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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. 



2000 WALLER ET AL.—GASEOUS POLLUTANTS IN MINERAL COLLECTIONS 11 

GSC 

• -nasi' 

5 

4.5 

4 

3.5 

3 

0 20 40 60 80 100 

Percent full of specimens 

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 

5 

4.5 

4 

3.5 

3 

::::: •::::::: g ^ g ^ ^ ^ B ^ ^ ^ ; : ^ ^ ^ ^ ^ t 4 ^ ^ l ^ y y x ^ ^ . > ^ ^ V ^ j ' 

-

m, t „ =fc5V a 

« o 

'^r^m 
CMN 

; : ::::!:;: l?^$$$$$4tJ(! l«SS:38im^^ 

9 

o^ooai. ^ 

UVSUiKJK' 

ROM 

4 

3.5 

3 

0 50 100 150 200 250 

Assigned sequence number 

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. 
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Figure 8. Carboxylic acid concentration as measured on lead foil after 3 mo as a function of pH. 
The line indicates the relationship expected based on data from TCtreault (1992). CMN, Canadian 
Museum of Nature; GSC, Geological Survey of Canada; ROM, Royal Ontario Museum. Data points 
have been randomly dispersed around the measured values to better illustrate distribution of measure­
ments. 

Sulfur dioxide concentration ranges for each of the three collections are shown 
in Figure 9. Both the CMN and ROM collections had a significant number of 
cabinets containing measurable sulfur dioxide levels. The GSC collection had only 
a single cabinet with a measurable sulfur dioxide concentration, and this concen-

25 45 65 85 

Sulfur dioxide /test strip scale 

Figure 9. Sulfur dioxide concentration as indicated by sulfite ion test paper after 72 hr. CMN, Ca­
nadian Museum of Nature; GSC, Geological Survey of Canada; ROM, Royal Ontario Museum. 
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Figure 10. Sulfur dioxide concentrations as a function of cabinet sequence. See Table 5 for legend. 
CMN, Canadian Museum of Nature; GSC, Geological Survey of Canada; ROM, Royal Ontario Mu­
seum. 

tration was only a fraction of levels measured in the other collections. The CMN 
collection contained a number of cabinets with measurable sulfur dioxide levels, 
but the highest level recorded was considerably lower than the highest level at 
the ROM. This was true despite the fact that the CMN cabinet with the highest 
concentration was 90% full, whereas the two ROM cabinets with higher concen­
trations were only 60 and 40% full. 

Sulfur dioxide concentrations in the GSC collection cabinets were thought to 
be low because of the lack of gasketting and consequent high rates of air ex­
change. In addition, because a single cabinet contains a wide range of species in 
the systematic ordering of this collection, there were no cabinets only containing 
iron disulfide minerals. In the other collections, it was these cabinets which had 
the highest sulfur dioxide levels. 

There are several possible reasons why higher concentrations were recorded in 
the ROM collections than in the CMN collection: (1) the higher relative humidity 
levels actually measured in these cabinets would lead to higher rates of sulfide 
mineral oxidation. (2) Silica gel, used for relative humidity stabilisation in the 
CMN collection cabinets, is acting as a pollutant scavenger, as evidenced by an 
amber discolouration of its surface. There is no silica gel in the ROM cabinets. 
(3) The ROM cabinets may be more tightly sealed than those of the CMN. (4) 
Prior to the move to a new building, collections at the ROM were housed in areas 
with a wide range in relative humidity levels (Waddington and Rudkin 1983). 
Reactive specimens may be continuing to oxidise at an accelerated rate (Waller 
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Table 10. Cabinets containing s 

so2 

38 
25 
25 
25 
25 
25 
18 
18 
18 
10 
10 
10 
5 
5 
5 
5 
5 

10 

100 
50 
38 
18 
18 
18 
10 
10 
10 
10 
5 
5 
5 
5 
5 

significant levels of sulfur dioxide. 

Sequence number Class start 

28 
24 
23 
25 
29 
27 
26 
58 
76 
31 
15 
33 
19 
21 
13 
11 
51 

90 

86 
84 
76 
78 
85 
82 
62 
50 
31 
80 
38 
88 
46 
72 
69 

Canadian Museum of Nature 

Bravoite 
Pyrite 
Getchellite 
Pyrite 
Marcasite 
Pyrite 
Pyrite 
Calcite 
Dolomite 
Glaucodot 
Sphalerite 
Tennantite 
Talnakhite 
Covellite 
Galena 
Bornite 
Fluorite 

Geological Survey of Canada 

Frohbergite 

Royal Ontario Museum 

Marcasite 
Pyrite 
Pyrite 
Pyrite 
Vaesite 
Pyrite 
Millerite 
Sphalerite 
Sulfur 
Pyrite 
Chalcocite 
Gersdorffite 
Galena 
Orpiment 
Picotpaulite 

Class end 

Gersdorffite 
Pyrite 
Pyrite 
Pyrite 
Marcasite 
Pyrite 
Pyrite 
Calcite 
Dolomite 
Molybdenite 
Sphalerite 
Tetrahedrite 
Valleriite 
Wakabayashilite 
Galena 
Galena 
Fluorite 

Canfeldite 

Marcasite 
Bravoite 
Pyrite 
Pyrite 
Marcasite 
Pyrite 
Ruthenarsenite 
Sphalerite 
Sulfur 
Pyrite 
Chalcocite 
Gersdorffite 
Galena 
Stibnite 
Stannite 

1990). Of these factors, it is not clear which has the major effect on sulfur dioxide 
levels. 

Sulfur dioxide concentrations as a function of cabinet sequence are shown in 
Figure 10. The GSC collection had only one cabinet with a detectable level of 
sulfur dioxide, this contained sulfide and sulfosalt specimens. Distribution of sul­
fur dioxide concentrations was similar in both the CMN and ROM collections. 
In both collections, the highest levels were recorded in cabinets in the sequence 
76-87. Table 10 shows these to be the cabinets containing the iron disulfide 
minerals, pyrite, and marcasite. A second group of cabinets having measurable 
levels of sulfur dioxide was found in the cabinet number range 38—50. These 
cabinets contained sulfide minerals such as chalcosite, bornite, galena, sphalerite, 
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Figure 11. Mercury concentrations as indicated by the palladium chloride test paper at (a) 72 hr and 
(b) 3 mo. CMN, Canadian Museum of Nature; GSC, Geological Survey of Canada; ROM, Royal 
Ontario Museum. 

etc. Here, the oxidation of microcrystalline pyrite or marcasite in the matrices of 
specimens in these cabinets is probably responsible for the sulfur dioxide. 

In calcite- and dolomite-containing cabinets (CMN 155 and 173), detectable 
levels of sulfur dioxide are generated by microcrystalline pyrite or marcasite in 
the matrices of specimens. The identification of high levels of inorganic acid 
pollutants in cabinets that contain carbonate species is of interest, and should be 
of concern to conservators, because sulfur dioxide is well known to cause damage 
to carbonate rocks (Thomson 1986). 

A value of 2 was assigned to sulfite test strips that appeared to be very slightly 
pink but not sufficiently pink to be assigned the intermediate value of 5 (see 
section entitled, Reading Results from Test Strips). This was a difficult decision 
because all sulfite test strips developed a slight beige cast when moistened with 
the glycerol solution. The contents of the three CMN cabinets with this recorded 
level were visually inspected for the presence of specimens containing oxidising 
pyrite. Only one of these cabinets, the quartz containing cabinet, had such a 
specimen. It was concluded that a value of 2 is an uncertain finding. Cabinets for 
which this value was recorded may or may not contain more than trivial amounts 
of sulfur dioxide. 

The sulfite ion test strips as employed in this study effectively identified sources 
of sulfur dioxide throughout the collections. They could, therefore, be used to 
locate specimens undergoing pyrite oxidation. 
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Figure 12. Mercury vapour concentrations as a function of cabinet sequence, measured at 72 hr using 
palladium chloride paper. See Table 5 for legend. CMN, Canadian Museum of Nature; GSC, Geolog­
ical Survey of Canada; ROM, Royal Ontario Museum. 

Mercury 

Mercury concentrations within cabinets, as indicated by the palladium chloride 
test paper, are shown in Figure 11. The range over both 72 hr and 3 mo is similar. 
As discussed in the previous section on calibration of the palladium chloride test 
strips, the highest value documented is 0.59 ppm-days of mercury. At both ex­
posure durations information about high mercury concentrations is lost as a result 
of the saturation effect detailed in the section entitled, Palladium Chloride Paper. 
At low concentrations, there is uncertainty resulting from discoloration of the test 
strips by sulfide and other trace pollutants. In retrospect, it would have been better 
to monitor mercury at 24 hr. Because the reaction involves simple pigmentation 
of the paper with metallic palladium and the palladium chloride reagent is unlikely 
to react fully, the darkening of the test paper is interpreted as a simple linear 
function of both concentration and time. In addition, because the time scale for 
the testing, when read at 72 hr, is similar to the time employed for calibration, 
mercury concentrations in cabinets could be compared to those obtained in the 
calibration experiment, assuming reciprocity between concentration and time. 
However, once the response of a test strip reaches the saturated dark grey colour, 
only a minimum mercury concentration can be ascertained. Mercury vapour con­
centrations as a function of cabinet sequence, measured at 72 hr, using the pal­
ladium chloride paper, are shown in Figure 12. 

In addition to darkening on exposure to mercury vapour, the palladium chloride 
darkened on exposure to low levels of reduced sulfur gas, as discussed earlier. 
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Figure 13. Reduced sulfur-bearing gas concentration as a function of mercury concentration within 
cabinets in the CMN (Canadian Museum of Nature) and ROM (Royal Ontario Museum) collections. 
Data points have been randomly dispersed around the measured values to better illustrate the distri­
bution of measurements. 

The palladium chloride paper often developed a grey flecking rather than a uni­
form grey colour after 72 hr of exposure. This response resembled the mercury 
calibration photographs in colour. However, the colour was unevenly distributed, 
better resembling the appearance of the hydrogen sulfide calibration photographs. 
Reactions of this kind were assigned a reading for both mercury and reduced 
sulfur. Interestingly, when mercury and reduced sulfur data from the ROM and 
CMN collections were considered together, high levels of mercury were never 
associated with high levels of reduced sulfur gases. Figure 13 shows ppb-days 
reduced sulfur gas plotted against ppm-days mercury, measured at 3 mo, for both 
collections. Few cabinets, of the 301 cabinets sampled, had reduced sulfur and 
mercury concentrations lying above a triangular region bounded by both high 
reduced sulfur and high mercury vapour concentrations. This may reflect the limit 
of the product of mercury and hydrogen sulfide fugacities above which mercury 
sulfide would form. This suggests, that at least some of the moderate levels of 
mercury detected, 0.1-0.3 ppm-days, represent actual levels of mercury vapour. 
Unfortunately, at these levels, it is not known which readings might be reliable 
and which might be spurious. 

This confusion sets a lower limit on mercury vapour detection. The exact level 
of this lower limit is uncertain but, for the purposes of this study, it was set at 
an accumulated reading after 3 mo of 0.3 ppm-days. It is certain that readings 
higher than this result from an appreciable presence of mercury vapour. Cabinets, 
for which readings lower than this were obtained, might still contain appreciable 
levels of mercury vapour, but these levels are certainly at least 10 times lower, 
and perhaps several magnitudes lower, than the levels measured in cabinets con­
taining mercury specimens. Using the 0.3 ppm-day equivalent response after 3 
mo as the criterion for selecting cabinets with high mercury concentrations, the 
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Table 11. Cabinets containing >0.3 ppm-day levels of mercury vapour. 

Sequence 
PdCl at 3 mo PdCl at 72 hr number Class start Class end 

Canadian Museum of Nature 

0.59 0.59 28 Lead Chukhrovite 

Royal Ontario Museum 

.59 

.59 

.59 

.59 

.59 

.59 

.54 

.54 

.48 

.48 

.48 

.38 

.38 

.38 

.38 

.38 

.38 

.38 

0.59 
0.59 
0.59 
0.48 
0.48 
0.48 
0.08 
0.04 
0 
nd 
nd 

0.18 
0.02 
0 
0 
0 
nd 
nd 

62 
30 
28 
114 
61 
154 
27 
35 
7 
2 
4 
38 
113 
17 
15 
14 
1 
5 

Cinnabar 
Bismuth 
Auricupride 
Tenorite 
Cinnabar 
Nadorite 
Copper 
Argentite 
Platinum 
Gold 
Gold 
Chalcocite 
Periclase 
Silver 
Silver 
Silver 
Gold 
Gold 

Millerite 
Tellurium 
Lead 
Corundum 
Cinnabar 
Perylite 
Copper 
Argentite 
Rhodium 
Gold 
Gold 
Chalcocite 
Tenorite 
Silver 
Silver 
Silver 
Gold 
Opal 

nd, not determined. 

three collections were found to have the following numbers of cabinets with 
detectable mercury vapour: CMN—1, GSC—0, ROM—18. 

The single cabinet at CMN contained the native mercury specimens. Although 
the majority of these specimens were sealed in glass jars, the few nonenclosed 
specimens were sufficient to give the maximum response on the test paper after 
72 hr. This response is thought to indicate a mercury concentration in the cabinet 
of at least one-twelfth of the equilibrium vapour pressure for mercury at room 
temperature. Hence, the concentration is thought to be on the order of 1 ppm. 

The situation at the ROM is more complex (Table 11). Three cabinets showed 
the full response possible after 72 hr, only one of these cabinets, number 15, 
contained specimens with visible free mercury. A second contained cinnabar spec­
imens from a locality from which native mercury is known to occur but no 
mercury was visible on the specimens. The third contained only specimens of the 
species bismuth, selenium, and tellurium. For both of these latter cabinets it is 
thought that much of the mercury vapour may be contained in the wood of the 
cabinet walls and drawers that had been absorbed at a time when the cabinets 
and/or drawers contained native mercury bearing specimens. Determining whether 
wood components in isolation emit mercury could test this hypothesis. Three other 
cabinets showed full responses after 3 mo of exposure but responses equivalent 
to only 0.5 ppm-day after 72 hr exposure. All of these cabinets held a mercury-
containing species and the mercury vapour probably derives from trace amounts 
of native mercury associated with these specimens. 

For many of the cabinets that show a lesser, but still significant, concentration 
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of mercury, the source of the mercury vapour is less clear. In the cabinet con­
taining the species periclase to tenorite (Table 11, cabinet 113), it is suspected 
that a mercury-containing specimen had previously been housed in this cabinet 
but had been moved during expansion of the collection to the next cabinet in the 
sequence (Table 11, cabinet 114). Cabinet 114 was one of the six cabinets showing 
a full response after 3 mo. This cabinet did contain visible mercury on a specimen 
of montroydite. The present arrangement dates from the move into new premises 
in 1981. Two cabinets which showed detectable levels of mercury were located 
apparently five to six cabinets out of sequence with the current location of native 
mercury. However, about 10 yr ago, the specimens housed in the first six cabinets 
were moved into a separate small room and the entire collection was shifted to 
fill the space. This would account for the anomaly in that these cabinets, in all 
probability, formerly contained the native mercury specimens. For the remaining 
cabinets, a common characteristic of many is that they contain native elements 
known to be capable of forming amalgams with mercury. It is possible that much 
of the mercury detected is being desorbed from specimens removed from exhibit 
in 1981 following about 20 yr on display in a single, long display case that also 
included mercury specimens. Monitoring the atmosphere around individual spec­
imens and comparing results with documentation describing the exhibit history 
of specimens could test this hypothesis. 

Reduced Sulfur Gasses 

The test papers and metal foils used in the experiment yielded 11 data points 
for each cabinet that were initially thought to provide some measure of reduced 
sulfur gas concentrations. These were the lead acetate papers, buffered and un­
buffered at 72 hr and 3 mo, the palladium chloride paper, silver and copper at 72 
hr, and the palladium chloride paper, silver, copper, and lead at 3 mo. Some of 
these acted as neither monitors nor dosimeters but were intermediate in their 
behaviour. One of the best examples of this type of behaviour was the unbuffered 
lead acetate paper. This paper exhibited colour responses equivalent to low con­
centration-time dosages after 72 hr but either faded, stayed the same, or developed 
higher concentration colours by the time the 3 mo reading was taken. This vari­
ation in behaviour is thought to depend on the concentration of reduced sulfur 
gas, the sulfur dioxide concentration, and the EqpH of the cabinet. 

All of the indicators were subject to interference from at least one other factor 
that was variable between cabinets. The most extreme example of this was the 
effect of carboxylic acids on the lead foil after 3 mo exposure. Where these acids 
significantly corroded the lead, any reaction to reduced sulfur gasses was unno-
ticeable. None of the indicators used were entirely reliable for indicating reduced 
sulfur gas concentrations in cabinets. A general review of the data showed that 
the readings from the 3-mo exposure of silver foil provided the most useful data. 
This was the only indicator capable of discriminating between cabinets with vir­
tually no reduced sulfur gas and those with a low level similar to the room 
atmosphere (Fig. 14). All other indicators recorded 0 ppb-day equivalent of hy­
drogen sulfide (i.e., showed no response) for a large proportion of the cabinets. 
Consequently, the 3-mo reading of the silver foil was considered to provide the 
best data for this study and is used below. 

Distributions of reduced sulfur gas concentration, as indicated by silver foil 
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Figure 14. Reduced sulfur-bearing gas concentrations as indicated by silver foil observed after 3 mo 
of exposure. CMN, Canadian Museum of Nature; GSC, Geological Survey of Canada; ROM, Royal 
Ontario Museum. 

observed after 3 mo of exposure are shown in Figure 14. For all three collections, 
concentrations are approximately normally distributed about means of approxi­
mately 200 ppb-days. Both the ROM and CMN collections showed greater de­
viations from the mean, ranging from 0-650 ppb-days, whereas the GSC collec­
tion ranged only from 100-350 ppb-days. This difference is attributed to the 
relative leakiness of the GSC cabinets compared to those in the other collections. 

Figure 15 shows the concentration distribution of reduced sulfur gas as a func­
tion of cabinet sequence number. For all three collections, recorded values show 
considerable scatter and are centred somewhat above the value recorded for the 
collection room. For example, the mean for the CMN cabinets was 234 ppb-days 
compared to a room measurement of 135 ppb-days; the mean for the GSC cabinets 
was 248 ppb-days compared to a room measurement of 95 ppb-days; and the 
mean for the ROM cabinets was 179 ppb-days compared to a room measurement 
of 135 ppb-days. Even considering the uncertainty of individual measurements of 
room concentrations, which may be as high as ±50%, we conclude that mean 
concentrations within cabinets are significantly higher than room concentrations. 
This indicates that the cabinet contents, over all, are a net producer of reduced 
sulfur gas. This is not surprising considering that reduced sulfur is a common 
constituent of mineral species. It is not known why the GSC showed the greatest 
difference between cabinets and room concentrations despite the relatively high 
leakage rate of those cabinets. Because only a single test strip was deployed to 
measure the room concentration, this single measurement may, per chance, have 
been lower than the true average concentration in the room. 

n.n. 

CMN 

Uslimii . M i l , i — , 

ROM 
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Figure 15. Reduced sulfur-bearing gas concentrations as indicated by silver foil after 3 mo exposure 
as a function of cabinet sequence number. See Table 5 for legend. CMN, Canadian Museum of Nature; 
GSC, Geological Survey of Canada; ROM, Royal Ontario Museum. 

Currently, there is little information regarding the capacity of different mineral 
species to release or react with reduced sulfur gasses. The overall complexity of 
the relationship between reduced sulfur gasses and cabinet sequence number sug­
gests that many cabinets may contain species that are actively either emitting or 
reacting with reduced sulfur gasses. In an attempt to identify some of the most 
reactive mineral species with respect to reduced sulfur gasses, cabinets having 
greater than 400 ppb-days or less than 50 ppb-days of reduced sulfur gasses were 
identified and are shown in Table 12. Most cabinets with high levels of reduced 
sulfur gasses, as indicated by the silver foil strips after 3 mo exposure, contained 
either native sulfur or oxidising disulfide species. Cabinets with low levels of 
reduced sulfur, as indicated by the silver foil after 3 mo of exposure contained 
native silver, copper, or mercury, or manganese oxide species. In cabinets con­
taining native metallic elements, these specimens must be reacting rapidly enough 
to keep the reduced sulfur gas concentration negligible. Many of the manganese 
oxide species in the CMN collection were in the form of dendrites in fine-grained, 
porous limestone matrices. Possibly these limestone matrices are also scavenging 
reduced sulfur, but the mechanism for this is unknown. We have already shown 
that reduced sulfide levels are always low in cabinets with high levels of mercury. 
This proved to be the case in cabinet 28 at the CMN and cabinet 61 at the ROM. 

Of particular interest, are the pronounced peaks and troughs in reduced sulfur 
gas concentrations indicated throughout the native element and sulfide sections 
of collections (Fig. 15). The most extreme examples of this at both the CMN and 
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Table 12. Cabinets having >400 ppb-days or 0 ppb-days of reduced sulfur-bearing gas as indicated 
by silver foil after 3 mo. 

ppb-day 
H2S 

650 
650 
650 
620 
595 
595 
500 
500 
500 
435 
435 
435 

0 
0 
0 
0 
0 

650 
620 
565 
435 
435 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Sequence number Class start 

31 
87 
74 
84 
50 
77 
30 

107 
76 

163 
184 
83 
18 
8 

122 
28 
24 

87 
54 

102 
83 
31 

143 
176 
114 
154 

8 
27 
18 
61 
13 
30 

146 
11 

Canadian Museum of Nature 

Sulfur 
Marcasite 
Stibnite 
Bravoite 
Sphalerite 
Pyrite 
Antimony 
Seligmannite 
Getchellite 
Calcite 
Gypsum 
Pyrite 
Silver 
Silver 
Pyrolusite 
Lead 
Copper 

Royal Ontario Museum 

Marcasite 
Sphalerite 
Jordanite 
Pyrite 
Sulfur 
Marokite 
Malachite 
Tenorite 
Nadorite 
Silver 
Copper 
Silver 
Cinnabar 
Silver 
Bismuth 
Ferrocolumbite 
Silver 

Class end 

Sulfur 
Marcasite 
Stibnite 
Gersdorffite 
Sphalerite 
Pyrite 
Tellurium 
Livingstonite 
Pyrite 
Calcite 
Gypsum 
Pyrite 
Silver 
Silver 
Todorokite 
Chukhrovite 
Copper 

Marcasite 
Sphalerite 
Tetrahedrite 
Pyrite 
Sulfur 
Hollandite 
Malachite 
Corundum 
Perylite 
Silver 
Copper 
Silver 
Cinnabar 
Silver 
Tellurium 
Franconite 
Silver 

ROM are in cabinets 30 and 31 where metallic native elements are stored adjacent 
to native sulfur. Other examples are less easily explained and require further 
investigation. 

SUMMARY AND CONCLUSIONS 

Low-cost pollutant indicators for use in storage cabinets were found or devel­
oped. Although none of these were capable of precise quantitative results, it was 
possible to achieve qualitative or semiquantitative indications for each of the 
pollutants of interest. Some of these indicators are likely to be of interest in other 
applications. For example, the palladium chloride strip was useful for identifying 
mercury vapour and will have importance for reasons of health and safety. It may 
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also find an application in zoological and botanical collections in which mercuric 
chloride has been used as a preservative (Hawks and von Endt 1990). The sulfite 
ion test strips effectively identified sources of sulfur dioxide and could be used 
to locate specimens undergoing pyrite oxidation. 

The three types of storage cabinets were found to have a significant effect on 
internal pollutant levels. The air tightness of cabinets, as determined by construc­
tion method, door fit, and the effectiveness of gaskets had a major effect on 
pollutant levels observed. As would be expected (Michalski 1994), for most pol­
lutants, the less air-tight cabinets at the GSC showed relatively little difference 
between room and cabinet pollutant concentrations except in cabinets containing 
clusters of pollutant emitting or pollutant scavenging mineral specimens. This was 
the only collection for which room air pollutant concentration levels appear to 
have a significant effect on pollutant concentration levels in cabinets. Well-sealed 
cabinets demonstrated internal pollutant concentration levels differing greatly 
from room pollutant concentration levels and related much more directly to cab­
inet contents. Therefore, well-sealed cabinets protect cabinet contents from exter­
nal pollutants but can increase specimen interactions through internal pollutant 
interactions. 

Well-sealed wooden cabinets contribute to an overall lower internal EqpH of 
internal air, especially where cabinets are constructed of unfinished wood, but this 
is true even when the wood is varnished and several years old. Wooden cabinets 
also appear to be able to absorb and desorb mercury vapour from mercury-con­
taining specimens. 

The distribution of pollutant concentration levels within the order of systematic 
mineral collections was evaluated. Some mineral species were found to be major 
sources of pollutants, whereas others act as sinks by reacting with pollutants. 
Minerals that emit pollutants may do so by simple sublimation or evaporation, as 
in the cases of sulfur or mercury, or by chemical reaction, as in the formation of 
sulfur dioxide from the oxidation of pyrite. Minerals emitting pollutants by sub­
limation or evaporation should be sealed to ensure their preservation as well as 
reducing their effects as a pollutant source. Pollutant scavengers, such as activated 
charcoal or potassium permanganate, should not be enclosed with these speci­
mens. The use of scavengers should only be considered for those minerals that 
emit a pollutant as the result of a thermodynamically irreversible chemical reac­
tion, such as oxidising pyrite. 

In summary, the major conclusions of this work are that pollutant concentration 
levels in mineral collection cabinets are less dependent on room-air pollutant 
concentration levels than on the cabinet materials and mineral species present. 
Mineral species may be either emitters or absorbers of pollutants. Care must be 
exercised to avoid housing species that absorb and emit the same pollutant within 
a single well-sealed cabinet. 

FUTURE RESEARCH 

This project was undertaken to establish an initial assessment of the pollutant 
concentration levels in systematic mineral collections. Many interesting and po­
tentially fruitful possibilities for further investigations have been identified as a 
result of this work. They include the following topics: (1) investigation of pol­
lutant concentration levels within individual cabinets to establish their spatial var-
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iation. (2) Investigation of diverse single mineral species as pollutant sources or 
sinks. In particular, identification of sulfide species as net producers or consumers 
of reduced sulfur gasses. (3) Determination of the rates of damage, in terms of 
loss in value over time, for susceptible specimens exposed to pollutant gas con­
centration levels observed in cabinets. (4) Estimation of the magnitude of risk to 
mineral collections resulting from these internal pollutants. (This has now been 
completed [Waller 1999].) (5) Calibration of each of the test strips under concen­
tration-time conditions comparable to those employed in the survey process. (6) 
Improved characterisation of the palladium chloride test strip for mercury vapour, 
including the determination of shelf life and optimum methods for calibration. 
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APPENDIX 1—SUPPLIERS 

Macherey-Nagel nonbleeding pH paper for the range 0-6, Quantofix® sulfite ion paper, and lead 
acetate paper are available from Aldert Chemicals Ltd., 648, Finch Avenue East, WiUowdale, Ontario 
M2K 2E6, Canada. 

Rhoplex N-560, a pressure sensitive acrylic adhesive, has undergone testing at the Canadian Con­
servation Institute (CCI) and was shown to have good ageing properties (Down et al. 1996 and 
Conservation Materials Database [MCIN] number 210). It is supplied by AACS International Guilders' 
Supplies, 12-1541 Startop Road, Ottawa, Ontario K1B 5P2, Canada. 

Gas permeation tubes and wafer devices are manufactured and calibrated by VICI Metronics, 2991 
Corvin Drive, Santa Clara, California 95051, USA. 

Palladium chloride is manufactured by EM Science, a division of EM Industries Inc., Cherry Hill, 
New Jersey 08034, USA. 
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Abstract.—Archaeological collections from California containing human remains under­
going strict inventory and reconciliation protocols and representing 5 decades of accession 
were entered into a microcomputer-managed database and reconciled against the original 
excavation records. Artifact losses were tracked to determine the cause of collection attrition. 
Subsequently, various intuitively derived hypotheses regarding artifact loss were tested and 
found wanting. However, fresh hypotheses that more adequately explain artifact loss were 
next suggested and tested. The results are important to both archaeologists who have a 
professional stake in the intact preservation of entire collections and museum professionals 
concerned about the "critical paths" collections under their care, experience. 

Sonderman (1996:28) makes the observation that archaeological collections dif­
fer from other museum collections, because archaeological objects, " . . . are not 
viewed as individual objects, not as tables or chairs might be, but rather, each 
flake or sherd is seen as part of the context from which it is recovered. It is not 
the individual object but the entire assemblage that is used to interpret the past." 
Trimble and Meyers (1991) provide a blueprint for the curation of intact archae­
ological collections by the strict enforcement of federal agency guidelines. Nev­
ertheless, arguing that limited budgets, a downsized work force, restructuring, 
space limitations, and storage costs have impacted museums, Sonderman (1996) 
has also insisted upon an intellectually justifiable deaccessioning program de­
signed to selectively cull archaeological materials from a glutted museum envi­
ronment. This seeming contradiction is at the core of potential conflict between 
those who argue for thinning archaeological collections and those who defend 
their unaltered retention (McManamon 1996). 

At the heart of the debate is the acknowledgment that archaeological collections 
are tools. This view argues that future archaeologists will "dig" museum collec­
tions as eagerly as they will sites. Today this is customary only when archaeo­
logical contexts are either exhausted or on the verge of becoming extinct such as 
with the case of San Francisco Bay shellmounds (cf. Broughton 1994, Lightfoot 
1997, Simons 1992). Yet, when museum collections are used for research, it is 
essential that the inquiry begin with (1) an analysis of the methods used to recover 
the objects, (2) the research objectives that defined the sampling strategy, and (3) 
the history of the collections themselves. It is this third element that will be 
addressed below in pursuit of cooperative relations between the archaeologist and 
the museum professional. 

It is a thesis of this paper that the assumption that archaeological collections 
are immune to change after their accession by a museum repository is illusory. 
Attrition of archaeological assemblages stored within professionally curated con­
texts is often a reality that imperils the archaeologist's understanding of the past 
as inevitably as development destroys sites. Fowler and Fowler (1995:133) state, 
"Various processes and procedures operate on collections in the museum setting, 
changing their value and representativeness: cataloguing procedures, records 
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maintenance, storage, movement, exhibition history, conservation history, deac-
cessioning (including trading, condemnation, or outright loss), facilities, overall 
management, . . . " Until museum professionals and archaeologists begin to ex­
amine critically the process of this post-field transformation, neither profession 
can presume that curation is a pristine, albeit final, stage in the sequence of 
activities associated with historic preservation. Nor, it must be stressed, should 
archaeologists consider that the sampling errors of their predecessors are the only 
impediments to the accurate interpretation of curated materials. Repository attri­
tion may be another factor serving to introduce significant sampling error, partic­
ularly in the case of older collections or those that have been managed by quasi-
professional museum personnel. 

It is suggested that the analysis of repository attrition is comparable to the 
archaeological study of any other post-depositional phenomenon influencing ar­
tifact distribution such as the study of taphonomy or the effect of artifact looting. 
The common element is that they serve to provide a baseline against which an 
investigator can assess possible shortcomings biasing archaeological analysis and 
interpretation. In effect, such analyses tell us what has to be considered before 
interpretation can begin. 

This paper will discuss the documentation of artifact attrition from a large 
number of well-documented collections that were curated, reconciled, and rein-
ventoried at a large centralized repository in northern California. The opportunity 
to analyze patterns of attrition within these collections was afforded by the im­
plementation of microcomputer database technology that helped accomplish this 
burdensome task. The resulting patterns of attrition have led to suggestions about 
ways that curators, repository managers, and ultimately archaeologists can foresee 
this loss, avoid it, or compensate for it in the case of older, often poorly docu­
mented collections. 

THE DATA 

In anticipation of a final resolution regarding the disposition of human remains 
along with the artifacts that accompanied them, the California Department of 
Parks and Recreation (DPR) authorized an inventory of all such materials under 
their control (Kautz 1988, Woodward and Evans 1992). To guarantee an inventory 
relatively free of historical connection with the collections, DPR hired the author 
as a consultant to bring their collections containing human remains together in 
one place, to repackage both the human bone and all other collection objects in 
a respectful and professional manner, and to reconcile the presence of all collec­
tion items against the original notes associated with their excavation. During this 
last phase, objects identified with the burials in any way were designated as 
"burial associated." Given the enormity of the task, it was necessary to use 
microcomputer database software to organize the original documentation for the 
collections (the record management aspect), the collections themselves, and in­
formation regarding their specific location within the facility, with each set of 
records comprising a separate database. In addition to the author, a crew of six 
assistants performed these tasks that included three archaeologists, two museum 
professionals, and one human osteologist. The project and the curated assemblages 
are currently housed at the California State Museum Resource Center located at 
2505 Port Street, West Sacramento, CA 95691. 
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Work on these collections was conducted between 1987 and 1988 and resulted 
in the successful management of over 1,034,800 objects along with human re­
mains. Management activities included the following tasks: (1) movement of all 
germane collections and their records from each of the California State Parks to 
a central repository in northern California, (2) reconciliation of each of these 
collections against their excavation records and each assemblage's site catalog, 
(3) standardization of catalog nomenclature to produce comparable databases, (4) 
repackaging of all human bone and all collection artifacts using museum-quality 
materials with appropriate identification and when necessary, the cleaning, sta­
bilizing, and labeling of objects and osteological remains, (5) development of a 
durable and secure storage facility, (6) coordination of all activities with Native 
American, cooperating federal agency, and California Department of Parks and 
Recreation representatives, (7) database recordation of all inventory activities, and 
(8) production of interim reports and a final report outlining these activities. 

ARTIFACT ATTRITION 

During the phase of activities designed to account for the presence or absence 
of artifacts, it was noted that as each archaeological site's artifact catalog was 
reconciled against the remaining portion of the collection, patterns of loss were 
evident that at first glance appeared counterintuitive. As the principal person 
charged with the conduct of these activities, the author had brought to the task 
some assumptions regarding the nature of artifact loss. It should be noted that 
because this work involved so many large collections amassed over the span of 
5 decades, was accumulated in so many ways (e.g., archaeological excavations, 
museum donations, individual item and collection accessions from various agen­
cies, etc.), and stored under the supervision of so many people with varied back­
grounds, the inventory staff expected some loss, perhaps even considerable loss. 
However, artifact loss was not deemed an analytical problem because, other than 
random loss, it was assumed that explanations for attrition of specific artifacts 
would be fairly obvious. For example, some of these intuitively "obvious" as­
sumptions included the following: 

• It was assumed that whole categories of artifacts might be lost from individual 
accessions because they had been loaned for analysis and never returned. It 
was also assumed that such transfers may have lacked documentation. Materials 
susceptible to such loss might have included such things as all obsidian tools 
or a whole artifact class such as all ground stone. 

• No difference was anticipated in the loss of prehistoric as compared to historic 
artifacts. 

• It was assumed that small items were more vulnerable to loss because they 
were more apt to "slip between the cracks." 

• It was ventured that should the collections have been exposed to theft, the more 
precious or eye-catching items were more likely to be missing. 

• Finally, it was assumed that the older the collection, the more often the col­
lection would have been exposed to any and all types of loss. 

However, given some of the initial qualitatively derived observations, and to 
provide a quick check of the accuracy of these assumptions against reality, each 
assumption was proposed as a formal hypothesis, accompanied by a separate test. 
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First, to test whether time sensitive and/or whole categories of artifacts were 
missing as a result of their having been loaned for study, artifact categories were 
designated as either "attractive" for outside analysis (projectile points, shell and 
bone beads, charcoal samples, bone awls, etc.), or "unattractive" (cobbles, quartz 
crystals, hammer stones, unknown lithics, etc.). The Chi-square test (x2) was used 
to test the discrepancy between observed and expected results. The null hypoth­
esis, that the artifact's category (attractive or unattractive) cannot predict whether 
an artifact may be lost or retained was confirmed (x2 = 12.788 at °c = >0.05). 
Therefore, the assumed outcome—that the more "attractive" categories would be 
more often missing—was falsified. 

The second hypothesis proposed that there should be no difference between the 
relative loss of artifacts from historic sites and those from prehistoric sites. Al­
though there were far fewer historic sites within this sample of sites, there were 
significant differences noted between them. For example, prehistoric sites had 
suffered an average attrition rate of 9.5% of total catalog entries, whereas historic 
sites had suffered less than 2% loss. These results suggested that there might well 
be an important difference between losses experienced by historic versus prehis­
toric sites. 

The third hypothesis concerns the size and/or weight of the item, proposing 
that the smaller and lighter items should be more vulnerable to loss. A simple 
review of some of the more obvious members of some easily managed categories 
suggests a very different pattern. For example, among the designated "light" 
items, the losses experienced are as follows: projectile points (9% missing), bone 
awls (6%), shell beads (4%), shell or bone ornaments (7%), scrapers (7%), bone 
tools (5%), and flakes (6%). Compare these results to losses experienced by the 
heavier artifacts: manos (23% missing), pestles (26%), metates (32%), mortars 
(37%), "rocks" (29%), cobbles (29%), and soil samples (63%). It is possible, of 
course, that some of the soil samples had been consumed by using them to obtain 
soil chemistry data, however, the prediction regarding size/weight as a predictor 
of attrition was found to be false. Of more interest was the apparent relationship 
suggesting an opposite conclusion. 

The fourth hypothesis suggests that the more showy and precious an item, the 
more it should have been exposed to theft (cf. Stothers and Abel 1989). To test 
the hypothesis, another set of two categories was created. The first category was 
composed of so-called "valuable" items made up of projectile points, musical 
instruments, pendants, knives, and charmstones. These were contrasted with items 
considered "less desirable." Items in the latter category included quartz crystals, 
cobbles, soil samples, and baked clay samples. Again, it was determined that it 
was far more likely that a "less desirable" item would be missing than a "desir­
able" one. An average of 4% of all the "desirable" items was missing, whereas 
an average of 21% of the "less desirable" items was lost. Again, the fourth 
assumption was proved wrong. 

Finally, it was assumed that the longer a collection had been accessioned within 
the DPR system, the more items would be missing. This assumption was based 
upon the simple likelihood that more time provides more opportunity for loss. To 
test the hypothesis, the sites were grouped into decades (1940-1949, 1950-1959, 
etc.). For all catalog entries, it was found that 11.5% of the items are missing. 
The outcome of this analysis suggested that for each decade, the average loss 


