cabinets. 

Reading Results from Test Strips 

Table 4 is a compilation of the concentration-time dosages received by manu
factured test strips during the calibration experiments and the levels indicated by 
calibration charts for commercially available test strips, together with intermediate 
levels assigned. Intermediate levels were recorded during the survey when a test 
strip showed a response that lay between two of the calibration increments. All 
graphs of pollutant concentration levels included in this paper use these incre
ments. 

Commercial test strips.—The sulfite ion paper was compared to the colour chart 
printed on the product container. Colours below 10 on the scale were difficult to 
evaluate; the value 5 was assigned for a distinct colour; the value 2 for an indis
tinct colour. The pH paper was compared to the colours on a composite chart 
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Figure 2. Sulfite test strip and pH paper responses as a function of time during exposure in selected 
cabinets in the Canadian Museum of Nature mineral collection. Cabinet numbers in legend refer to 
cabinet sequence numbers. 

Table 4. Calibration steps and intermediate increments for various pollutants. Intermediate increments 
are shown in italics. 

Acetic acid on 
lead foil 

(ppm) 
Hydrogen sulfide 

(ppb-days) pH 
S02 on Quantofix 
(scale arbitrary) 

Hg on PdCl 
(ppm-days) 

0 
0.66 
1.32 

2.73 
4.13 

5.64 
7.14 

9.8 
12.4 

76.6 

20.7 

23.3 
25.8 

33.5 
41.2 

46.4 
51.6 

0 
10 
30 
40 
55 
95 
135 
190 
245 
300 
350 
390 
435 
500 
565 
595 
620 

3.0 
3.25 
3.5 
3.55 
3.6 
3.8 
4.0 
4.25 
4.4 
4.45 
4.5 
4.55 
4.7 
4.8 
5.0 

0 
2 
5 
10 
18 
25 
38 
50 
75 
100 

0 
0.04 
0.08 

0.18 
0.28 

0.38 
0.48 

0.54 
0.59 
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Table 5. Cabinet contents and sequence numbers and legend for Figures 5, 10, 12, and 15. 

Mineral group 
Legend for figures 

5, 10, 12, 15 
Cabinet 

sequence numbers Notes 

Native elements 
Sulfides and sulfosalts 
Iron disulfides 
Oxides 
Halides 
Carbonates 
Other oxysalts 
Silicates S&KSS 

34 
1-34 

-76, 88-110 
76-87 

110-146 
146-153 
154-177 
178-200 
201-245 

sulfur: 31, 32 
cinnabar: 60-62 
pyrite, marcasite 

made from the chart provided with the 0-6 indicator strips and charts from boxes 
of each of the three narrow-range indicator segments. Although the lead acetate 
paper was supplied with a calibration chart for using the paper as a hydrogen 
sulfide monitor, use of the paper as a glycerol-moistened dosimeter required com
parison against the calibration series described above in the section entitled, Lead 
Acetate Papers. 

Manufactured test strips.—Although considerable care was taken during pho
tography and colour printing, the photographic images were poor representations 
of some of the indicators. In particular, interference colours on the metal foil 
squares were not captured. Therefore a combination of the photographs and of 
the actual samples, sealed in Mylar® envelopes, were used to record results in 
collections. 

In some cases, the actual test strips could not be used for comparison because 
they had become altered by one of two pathways. In the case of the lead acetate 
papers, the colours faded considerably over a few months. With the lead strips 
and palladium chloride paper, the low dosage and control test strips had continued 
to react with pollutants that presumably, were being emitted from the strips ex
posed to higher concentration-time dosages. The control from the palladium chlo
ride paper became grey and the lead strips from the acetic acid test developed a 
uniform matte grey colour. In these instances, the photographs alone were used 
to evaluate the test strips in collections. 

Correlation of Data Between Collections 

Each of the collections studied employed similar, but not identical, crystal-
chemical ordering systems. Correlation of data between the three collections was 
made possible by the application of a modification of the classification system of 
Ferraiolo (1982). The application of this modified system affected the position 
within the classification system of less than 1% of all mineral species present. 
Because each collection had widely differing numbers of cabinets, cabinet se
quence numbers were assigned to give a numeric ordering common to all three 
collections based on the modified and extended Ferraiolo classification system. 
The cabinet contents for each collection as they appear in the assigned sequence 
numbers are shown in Table 5. The overall order of the collections was not 
affected, neither were specimens physically moved. 
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Figure 3. Equilibrium pH readings as a function of quantity of specimens held in cabinets. Error 
bars above and below mean values reflect ±2 standard deviations. Lines show the linear regression 
trends of the ±2 standard deviations. Data points have been randomly dispersed around the measured 
values to better illustrate distribution of measurements. CMN, Canadian Museum of Nature; GSC, 
Geological Survey of Canada; ROM, Royal Ontario Museum. 

Survey Method 

The surveys were conducted during 1991, from May to September. Test strips 
were placed near the centre of the top drawer-front in each cabinet. Readings of 
the test strips were taken at 24 hr (for pH only), 72 hr, and 3 mo. A series of 
observations were made of each cabinet. These included: (1) the mineral species 
present (the start and finish of the series were recorded), (2) the type of cabinet, 
(3) the number of drawers, (4) an estimate of the fullness of the cabinet (how 
many specimens were contained over how many like-sized specimens could be 
contained), (5) the presence (or absence) and type of gasket, (6) the presence of 
any odour, (7) any damage to the cabinet, and (8) if present, the quantity of silica 
gel in the cabinet. A photograph was also taken of each cabinet using 35 mm 
colour slide film. 

The relative humidity level (RH) was measured inside several cabinets in each 
collection. Cabinets at the CMN were a constant 38% RH, at the ROM they 
ranged from 41-44% RH, the less well scaled cabinets at the GSC ranged from 
35—50% RH. The room air in each of the three collection areas was recorded as 
having an EqpH of 4.5. 
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RESULTS AND DISCUSSION 

Indicators of Carboxylic Acids Concentration—pH and Lead Foil 

Equilibrium pH readings within cabinets as a function of the extent to which 
the cabinet is full of specimens are shown in Figure 3. Mean EqpH, ±2 standard 
deviations, and the linear regression trends of these standard deviations, calculated 
for groups of cabinets at increments of 10% full, are also shown. The graphs for 
CMN and ROM indicate that specimens are influencing the chemistry of the 
atmosphere within cabinets. For these collections, the trends in the ±2 standard 
deviations broaden as the percentage full increases and narrow toward the mean 
for each collection as the percentage full decreases. This indicates that the quantity 
of specimens present in the cabinet influences the extent of EqpH variations. 
Deviations both above and below the collection mean increase in increasingly full 
cabinets. This proves that specimens, and possibly their associated labels, trays, 
etc., are capable of both reacting with acidic vapours to increase the EqpH or 
releasing acidic vapours to decrease the EqpH. 

The data for the GSC do not show the same trend. This may be, in part, an 
artefact of having less data covering a narrower range of fullness. It is probably 
real and a result of the lack of gasketting on these cabinets and consequently a 
high ventilation rate. The ROM and CMN both show greater scatter in the data, 
which is attributed to these cabinets being better sealed. The reduced scatter in 
the data from the ROM as compared to those from the CMN is thought to be 
primarily a result of the overall low EqpH. Because pH is related to the log of 
concentration a variation in EqpH of 0.2 pH units around pH = 3.5 may reflect 
a 10-fold greater acidic vapour concentration than the same variation around pH 
= 4.5. Nonetheless, the narrowness of the ROM data relative to the CMN data, 
especially at low levels of percent full, indicates the extent to which the wood of 
the ROM cabinets controls the EqpH. Attempts to correlate EqpH in cabinets with 
the type and condition of cabinet gaskets within the CMN and ROM collections 
provided no useful insights. This was probably the result of both the difficulty in 
specifying the efficiency of gaskets on the basis of a quick visual inspection and 
the overwhelming effects of cabinet contents. 

Measurements of EqpH at 24 hr were initially thought to provide the best 
indication of total concentration of carboxylic acids. Figure 4 shows that EqpH 
readings at 24 hr for each collection were approximately normally distributed. 
This permits calculation of a confidence interval associated with the mean for 
each collection. The hypothesis that EqpH at 72 hr would be significantly affected 
by sulfur dioxide levels within cabinets was tested by paired comparisons between 
the 24 and 72 hr EqpH readings for cabinets that had significant levels of sulfur 
dioxide. In the cases of the GSC and CMN cabinets, EqpH readings at 72 hr were 
significantly lower than readings at 24 hr. In other cabinets, including ROM cab
inets with significant levels of sulfur dioxide, there was no significant difference 
in EqpH readings at 24 and 72 hr. Consequently, with the exception of those 
CMN and GSC cabinets that had significant levels of sulfur dioxide, the 24 and 
72 hr readings of EqpH were averaged to obtain the best possible value for EqpH. 

The mean EqpH data for each collection are shown in Table 6. These data show 
that the GSC collection is slightly less acidic than the CMN collection and that 
the ROM collection is significantly more acidic than the other two. It is interesting 
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Figure 4. Mean equilibrium pH, within cabinets, at 24 hr. CMN, Canadian Museum of Nature; GSC 
Geological Survey of Canada; ROM, Royal Ontario Museum. 

to note that the difference in apparent carboxylic acid concentration between the 
most and least acidic collections is only about half an order of magnitude. 

Within the ROM collection, EqpH was examined for different cabinet types. 
The results are shown in Table 7. The case types present are type 2 (old varnished 
cherry wood), type 3 (unfinished plywood), type 4 (unfinished plywood but with 
varnished doors), and type 5 (old cherry wood cabinets with new plywood draw
ers). For type 5 cabinets, the 90% confidence interval is large because of the small 
sample size, consequently, no conclusions can be drawn comparing these to the 
other types of cabinets. However in considering the other three types of cabinet, 

Table 6. Comparison of equilibrium pH measurements from all cabinets in each collection. 

Equiv-
Stan- Num- alent 

Mini- Maxi- dard ber of 90% Confi- ppm 
mum mum Mean devia- obser- dence acetic 
pH pH pH tion vations interval acid Construction 

CMN Metal cabinet and drawers, 
well-sealed 

GSC Metal cabinet and wooden 
drawers, not sealed 

ROM Wooden cabinets and drawers, 
well-sealed 

3.6 4.8 4.27 0.25 279 4.25-4.30 1 

4.1 4.6 4.36 0.09 109 4.35-4.38 0.8 

3.0 4.4 3.58 0.13 334 3.57-3.59 3.5 

CMN, Canadian Museum of Nature; GSC, Geological Survey of Canada; ROM, Royal Ontario 
Museum. 
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Table 7. Combined 24 and 72 hr mean equilibrium pH for differing cabinet types. 

Case 
type Description Mean pH 

Number of 
Standard observa- 90% Confidence 
deviation tions interval 

2 
3 
4 

5 

old varnished cherry wood 
unfinished plywood 
unfinished plywood with 

varnished doors 
old cherry wood cabinets with 

new plywood drawers 

3.61 
3.52 
3.57 

3.68 

0.13 
0.07 
0.08 

0.28 

194 
102 
26 

12 

3.59-3.63 
3.51-3.53 
3.54-3.60 

3.50-3.85 

the mean EqpH is significantly higher for the cherry wood cabinets, and the 90% 
confidence interval range does not overlap the other two ranges. The mean EqpH 
for the plywood cabinets with varnished doors is significantly lower than that of 
the cherry wood cabinets; it is slightly, but not significantly, higher than that of 
the unfinished plywood cabinets. The unfinished plywood cabinets have the lowest 
mean EqpH. From these results, it would appear that the age, type, and surface 
treatments of the wood all effect the EqpH inside the cabinets. The addition of 
varnish to part of the internal structure of the cabinet appears to have reduced 
emissions of carboxylic acids. 

Equilibrium pH readings as a function of cabinet position within the systematic 
ordering, for each of the three collections is shown in Figure 5. The Geological 
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Figure 5. Equilibrium pH readings, within cabinets, as a function of cabinet position within the 
systematic ordering within each collection. CMN, Canadian Museum of Nature; GSC, Geological 
Survey of Canada; ROM, Royal Ontario Museum. See Table 5 for legend. 
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Table 8. Odours recorded for sampled cabinets. 

Code Odour Code Odour Code Odour 

1.0 None 2.0 None 3.0 None 
1.1 Musty 2.1 Polish 3.1 Strange/unidentified 

(very slightly acrid) (very very faintly woody) 
1.2 Slightly acrid 2.2 Sweet 3.2 (not used) 

(very faintly woody) 
1.3 Acrid 2.3 Sickly 3.3 Sulfurous 

(faintly woody) 
1.4 Very acrid 2.4 Woody 3.4 Rubbery 

2.5 Very woody 

Survey of Canada collection has the simplest distribution to interpret. Equilibrium 
pH values are closely distributed about the mean value of 4.4. This is only slightly, 
and probably insignificantly, lower than the value of 4.5 recorded for the room 
air and is a result of the high rate of air exchange between the cabinets and the 
room as a result of a lack of gasketting. 

The Canadian Museum of Nature collection shows EqpH values scattered wide
ly on either side of the mean value of 4.3. The mean value for the room air was 
4.5 indicating that the cabinets are on average slightly more acidic than the room. 
The wide scatter and difference between EqpH in the room and in the cabinets 
indicates that there is a low rate of air exchange between the cabinets and the 
room. Because the mean is near the ambient EqpH, the EqpH in these cabinets 
is not greatly affected by the materials of the cabinets themselves. However, 
because the cabinets are so well sealed, their internal atmosphere is strongly 
affected by their mineral contents. Some general observations can be made re
garding the distribution of EqpH values in the CMN collection. EqpH in native 
elements cabinets are near the mean. In the sulfides, and especially the disulfides, 
EqpH values lower than the mean appear—these are probably affected by S0 2 

from oxidising pyrite in specimens. Equilibrium pH values in the halides, mis
cellaneous oxysalts, and silicates are nearly evenly distributed about the mean for 
the collection. Most importantly, many cabinets holding oxides or carbonates had 
EqpH higher than the mean indicating that these specimens are absorbing or 
reacting with acidic vapours. 

Ninety percent of the cabinets in the Royal Ontario Museum collection have 
EqpH values in the range 3.5 to 3.7. This is because of the release of acidic 
vapours from the wooden components of cabinets and drawers combined with 
relatively air-tight construction and closure. The specimens in this collection ap
pear to have less effect on the EqpH of the air than the specimens in the CMN 
collection because of the logarithmic nature of the pH scale described above. In 
the ROM collection five cabinets had EqpH values below the range of 3.5-3.7. 
Two of these cabinets contained the entire holdings of specimens labelled mar-
casite, a third cabinet also contained sulfide minerals, and the remaining two 
cabinets were located in a separate small room where the room air EqpH was 3.6 
(in contrast to the collection room where the EqpH of the air was 4.5). Five 
cabinets had interior EqpH values higher than 4.0. Two of these contained car
bonates as the primary species, two had species commonly associated with calcite 
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Figure 6. Equilibrium pH readings as a function of odour within cabinets. CMN, Canadian Museum 
of Nature; GSC, Geological Survey of Canada; ROM, Royal Ontario Museum. 

matrices, and the fifth contained phosphates including highly alkaline tribasic 
salts. These results indicate that both the specimen contents of the cabinets and 
the collection room EqpH can affect the EqpH within these cabinets. 

Because odour in cabinets was recorded (see Table 8), this frequently employed 
subjective measure could also be compared with the EqpH values (Fig. 6). Only 
two of the three kinds of odour observed had sufficient data to allow assessment 
of the utility of odour as an indicator of EqpH levels. These were the group 1 
(acrid odour) cabinets in the CMN collection and the group 2 (woody odour) 
cabinets in the ROM collection. As indicated by the mean EqpH curves in Figure 
6, the presence of either an acrid or woody odour correlated with a tendency to 
low EqpH. Increasing acrid odour correlates with decreasing EqpH over most of 
the range recorded. However, the scatter of individual data points indicates that 
there are many exceptions to this tendency. The presence of a woody odour, in 
contrast, is a relatively reliable indicator of low EqpH. 

A second, independent indicator of carboxylic acid concentrations was obtained 
from the results for the lead foil test strips (Fig. 7 and Table 9). These data indicate 
that the CMN collection has the lowest overall concentration of lead-corroding 
acids equivalent to 0.8 ppm acetic acid. The GSC collection was intermediate, 
equivalent to 1.9 ppm acetic acid, and the ROM had the highest average concen
tration, equivalent to 6.5 ppm acetic acid. In the GSC and ROM collections these 
results indicate a higher equivalent acetic acid concentration than that indicated 
by the pH test strips (compare Tables 9 and 6). Figure 8 shows the data for acetic 
acid concentration plotted against the measured EqpH. The line depicts the ex
pected relationship based on Tetreault's (1992) study of the response of pH strips 
to specific concentrations of acetic acid. The overall correlation of these two 
indicators is good. However at low EqpH, data points lie mostly above the cali
bration curve. This indicates that the lead foil is corroding more rapidly than 
would be expected based only on a consideration of an acetic acid concentration 
corresponding to the EqpH. This may result from formaldehyde emissions from 
the adhesive in the plywood making up the collection furniture, although little 
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Figure 7. Equivalent acetic acid concentrations, within cabinets, as indicated by lead foil after 3 mo 
of exposure in each collection. CMN, Canadian Museum of Nature; GSC, Geological Survey of 
Canada; ROM, Royal Ontario Museum. 

reaction would be expected from plywood (Grzywacz and Tennent 1994); form
aldehyde might react with the lead but, being a very weak acid, would not have 
any significant effect on EqpH. The statistically higher result for acetic acid con
centration in the GSC, as compared with the CMN may, in part, be a result of 
the effect of a higher average relative humidity in those cabinets on the sensitivity 
of the lead foil. Finally, a combination of acidic pollutants may have a synergistic 
effect on the corrosion of lead but not an additive effect on EqpH. 

Sulfur Dioxide 

The presence of sulfur dioxide was indicated by the palladium chloride test 
strips, the copper foil, and the sulfite ion test paper. Of these, the sulfite ion test 
paper was least subject to interference and provided the only reliable record. 

Table 9. Comparison of the apparent acetic acid concentration based on the 3-mo readings from the 
lead foil test strips from all cabinets in each collection. 

CMN 
GSC 
ROM 

Mean ppm 
acid 

0.8 
1.9 
6.5 

acetic 
Standard deviation 

1.7 
1.6 
6.1 

Number of 
observations 

148 
55 

170 

90% Confidence interval 

0.5-1.0 
1.5-2.4 
5.6-7.4 

GSC 

M f ""' 

ROM 

10 20 30 

Acetic acid /ppm 

CMN, Canadian Museum of Nature; GSC, Geological Survey of Canada; ROM, Royal Ontario 
Museum. 


