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by 

Barry Robert Stewart 

W. Lee Daniels (Chairman) 

Crop and Soil Environmental Sciences 

(ABSTRACT) 

Coarse coal refuse is difficult to reclaim due to high 

potential acidity and coarse fragment content, low water 

holding capacity, low fertility, and other problems. Little 

is known about coal refuse properties, particularly as they 

relate to revegetation potential. This study was undertaken 

to determine the physical and chemical properties of composite 

samples from 27 coal waste piles of varying age. Selected 

physical and chemical properties varied widely across this 

sample set. The mean coarse fragment (>2mm) content of these 

materials was 60%. The average texture of the fine (<2mm) 

fraction was a sandy loam with 15% clay. The mean water 

retention difference, between 0.03 MPa and 1.5 MPa of soil 

moisture tension, on a whole sample basis was 0.08 g water/g 

refuse. The pH values varied from 8.3 to 3.0, and the older 

piles generally had lower pH values than the more recent 

piles. The saturated paste electrical conductivity (EC) was 

higher in the younger coal waste materials. Total elemental 

analysis revealed that Si, Al, Fe, and K were the most 

abundant elements in these materials. The mineralogy of three



selected samples was found to be dominated by quartz in the 

sand and silt fraction and mica in the clay fraction. The 

physical factor most limiting to plant growth was found to be 

low water holding capacity. Low pH was found to be the 

chemical factor most limiting to plant survival. These 

findings indicate that some refuse piles may be suitable for 

direct seeding, but many will require heavy lime and/or 

organic treatments.
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INTRODUCTION 

Millions of dollars of both public and private funds are 

spent each year to reclaim active and abandoned coal refuse 

piles in the eastern United States. Of course, the United 

States is not the only country blessed with coal refuse. Coal 

refuse is a problem wherever coal is mined. These materials 

are difficult to reclaim due to physical problems, high levels 

of potential acidity, high soluble salt levels, low 

concentrations of plant nutrients, low water holding capacity, 

and high summer heat levels. One hundred and thirty-five 

million tons of coal refuse were produced in the United States 

in 1983. Of this total, 79% was coarse (> 0.5 mm diam.) 

refuse (Khan et al., 1986). If the same ratio of clean coal 

to refuse is assumed, refuse production increased to 153 

million tons by 1986. With the passage of the new Clean Air 

Act, the demand for cleaner coal will increase. Currently 

much of the coal used in the generation of electricity is not 

mechanically cleaned. The use of cleaned coal in electricity 

production is increasing, however, and as the coal industry 

strives to produce cleaner coal, increasing tonnages of refuse 

will also be produced. 

Coarse refuse is the subject of this study. Coarse 

refuse is that retained on a 20 mesh (0.5 mm) sieve. Fine 

refuse (slurry) is another problem that needs to be addressed, 

but because of the very different nature of that material, it



was not included in our study. It is not uncommon for slurry 

pond dredgings to be incorporated into coarse refuse piles, 

however. As of 1988, $6.7 million had been spent to reclaim 

just 255 acres of abandoned coal waste piles in Virginia. 

This is above and beyond what the private coal companies have 

spent to reclaim their active refuse disposal areas, as 

required under the Surface Mining Control and Reclamation Act 

of 1977. 

In short, there is currently a very large sum of money 

being spent on the reclamation of coal waste. Unfortunately, 

little comprehensive research has been conducted which would 

allow those reclaiming refuse areas to base their reclamation 

strategies on actual waste properties and conditions. To this 

date most of the "research" conducted on reclamation of coal 

waste has been unreplicated, site specific studies, on a 

Single pile. However, due to the large amount of variability 

within and between piles, a reclamation strategy that works 

well on one pile, or even part of one pile, may completely 

fail on another pile. There have also been very few studies 

in which the refuse properties were evaluated, and then used 

to design replicated trials to evaluate the performance of 

different treatments. 

In the 1970s the coal industry came under increasing 

pressure to reduce the detrimental effects of mining. This 

led to the passage of the National Surface Mining Control and 

Reclamation Act (SMRCA; PL-95-87, 1977). This act set new
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minimum standards for reclamation of all surface mines in the 

United States. Since refuse is disposed of on the land 

surface, it is also regulated under this act. Until this 

point in time, very little attention had been paid to refuse 

revegetation. The act (SMRCA) required that the miners post 

a monetary performance bond prior to disturbance of an area. 

If the performance of the vegetation is adequate, (generally 

> 90% cover) inspected, and approved after 5 years, then the 

bond is returned to the miner and his responsibility for the 

area ends. 

The initial requirement for reclamation of these 

materials is to cover them with a minimum of 1.2 m of topsoil 

or a suitable topsoil substitute. The pile is then fertilized 

and seeded. No augmentation with fertilizer is allowed for 5 

years, unless an agricultural post mining land use has been 

designated. In Southwest Virginia, topsoil is at a premium 

due to steep slopes and erosion. Even using the miners’ 

definition of topsoil as "anything that can be pushed with a 

bulldozer", it is very difficult and costly to generate enough 

topsoil to cover a pile with a 1.2m lift. This has led to an 

interest in the direct seeding of these materials. This 

characterization study was initiated to determine which refuse 

materials are suitable for direct seeding. 

Reclamation of refuse piles through the establishment of 

a permanent vegetative cover is very important for a variety 

of reasons. Through the establishment of vegetative cover,
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many of the hazardous properties of coal waste can be 

minimized or eliminated. First of all, erosion will be 

reduced. Reduction of erosion by vegetation is necessary 

because most coal refuse areas are located in the heads of 

steep watersheds. Vegetation will also stabilize the piles 

and incidents such as the outslopes of refuse piles sliding 

into peoples yards could be avoided. Also, vegetation will 

decrease runoff and thereby improve the water status of a 

material which has a low water holding capacity. Vegetation 

will also decrease the total deep leachate production by 

intercepting and trapping water. Furthermore, once a stable 

plant cover is established, cycling of plant nutrients can 

begin, which will vastly improve the nutrient status of these 

materials. Finally, vegetation, once established, will reduce 

the high heat loads that develop on bare refuse. 

This study characterizes the physical and chemical 

properties of coal refuse and then relates these properties to 

reclamation potential. There have been a few studies which 

examined at coal refuse properties (Bland et al, 1977; 

Buttermore et al, 1978), but they did so from a total 

elemental, reprocessing standpoint. Those studies provide 

useful data on the range of refuse properties, but they make 

no mention of reclamation potential. This study will aid in 

the development of a system by which important refuse 

properties can be analyzed, and then from these parameters a 

best-choice reclamation strategy can be chosen. This choice



will be based on actual properties, and not on what appears to 

work well in short term field trials. 

In order to effectively establish vegetative covers, 

however, we need to characterize the properties of refuse and 

modify them as needed. As mentioned earlier, these materials 

are extremely variable, and this variability coupled with the 

lack of information about the fundamental relationships among 

waste properties, weathering processes with time, local site 

conditions, and long term reclamation success, has in many 

cases led to the use of inappropriate and expensive 

ineffective reclamation strategies. This study has given us 

better insight into coal refuse characteristics and will allow 

a better chance of reclamation success. 

The objectives of this study were: 

1. To provide a full chemical, and physical analysis of 

a broad range of coal waste piles from southwest 

Virginia. These piles represent most of the major coal 

seams, and vary in age from the 1920s to the present. 

The results of the analyses have been be used to estimate 

the variability of coal waste properties. 

2. To determine the effects of weathering/aging on coal 

refuse with respect to reclamation potential.
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In the long term the refuse properties evaluated in 

this study will be used to develop a classification 

scheme for coal refuse. This scheme will be used to 

evaluate refuse with respect to the establishment of a 

permanent vegetative cover. This study will provide 

baseline data for the development of this scheme, which 

will be completed by 1991.



LITERATURE REVIEW 

Geologic Setting 

The vast majority, if not all, of the coal produced in 

Virginia comes from the southwest Virginia coal field in 

Buchanan, Dickenson, Lee, Russell, Scott, Tazewell, and Wise 

counties. The coal is Pennsylvanian in age and ranges from 

high- to low-volatile bituminous. The coal beds occur ina 

sequence of sandstone, siltstone, shale, and occasional 

Calcareous beds of fluvio/marine origin. The Pocahontas 

formation is the oldest Pennsylvanian coal-bearing formation 

in Virginia. This formation outcrops at the surface in 

Tazewell county. The Lee formation overlies the Pocahontas in 

the central and southwest part of the coal field. Immediately 

above the Lee formation is the Norton formation. The youngest 

coal-bearing formation in southwest Virginia is the Wise 

formation, which overlies the Norton formation. The Harlan 

formation , which overlies the Wise formation, also outcrops 

at the highest elevations, but no coal is currently mined from 

this formation in Virginia (Keystone Coal Industry Manual, 

1988). There is a slight dip to the northwest in these 

strata. The coal seams that outcrop on the valley floors in 

Wise county occur on the ridgetops in Buchanan county. Most 

of the coal produced in Virginia is mined from the Norton and 

Wise formations (Keystone Coal Industry Manual, 1988)



Coal Refuse Research 

Little work in coal refuse was performed in the United 

States before 1972. In that year, a refuse pile slid down the 

side of a mountain and buried the town of Buffalo Creek, WV. 

Several people lost their lives in this disaster. This 

disaster sparked interest in the stabilization of these 

materials. The passage of SMCRA in 1977 also prompted 

research into coal refuse. Reclamationists realized that 

reclamation of coal refuse areas would be difficult, and that 

they needed to find strategies which would work in the hostile 

conditions presented by coal refuse. It is interesting to 

note that the abandonment date of several piles in this study 

coincides with the passage of SMCRA. In general, coal refuse 

is not a well studied topic. Many inferences have been drawn 

between coal properties and refuse properties, but little work 

has been done to verify that these inferences hold true. 

Coal Waste Weathering Studies 

Coal waste weathering is also a subject which has not 

been well studied. The classification of soils developed from 

coal waste using the criteria of Sencindiver (1974) was 

studied by Delp (1975). In this study, 26 mine soils 

developed from coal waste were classified to the family level. 

Two families of Carbolithic Udispolents and two families of 

Pyrolithic Udispolents were needed to classify the mine soils 

examined. Carbolithic Udispolents differ from Pyrolithic



Udispolents in that the Pyrolithic Udispolents are coal waste 

soils which have been burned. Delp (1975) opted not to 

classify to the series level because the properties of the 

younger refuse piles were still rapidly changing. 

There are several other important features of coal refuse 

soils documented in the study by Delp (1975). The majority of 

the surface horizons were topped with a pavement of coarse 

fragments. Beneath this pavement was a zone, usually 10 - 15 

cm thick, which contained more fines than the underlying 

horizons. Local pockets of differing material were common in 

most profiles. The soil structure in surface horizons was weak 

granular or weak platy. The soil structure in subsurface 

horizons was massive, or coarse fragment controlled. Rooting 

depth was dependent on soil reaction (pH). He also observed 

that high carbon coal refuse had a particle density of 1.61 

g/cm? which is much lower than the 2.65 g/cm® commonly used for 

soils. This is the only study that I was able to locate which 

examined the effects of weathering on coal waste with respect 

to soil development. 

Coal Refuse Properties 

Particle Size 

Coal wastes are often coarse in texture. In modern prep 

plants this is due to separate coarse and fine coal cleaning 

circuits. The fine (<0.5mm) fraction is usually excluded from 

the coarse fraction and deposited as a slurry behind a dam of
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coarse refuse. In older piles the material was hand picked 

and very few fines were incorporated into the pile. The 

result of their coarse texture is a low water holding capacity 

which can be limiting to plant growth. Moulton et al (1974) 

studied particle size in some West Virginia refuse piles, and 

they observed that fresh refuse contained 68-95% coarse 

fragments while refuse that was 18 months to 30 years old 

contained 47-80% coarse fragments. They found that weathering 

of the refuse was decreasing the coarse fragment content and 

increasing the silt and clay content. Davidson (1974) sampled 

79 inactive bituminous refuse piles in Pennsylvania and found 

their coarse fragment content to be 56-69%. The mean coarse 

fragment content of the piles sampled by Delp (1975) was 60%. 

pH 

Low pH is likely to be the chemical factor most limiting 

to the establishment and growth of plants on coal refuse. 

Although many refuse piles have a neutral or near neutral pH 

when they are originally deposited, the pH of refuse usually 

drops rapidly as the weathering of pyritic materials produces 

acidity. The detrimental effects of low pH have been extolled 

upon by many authors. For a discussion of these effects see 

Brady (1984), Foth (1984), or Thomas and Hargrove (1974). 

In general, the reported values for pH of weathered coal 

refuse are in the strongly acid to extremely acid range. Two 

refuse piles in Illinois were sampled by Medvick and Grandt
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(1976) and their pHs were found to be 2.33 and 2.53. Narwot 

et al., (1986) reports pH values ranging from 2.3 to 3.0 ina 

study of refuse associated with 4 coal seams from Illinois. 

The pH of coal refuse in West Virginia ranged from neutral to 

extremely acid in a study of 26 minesoils developed in coal 

refuse by Delp (1976). Five refuse piles in Illinois were 

sampled by Haynes and Klimstra (1975) and their pH values 

ranged from 2.4-3.0 with a mean of 2.8. Refuse with pH values 

below 3.5 seem to be indicative of refuse from high (> 2.0%) 

sulfur coal. 

The mechanism responsible for the low pH of coal refuse 

is pyrite oxidation. This is the primary reason why so much 

coal refuse/minespoil/acid-mine-drainage research dwells on 

the pyritic sulfur content of these materials. The factors 

affecting the rate of pyrite oxidation are outlined by 

Caruccio et al.,(1988), and include surface area per unit 

volume, temperature, pH, oxygen concentration, and the 

presence of iron oxidizing bacteria such as T. ferrooxidans. 

The oxidation of pyrite takes place in a series of reactions 

which feed back upon each other once the process is started. 

The following equations for the oxidation of pyrite are taken 

from Caruccio (1988). 

FeS,(s) + 7/2 0, + H,O = Fe* + 2 so,* + 2 H* [1] 

Fe* + 1/4 0, + H’ = Fe** + 1/2 H,O (2] 

Fe** + 3H,O = Fe(OH),(s) + 3 H* [3] 

FeS,(s) + 14 Fe** + 8H,O = 15Fe* 2 sSo,* + 16 H* [4]
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In the first step (reaction 1) pyrite is oxidized to form 

sulfate, and ferrous iron and acidity are released into 

solution. It is interesting to note that only S is oxidized 

in the first step of this series. In reaction 2, ferrous iron 

is oxidized to form ferric iron. Singer and Stumm (1970) have 

characterized this reaction as the rate limiting step in this 

reaction series. Hydrolysis of the ferric iron produced in 

reaction 2 produces ferric hydroxide and acidity (reaction 3). 

At low pHs (<4) ferric iron may oxidize iron directly 

(reaction 4). Once sufficient quantities of ferric iron have 

been produced, sulfide is oxidized through reaction 4 and 

oxygen is only involved in the oxidation of reaction 2 

(Caruccio et al., 1988). 

At low pHs, bacteria such as 7. ferrooxidans can greatly 

increase the oxidation rate of ferrous iron. The rate of 

oxidation of ferrous iron in the presence of fT. ferrooxidans 

has been shown to be increased by more than 10° over the rate 

of ferrous iron oxidation by oxygen alone (Caruccio et al., 

1988). Controlling acidity by controlling the rate 

determining step is the basis for the anti-bacterial, heavy P, 

and lime treatments used in the mitigation of acid mine 

drainage problems. 

There are several results of pyrite oxidation that have 

a direct impact on the properties of coal refuse. The first 

of these is a reduction in pH due to the acid loads produced. 

This acidity can attack minerals causing alteration and
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release of cations into the systen. Salts can form which 

increase the soluble salt content of soil solution to levels 

which can be toxic in some plants. Heavy metals such as Zn, 

Ni, and Cd which are impurities in the pyrite structure are 

also released during pyrite oxidation. 

Electrical Conductivity 

Measurement of the electrical conductivity (EC) of a 

solution in equilibrium will give an indication of the amount 

of soluble salts present in that soil. There is a correction 

factor to convert EC to ppm soluble salts (Rhoades, 1982), 

however most tables for plant salt toxicity use EC values. 

Differences in methodology make assessment of EC values 

difficult. The standard method uses the extract from a 

saturated soil paste. Other methods such as 1:1 and 1:5 soil 

to water extracts are also used. Care must be taken in making 

interpretations based on EC values whose methodology is not 

documented. The salts produced during pyrite oxidation and 

subsequent acid attack of minerals will produce elevated EC 

1 were values. EC values ranging from 0.03 to 0.30 S m 

reported by Haynes and Klimstra (1975) for a study of five 

Illinois refuse piles. Medvick and Grandt (1976) observed EC 

values ranging from 0.2 to .62 S m' in experimental plots 

established on two refuse piles in Illinois. EC values of 0.4 

s m' are considered to be growth inhibiting to the growth of 

plants which are salt sensitive (Bower and Wilcox, 1965).
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Heavy surface applications of lime were found to reduce the EC 

of surface samples (0.22 S m') as compared to deep samples 

(0.66 S m') (Narwot et al., 1986). 

Extractable Cations 

Little information is available about the extractable 

cation status of refuse. Most studies measure a pH and a 

percent sulfur, but few go beyond this. Exchangeable cations 

were measured by Haynes and Klimstra (1975) in five refuse 

samples from Illinois. The mean extractable cation contents 

were; K 0.10 cmol’/kg, Na 0.49 cmol*/kg, Mg 1.38 cmol*/kg, and 

Ca 16.34 cmol*/kg. These values are all fairly low with the 

exception of Ca. The source of this Ca is likely to be the 

dissolution of Ca-salts, which are secondary precipitates from 

the pyrite oxidation reactions. The Ca released is not truly 

exchangeable, but rather an extractable phase. The presence 

of these salts make the determination of CEC in these 

materials quite difficult. The high Ca values also cause wide 

Ca:Mg ratios. 

Extractable aluminum would also provide useful 

information, especially when planning lime requirements, 

however, little data on this parameter is available. Since 

coal refuse is low in pH it is assumed that it has a high 

extractable Al. This is not always the case, however. Haynes 

and Klimstra (1975) report a moderate mean extractable Al 

content of 2.8 cmol*’/kg in material whose mean pH was 2.8.
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Extractable H values above 20 cmol*’/kg in these samples 

indicate that the major source of acidity is active H” (Haynes 

and Klimstra, 1975). 

Sulfur content 

Sulfur content is one of the parameters that is measured 

in most coal refuse work, and this being the case there is a 

large amount of total S data available. Refuse will reflect 

the characteristics of its parent coal seam(s), and high S 

refuse will generally be associated with high S coal. Mining 

and cleaning methods, variability within coal seams, and 

weathering processes will also play a role in the S content of 

coal refuse. Buttermore et al., (1978) determined the § 

content of refuse from several mining districts. Total S 

values ranged from a low of 0.88% in eastern Kentucky and 

southwest Virginia to a high of 6.22% in northern West 

Virginia. Two refuse piles in Illinois had mean S contents of 

2.27% and 3.00% (Medvick and Grandt, 1976). A single refuse 

pile near Staunton, Illinois had an average S content of 6.85% 

(Sobek and Sullivan, 1981). Rich and Hutchison (1990) report 

a prep plant operating in Nicholas County, WV usually produces 

refuse that is <1% sulfur, but when the Stockton seam (high S) 

is cleaned the S content of the refuse rises to above 1%. 

Potential Acidity 

Potential acidity (PA) is one of the most useful
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�a�m�o�u�n�t�s� �o�f� �p�y�r�i�t�e� �a�n�d� �r�u�t�i�l�e� �(�B�a�r�n�h�i�s�e�l� �a�n�d� �M�a�s�s�e�y�,� �1�9�6�9�)�.



�M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� 

�P�i�l�e� �S�e�l�e�c�t�i�o�n� �a�n�d� �S�a�m�p�l�i�n�g� 

�T�h�e� �r�e�f�u�s�e� �p�i�l�e�s� �u�n�d�e�r� �s�t�u�d�y� �w�e�r�e� �s�e�l�e�c�t�e�d� �o�n� �t�h�e� �b�a�s�i�s� �o�f� 

�c�o�a�l� �s�e�a�m�,� �a�g�e� �o�f� �t�h�e� �p�i�l�e�,� �a�c�c�e�s�s�i�b�i�l�i�t�y�,� �c�o�a�l� �c�o�m�p�a�n�y� �c�o�-� 

�o�p�e�r�a�t�i�o�n�,� �a�n�d� �o�t�h�e�r� �f�a�c�t�o�r�s�.� �T�w�e�n�t�y�-�s�e�v�e�n� �c�o�a�l� �w�a�s�t�e� �p�i�l�e�s� 

�w�e�r�e� �s�a�m�p�l�e�d� �d�u�r�i�n�g� �t�h�e� �s�u�m�m�e�r�s� �o�f� �1�9�8�6� �a�n�d� �1�9�8�7�.� �A�t� �l�e�a�s�t� 

�t�e�n� �o�f� �t�h�e� �2�4� �m�a�j�o�r� �c�o�a�l� �p�r�o�d�u�c�i�n�g� �s�e�a�m�s� �o�f� �s�o�u�t�h�w�e�s�t� �V�i�r�g�i�n�i�a� 

�w�e�r�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�i�s� �s�a�m�p�l�e� �s�e�t�.� �L�a�r�g�e� �b�u�l�k� �s�a�m�p�l�e�s� �(�u�s�u�a�l�l�y� 

�a�b�o�u�t� �4� �k�g�)� �w�e�r�e� �o�b�t�a�i�n�e�d� �b�y� �c�o�m�b�i�n�i�n�g� �s�e�v�e�r�a�l� �s�u�b�s�a�m�p�l�e�s� �f�r�o�m� 

�e�a�c�h� �s�a�m�p�l�i�n�g� �s�i�t�e�.� �T�h�e� �s�u�b�s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �a�t� �r�a�n�d�o�m� 

�a�c�r�o�s�s� �t�h�e� �w�a�l�k�a�b�l�e� �s�u�r�f�a�c�e� �o�f� �e�a�c�h� �p�i�l�e�.� �O�n� �t�h�e� �l�a�r�g�e�r� �p�i�l�e�s� 

�o�n�e� �o�r� �t�w�o� �d�i�f�f�e�r�e�n�t� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �a�r�e�a�s� �w�e�r�e� �s�a�m�p�l�e�d�.� 

�E�r�o�s�i�o�n�a�l� �g�u�l�l�i�e�s�,� �b�u�r�n�e�d� �a�r�e�a�s�,� �t�o�e�s�l�o�p�e� �p�o�s�i�t�i�o�n�s�,� �d�i�s�t�u�r�b�e�d� 

�a�r�e�a�s�,� �a�n�d� �o�t�h�e�r� �n�o�n�r�e�p�r�e�s�e�n�t�a�t�i�v�e� �f�e�a�t�u�r�e�s� �w�e�r�e� �a�v�o�i�d�e�d� 

�d�u�r�i�n�g� �s�a�m�p�l�i�n�g�.� �W�h�e�n� �p�o�s�s�i�b�l�e�,� �s�t�a�b�l�e�,� �n�o�n�e�r�o�d�e�d� �p�o�s�i�t�i�o�n�s� 

�w�e�r�e� �c�h�o�s�e�n� �f�o�r� �s�a�m�p�l�i�n�g�.� �A�l�l� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� �t�h�e� 

�u�p�p�e�r� �1�0� �c�m� �o�f� �r�e�f�u�s�e�.� �A�l�l� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t�s� �l�a�r�g�e�r� �t�h�a�n� �1�5� �c�m� 

�w�e�r�e� �e�x�c�l�u�d�e�d� �a�t� �t�h�e� �t�i�m�e� �o�f� �c�o�l�l�e�c�t�i�o�n�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� 

�r�e�f�u�s�e� �s�a�m�p�l�e�,� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e� �s�l�o�p�e�,� �a�s�p�e�c�t�,� �a�g�e�,� �a�n�d� �s�e�a�m� 

�c�o�m�p�o�s�i�t�i�o�n� �w�a�s� �r�e�c�o�r�d�e�d� �a�t� �e�a�c�h� �s�i�t�e�.� �A�f�t�e�r� �c�o�l�l�e�c�t�i�o�n�,� �t�h�e� 

�b�u�l�k� �s�a�m�p�l�e�s� �o�f� �r�e�f�u�s�e� �w�e�r�e� �t�a�k�e�n� �t�o� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �f�o�r� 

�c�h�e�m�i�c�a�l� �a�n�d� �p�h�y�s�i�c�a�l� �a�n�d� �a�n�a�l�y�s�i�s�.� 

�P�h�y�s�i�c�a�l� �A�n�a�l�y�s�e�s� 

�A�l�l� �s�a�m�p�l�e�s� �w�e�r�e� �a�i�r� �d�r�i�e�d�,� �s�i�e�v�e�d�,� �a�n�d� �a�n�a�l�y�z�e�d� �f�o�r� �t�h�e� 

�1�9



�2�0� 

�p�e�r�c�e�n�t�a�g�e� �r�e�t�a�i�n�e�d� �o�n� �a� �2� �m�m� �s�i�e�v�e�.� �A� �s�u�b�s�a�m�p�l�e� �o�f� �t�h�e� 

�c�o�a�r�s�e� �f�r�a�g�m�e�n�t�s� �(�>� �2� �m�m�)� �w�a�s� �r�e�t�a�i�n�e�d� �f�o�r� �f�u�t�u�r�e� �a�n�a�l�y�s�i�s�.� 

�T�h�e� �e�n�t�i�r�e� �<� �2� �m�m� �f�r�a�c�t�i�o�n� �w�a�s� �r�e�t�a�i�n�e�d� �f�o�r� �d�e�t�a�i�l�e�d� �a�n�a�l�y�s�e�s�.� 

�M�o�i�s�t�u�r�e� �d�e�s�o�r�p�t�i�o�n� �d�e�t�e�r�m�i�n�a�t�i�o�n�s� �a�t� �0�.�0�1�,� �0�.�0�3�,� �0�.�1�0�,� �0�.�3�0�,� 

�a�n�d� �1�.�5� �M�P�a� �s�o�i�l� �m�o�i�s�t�u�r�e� �t�e�n�s�i�o�n� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �<� �2� �m�m� 

�f�r�a�c�t�i�o�n� �o�f� �e�a�c�h� �s�a�m�p�l�e� �u�s�i�n�g� �p�o�r�o�u�s� �c�e�r�a�m�i�c� �p�l�a�t�e�s� �a�n�d� 

�p�r�e�s�s�u�r�e� �v�e�s�s�e�l�s�.� �R�e�f�u�s�e� �s�a�m�p�l�e�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �m�e�t�a�l� �r�i�n�g�s� 

�1�2� �m�m� �i�n� �h�e�i�g�h�t� �b�y� �4�8� �m�m� �i�n� �d�i�a�m�e�t�e�r� �o�n� �t�h�e� �c�e�r�a�m�i�c� �p�l�a�t�e�s� �a�n�d� 

�a�l�l�o�w�e�d� �t�o� �s�a�t�u�r�a�t�e� �b�y� �t�h�e� �p�r�o�c�e�d�u�r�e� �d�e�s�c�r�i�b�e�d� �b�y� �R�i�c�h�a�r�d�s� 

�(�1�9�6�5�)�.� �S�i�n�c�e� �m�o�s�t� �c�o�a�l� �r�e�f�u�s�e� �s�h�o�w�s� �l�i�m�i�t�e�d� �d�e�v�e�l�o�p�m�e�n�t� �o�f� 

�s�o�i�l� �s�t�r�u�c�t�u�r�e�,� �s�a�m�p�l�e� �d�i�s�t�u�r�b�a�n�c�e� �e�r�r�o�r�s� �w�e�r�e� �m�i�n�i�m�a�l� �(�B�r�u�c�e�,� 

�1�9�7�2�)�.� �T�h�e� �s�o�i�l� �m�o�i�s�t�u�r�e� �r�e�t�e�n�t�i�o�n� �a�t� �e�a�c�h� �t�e�n�s�i�o�n� �w�a�s� �t�h�e�n� 

�a�d�j�u�s�t�e�d� �t�o� �r�e�f�l�e�c�t� �t�h�e� �e�n�t�i�r�e� �r�e�f�u�s�e� �s�a�m�p�l�e� �i�n�c�l�u�d�i�n�g� �c�o�a�r�s�e� 

�f�r�a�g�m�e�n�t�s�,� �a�s�s�u�m�i�n�g� �t�h�e� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t�s� �h�a�v�e� �n�e�g�l�i�g�i�b�l�e� �w�a�t�e�r� 

�h�o�l�d�i�n�g� �c�a�p�a�c�i�t�y�.� �P�a�r�t�i�c�l�e� �s�i�z�e� �a�n�a�l�y�s�i�s� �b�y� �t�h�e� �h�y�d�r�o�m�e�t�e�r� 

�m�e�t�h�o�d� �o�f� �D�a�y� �(�1�9�6�5�)� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �a�l�l� �s�a�m�p�l�e�s�.� �W�e�i�g�h�t� 

�l�o�s�s� �a�t� �9�2�3� �K�,� �a�n� �e�s�t�i�m�a�t�o�r� �o�f� �c�a�r�b�o�n� �c�o�n�t�e�n�t�,� �w�a�s� �d�e�t�e�r�m�i�n�e�d� 

�b�y� �h�e�a�t�i�n�g� �5� �g� �o�f� �<� �2� �m�m� �c�o�a�l� �r�e�f�u�s�e� �f�o�r� �3� �h�r� �i�n� �a� �m�u�f�f�l�e� 

�f�u�r�n�a�c�e� �a�n�d� �r�e�c�o�r�d�i�n�g� �t�h�e� �w�e�i�g�h�t� �c�h�a�n�g�e�.� 

�C�h�e�m�i�c�a�l� �A�n�a�l�y�s�e�s� 

�A�l�l� �c�h�e�m�i�c�a�l� �a�n�a�l�y�s�e�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �<� �2� �m�m� 

�f�r�a�c�t�i�o�n� �o�n�l�y�.� �S�o�i�l� �p�H� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �i�n� �a� �1�:�1� �s�o�i�l�:�w�a�t�e�r� 

�s�l�u�r�r�y� �w�i�t�h� �a� �c�o�m�b�i�n�a�t�i�o�n� �g�l�a�s�s�-�c�a�l�o�m�e�l� �e�l�e�c�t�r�o�d�e� �a�n�d� �a� �p�H� 

�m�e�t�e�r� �(�M�c�L�e�a�n�,� �1�9�8�2�)�.� �E�l�e�c�t�r�i�c�a�l� �c�o�n�d�u�c�t�i�v�i�t�i�e�s� �w�e�r�e� 

�d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �a� �s�a�t�u�r�a�t�e�d� �p�a�s�t�e� �e�x�t�r�a�c�t� �u�s�i�n�g� �a� �c�o�n�d�u�c�t�i�v�i�t�y



�2�1� 

�c�e�l�l� �r�e�f�e�r�e�n�c�e�d� �t�o� �s�t�a�n�d�a�r�d� �0�.�0�1� �N� �K�C�l� �(�R�h�o�a�d�e�s�,� �1�9�8�2�)�.� 

�E�x�t�r�a�c�t�a�b�l�e� �C�a�,� �M�g�,� �a�n�d� �K� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �a�t�o�m�i�c� �a�b�s�o�r�p�t�i�o�n� 

�s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�r�y� �(�A�A�S�)� �a�f�t�e�r� �e�x�t�r�a�c�t�i�o�n� �w�i�t�h� �N� �N�H�,�O�A�c� 

�b�u�f�f�e�r�e�d� �a�t� �p�H� �7� �(�T�h�o�m�a�s�,� �1�9�8�2�)�.� �E�x�t�r�a�c�t�a�b�l�e� �a�l�u�m�i�n�u�m� �w�a�s� 

�e�x�t�r�a�c�t�e�d� �w�i�t�h� �N� �K�C�l� �(�B�a�r�n�h�i�s�e�l� �a�n�d� �B�e�r�t�s�c�h�,� �1�9�8�2�)�.� �T�h�e� 

�a�m�o�u�n�t� �o�f� �e�x�t�r�a�c�t�a�b�l�e� �a�c�i�d�i�t�y� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �t�h�e� �b�a�r�i�u�m� 

�c�h�l�o�r�i�d�e� �t�r�i�e�t�h�a�n�o�l�a�m�i�n�e� �(�B�a�C�l�,�-�T�E�A�)� �m�e�t�h�o�d� �o�f� �P�e�e�c�h� �(�1�9�6�5�)�.� 

�E�f�f�e�c�t�i�v�e� �c�a�t�i�o�n� �e�x�c�h�a�n�g�e� �c�a�p�a�c�i�t�y� �(�E�C�E�C�)� �w�a�s� �e�s�t�i�m�a�t�e�d� �b�y� �t�h�e� 

�s�u�m�m�a�t�i�o�n� �o�f� �t�h�e� �e�x�t�r�a�c�t�a�b�l�e� �c�a�t�i�o�n�s� �(�C�a�+�M�g�+�K�+�A�l�)� �(�C�h�a�p�m�a�n�,� 

�1�9�6�5�)�.� �P�e�r�c�e�n�t� �b�a�s�e� �s�a�t�u�r�a�t�i�o�n� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �d�i�v�i�d�i�n�g� �t�h�e� 

�s�u�m� �o�f� �t�h�e� �b�a�s�i�c� �c�a�t�i�o�n�s� �b�y� �t�h�e� �t�o�t�a�l� �C�E�C�.� �A� �C�E�C� 

�d�e�t�e�r�m�i�n�a�t�i�o�n� �b�y� �t�h�e� �d�o�u�b�l�e� �w�a�s�h� �m�e�t�h�o�d� �o�f� �Z�e�l�a�z�n�y� �(�1�9�8�7�)� �w�a�s� 

�a�l�s�o� �m�a�d�e� �t�o� �a�d�j�u�s�t� �f�o�r� �e�r�r�o�r�s� �d�u�e� �t�o� �s�o�l�u�b�l�e� �s�a�l�t�s� �i�n� �t�h�e�s�e� 

�s�a�m�p�l�e�s�.� 

�A�v�a�i�l�a�b�l�e� �P� �w�a�s� �e�x�t�r�a�c�t�e�d� �u�s�i�n�g� �a� �d�o�u�b�l�e� �a�c�i�d� �s�o�l�u�t�i�o�n�,� 

�(�O�0�.�0�5�N� �H�C�l� �a�n�d� �0�.�0�2�5�N� �H�,�S�O�,�)�,� �w�i�t�h� �s�u�b�s�e�q�u�e�n�t� �c�o�l�o�r�i�m�e�t�r�i�c� 

�a�n�a�l�y�s�i�s� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �O�l�s�e�n� �a�n�d� �D�e�a�n�,� �(�1�9�6�5�)�.� �S�o�d�i�u�m� �d�i�-� 

�t�h�i�o�n�i�t�e�-�c�i�t�r�a�t�e�-�b�i�c�a�r�b�o�n�a�t�e� �(�D�C�B�)� �w�a�s� �u�s�e�d� �t�o� �e�x�t�r�a�c�t� �f�r�e�e�-�F�e� 

�(�H�o�l�m�g�r�e�n�,� �1�9�6�7�)� �w�h�i�c�h� �w�a�s� �t�h�e�n� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �A�A�S�.� �T�o�t�a�l�-� 

�S� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �w�i�t�h� �a� �L�E�C�O!"� �f�u�r�n�a�c�e� �S�-�a�n�a�l�y�z�e�r�.� �H�o�t� �w�a�t�e�r� 

�s�o�l�u�b�l�e� �b�o�r�o�n� �w�a�s� �e�x�t�r�a�c�t�e�d� �a�n�d� �c�o�l�o�r�i�m�e�t�r�i�c�a�l�l�y� �a�n�a�l�y�z�e�d� �a�s� 

�d�e�s�c�r�i�b�e�d� �b�y� �P�a�r�k�e�r� �a�n�d� �G�a�r�d�n�e�r� �(�1�9�8�1�)�.� �P�o�t�e�n�t�i�a�l� �a�c�i�d�i�t�y� 

�f�r�o�m� �a� �H�,�O�,� �d�i�g�e�s�t�i�o�n� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �B�a�r�n�h�i�s�e�l� 

�a�n�d� �H�a�r�r�i�s�o�n� �(�1�9�7�6�)�.� �T�h�i�s� �p�r�o�c�e�d�u�r�e� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �a� �w�h�o�l�e� 

�s�a�m�p�l�e� �i�n�c�l�u�d�i�n�g� �t�h�e� �>� �2� �m�m� �f�r�a�c�t�i�o�n�.



�2�2� 

�T�o�t�a�l� �E�l�e�m�e�n�t�a�l� �A�n�a�l�y�s�i�s� 

�T�o�t�a�l� �A�l�,� �C�a�,� �C�d�,� �C�r�,� �C�u�,� �F�e�,� �M�g�,� �M�n�,� �N�i�,� �N�a�,� �P�,� �P�b�,� �S�i�,� 

�Z�n� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �i�o�n� �c�o�u�p�l�e�d� �p�l�a�s�m�a� �e�m�i�s�s�i�o�n� 

�s�p�e�c�t�r�o�s�c�o�p�y� �(�I�C�P�E�S�)� �f�r�o�m� �a� �t�o�t�a�l� �d�i�g�e�s�t� �w�i�t�h� �H�F� �i�n� �a� �p�r�e�s�s�u�r�e� 

�b�o�m�b� �(�B�e�r�n�a�s�,� �1�9�6�8�)�.� �P�o�t�a�s�s�i�u�m� �w�a�s� �a�l�s�o� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�i�s� 

�-� �G�i�g�e�s�t� �b�y� �A�A�S�.� �T�h�e�s�e� �d�i�g�e�s�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �<� �2� �m�m� 

�f�r�a�c�t�i�o�n� �o�n�l�y�.� �A�s� �p�r�e�t�r�e�a�t�m�e�n�t�s� �f�o�r� �d�i�g�e�s�t�i�o�n�,� �t�h�e� �s�a�m�p�l�e�s� 

�w�e�r�e� �g�r�o�u�n�d� �t�o� �1�0�0� �m�e�s�h� �i�n� �a� �S�p�e�x!"� �m�i�x�e�r� �m�i�l�l� �a�n�d� �h�e�a�t�e�d� �t�o� 

�9�2�3� �K� �t�o� �r�e�m�o�v�e� �c�a�r�b�o�n�.� 

�C�l�a�y� �M�i�n�e�r�a�l�o�g�i�c�a�l� �A�n�a�l�y�s�i�s� 

�T�h�e� �c�l�a�y� �m�i�n�e�r�a�l�o�g�y� �o�f� �t�h�e� �<� �2� �m�m� �f�r�a�c�t�i�o�n� �o�f� �s�a�m�p�l�e�s� 

�C�C�R�,� �J�S�R�,� �a�n�d� �R�R�A� �w�e�r�e� �a�l�s�o� �i�n�v�e�s�t�i�g�a�t�e�d�.� �S�a�m�p�l�e�s� �C�C�R� �a�n�d� �J�S�R� 

�w�e�r�e� �p�a�r�t� �o�f� �t�h�e� �S�-�1�9�9� �t�o�x�i�c� �w�a�s�t�e� �e�x�c�h�a�n�g�e� �p�r�o�j�e�c�t�,� �a�n�d� �R�R�A� 

�w�a�s� �a� �p�a�r�t� �o�f� �a� �c�l�a�s�s� �p�r�o�j�e�c�t�.� �S�a�m�p�l�e�s� �w�e�r�e� �p�r�e�t�r�e�a�t�e�d� �w�i�t�h� 

�N� �N�a�O�A�c� �t�o� �r�e�m�o�v�e� �s�o�l�u�b�l�e� �s�a�l�t�s� �(�K�u�n�z�e� �1�9�6�5�)�,� �w�i�t�h� �H�,�0�,� 

�b�u�f�f�e�r�e�d� �a�t� �p�H� �5� �w�i�t�h� �N�a�O�A�c� �(�K�u�n�z�e� �1�9�6�5�)� �t�o� �r�e�m�o�v�e� �o�r�g�a�n�i�c� 

�m�a�t�t�e�r�,� �a�n�d� �w�i�t�h� �D�C�B� �t�o� �r�e�m�o�v�e� �f�r�e�e� �i�r�o�n� �o�x�i�d�e�s� �(�H�o�l�m�g�r�e�n�,� 

�1�9�6�7�)�.� �S�a�n�d� �w�a�s� �s�e�p�a�r�a�t�e�d� �b�y� �w�e�t� �s�i�e�v�i�n�g�.� �S�i�l�t� �a�n�d� �c�l�a�y� �w�e�r�e� 

�s�e�p�a�r�a�t�e�d� �b�y� �c�e�n�t�r�i�f�u�g�a�t�i�o�n� �w�i�t�h� �s�u�b�s�e�q�u�e�n�t� �d�e�c�a�n�t�a�t�i�o�n� �a�f�t�e�r� 

�d�i�s�p�e�r�s�i�o�n� �w�i�t�h� �d�i�l�u�t�e� �N�a�,�c�O�,� �a�d�j�u�s�t�e�d� �t�o� �p�H� �1�0�.� �O�r�i�e�n�t�e�d� �c�l�a�y� 

�m�o�u�n�t�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �p�l�a�c�i�n�g� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�5�0� �m�g� �o�f� 

�s�u�s�p�e�n�d�e�d� �c�l�a�y� �o�n�t�o� �a� �u�n�g�l�a�z�e�d� �c�e�r�a�m�i�c� �t�i�l�e� �u�s�i�n�g� �a� �s�u�c�t�i�o�n� 

�a�p�p�a�r�a�t�u�s�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �t�h�e�n� �s�a�t�u�r�a�t�e�d� �w�i�t�h� �M�g� �o�r� �K� �a�n�d� 

�w�a�s�h�e�d� �f�r�e�e� �o�f� �e�x�c�e�s�s� �s�a�l�t�s�,� �a�n�d� �t�h�e� �M�g� �s�a�t�u�r�a�t�e�d� �t�i�l�e�s� �w�e�r�e� 

�g�l�y�c�o�l�a�t�e�d�.� �X�-�r�a�y� �d�i�f�f�r�a�c�t�o�g�r�a�m�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�o�r� �t�h�e� �M�g� 

�s�a�m�p�l�e�s� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �a�f�t�e�r� �a� �3�7�8� �K� �h�e�a�t� �t�r�e�a�t�m�e�n�t�.



�2�3� 

�D�i�f�f�r�a�c�t�o�g�r�a�m�s� �f�o�r� �t�h�e� �K� �s�a�t�u�r�a�t�e�d� �s�a�m�p�l�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �a�t� 

�r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �a�f�t�e�r� �h�e�a�t� �t�r�e�a�t�m�e�n�t�s� �o�f� �3�7�8� �K�,� �5�7�3� �K�,� 

�a�n�d� �9�2�3� �K�.� �T�h�e� �d�i�f�f�r�a�c�t�o�g�r�a�m�s� �w�e�r�e� �g�e�n�e�r�a�t�e�d� �u�s�i�n�g� �a� �G�e�n�e�r�a�l� 

�E�l�e�c�t�r�i�c� �X�R�D�-�8�3�0�0� �d�i�f�f�r�a�c�t�o�m�e�t�e�r� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �D�i�g�i�t�a�l� 

�E�q�u�i�p�m�e�n�t� �C�o�m�p�a�n�y� �L�1�1�/�2�3� �c�o�m�p�u�t�e�r�.� �T�h�e� �m�o�u�n�t�s� �w�e�r�e� �s�t�e�p� 

�s�c�a�n�n�e�d� �a�t� �a� �r�a�t�e� �o�f� �2�°� �2�-�T�h�e�t�a� �p�e�r� �m�i�n�u�t�e� �u�s�i�n�g� �C�u� �K�-�a�l�p�h�a� 

�r�a�d�i�a�t�i�o�n� �a�n�d� �a� �g�r�a�p�h�i�t�e� �m�o�n�o�c�h�r�o�m�a�t�o�r�.� �T�h�e� �r�e�l�a�t�i�v�e� �a�m�o�u�n�t�s� 

�o�f� �k�a�o�l�i�n�i�t�e�,� �m�u�s�c�o�v�i�t�e�,� �v�e�r�m�i�c�u�l�i�t�e�,� �a�n�d� �c�h�l�o�r�i�t�i�z�e�d� 

�v�e�r�m�i�c�u�l�i�t�e� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �r�e�l�a�t�i�v�e� �p�e�a�k� �a�r�e�a�s�.� 

�S�t�a�t�i�s�t�i�c�s� 

�D�e�s�c�r�i�p�t�i�v�e� �s�t�a�t�i�s�t�i�c�s� �o�n� �e�a�c�h� �p�a�r�a�m�e�t�e�r�,� �m�e�a�n�,� �s�t�a�n�d�a�r�d� 

�d�e�v�i�a�t�i�o�n�,� �a�n�d� �r�a�n�g�e� �w�e�r�e� �c�o�m�p�u�t�e�d� �u�s�i�n�g� �t�h�e� �p�r�o�g�r�a�m� �M�i�n�i�t�a�b� 

�R�e�l�.� �6�.�1�.�1� �(�M�i�n�i�t�a�b�,� �I�n�c�.� �1�9�8�7�)�.� �M�i�n�i�t�a�b� �w�a�s� �a�l�s�o� �u�s�e�d� �t�o� 

�c�a�l�c�u�l�a�t�e� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �b�e�t�w�e�e�n� �p�a�r�a�m�e�t�e�r�s�.� 

�T�h�e� �c�o�m�p�u�t�e�r� �p�r�o�g�r�a�m� �S�A�S� �(�S�A�S� �I�n�s�t�i�t�u�t�e�,� �1�9�8�5�)� �w�a�s� �u�s�e�d� �f�o�r� 

�A�N�O�V�A� �p�r�o�c�e�d�u�r�e�s� �a�n�d� �f�o�r� �l�i�n�e�a�r� �r�e�g�r�e�s�s�i�o�n� �a�n�a�l�y�s�i�s�.� �T�h�e� 

�S�t�u�d�e�n�t�-�N�e�w�m�a�n�-�K�e�u�l�s� �m�e�t�h�o�d� �o�f� �m�e�a�n�s� �c�o�m�p�a�r�i�s�o�n� �w�a�s� �a�l�s�o� �u�s�e�d� 

�(�S�A�S� �I�n�s�t�i�t�u�t�e�,� �1�9�8�9�)�.� �T�h�i�s� �m�e�t�h�o�d� �i�s� �m�o�r�e� �c�o�n�s�e�r�v�a�t�i�v�e� �t�h�a�n� 

�D�u�n�c�a�n ��s� �t�e�s�t� �o�r� �F�i�s�h�e�r ��s� �L�S�D�,� �b�u�t� �l�e�s�s� �c�o�n�s�e�r�v�a�t�i�v�e� �t�h�a�n� 

�T�u�k�e�y ��s� �t�e�s�t� �(�Z�a�r�,� �1�9�8�4�)�.� �A� �t�w�o� �s�a�m�p�l�e� �t�-�t�e�s�t� �w�a�s� �a�l�s�o� 

�p�e�r�f�o�r�m�e�d� �a�s� �o�u�t�l�i�n�e�d� �b�y� �Z�a�r� �(�1�9�8�4�)�.� 

�M�a�n�y� �c�o�m�p�a�r�i�s�o�n�s� �w�e�r�e� �d�r�a�w�n� �b�e�t�w�e�e�n� �t�h�e� �<� �2�0� �y�e�a�r� �o�l�d� 

�p�i�l�e�s� �a�n�d� �t�h�e� �>� �2�0� �y�e�a�r� �o�l�d� �p�i�l�e�s�.� �T�h�e�s�e� �c�o�m�p�a�r�i�s�o�n�s� �w�e�r�e� 

�m�a�d�e� �w�i�t�h� �t�h�e� �M�a�n�n�-�W�h�i�t�n�e�y� �t�e�s�t�.� �T�h�i�s� �t�e�s�t� �i�s� �a�l�s�o� �k�n�o�w�n� �a�s� 

�t�h�e� �W�i�l�c�o�x�o�n� �t�e�s�t� �(�Z�a�r�,� �1�9�8�4�)�.� �T�h�e�s�e� �c�o�m�p�a�r�i�s�o�n�s� �w�e�r�e� �m�a�d�e



�2�4� 

�u�s�i�n�g� �M�i�n�i�t�a�b� �(�1�9�8�7�)�.� �T�h�i�s� �i�s� �t�h�e� �n�o�n�p�a�r�a�m�e�t�r�i�c� �e�q�u�i�v�a�l�e�n�t� �o�f� 

�t�h�e� �t�w�o� �s�a�m�p�l�e� �t�-�t�e�s�t�.� �T�h�e� �M�a�n�n�-�W�h�i�t�n�e�y� �t�e�s�t� �i�s� �o�n�e� �o�f� �t�h�e� 

�m�o�s�t� �p�o�w�e�r�f�u�l� �s�t�a�t�i�s�t�i�c�a�l� �t�e�s�t�s� �a�v�a�i�l�a�b�l�e�.� �W�h�e�n� �e�i�t�h�e�r� �t�e�s�t� 

�a�p�p�l�i�e�s� �t�h�e� �M�a�n�n�-�W�h�i�t�n�e�y� �t�e�s�t� �i�s� �9�5�%� �a�s� �p�o�w�e�r�f�u�l� �a�s� �t�h�e� �t�w�o� 

�s�a�m�p�l�e� �t�-�t�e�s�t� �(�Z�a�r�,� �1�9�8�4�)�.� �I�f� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s� �(�n�o�r�m�a�l�i�t�y�,� 

�e�q�u�a�l� �v�a�r�i�a�n�c�e�)� �o�f� �t�h�e� �t�w�o� �s�a�m�p�l�e� �t�-�t�e�s�t� �a�r�e� �v�i�o�l�a�t�e�d�,� �t�h�e� 

�M�a�n�n�-�W�h�i�t�n�e�y� �i�s� �t�h�e� �m�o�r�e� �p�o�w�e�r�f�u�l� �t�e�s�t� �(�Z�a�r�,� �1�9�8�4�)�.� 

�B�o�x�p�l�o�t�s� �h�a�v�e� �b�e�e�n� �u�s�e�d� �t�o� �d�i�s�p�l�a�y� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� 

�m�o�s�t� �p�a�r�a�m�e�t�e�r�s�.� �T�h�e� �b�o�x�p�l�o�t�s� �w�e�r�e� �p�l�o�t�t�e�d� �u�s�i�n�g� �M�i�n�i�t�a�b� 

�(�1�9�8�7�)�.� �M�u�c�h� �i�n�f�o�r�m�a�t�i�o�n� �i�s� �c�o�n�t�a�i�n�e�d� �i�n� �a� �b�o�x�p�l�o�t�.� �T�h�e� �b�o�x� 

�(�F�i�g� �1�)� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �m�i�d�d�l�e� �h�a�l�f� �o�f� �t�h�e� �d�a�t�a�,� �o�r� �t�h�e� �t�w�o� 

�i�n�n�e�r� �q�u�a�r�t�i�l�e�s�.� �T�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �b�o�x� �i�s� �c�a�l�l�e�d� �t�h�e� 

�i�n�t�e�r�q�u�a�r�t�i�l�e� �r�a�n�g�e� �(�I�Q�R�)�.� �T�h�e� �"�w�h�i�s�k�e�r�s�"� �e�x�t�e�n�d� �1�.�5� �t�i�m�e�s� 

�t�h�e� �i�n�t�e�r�q�u�a�r�t�i�l�e� �r�a�n�g�e� �f�r�o�m� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �_� �b�o�x�.� 

�O�b�s�e�r�v�a�t�i�o�n�s� �w�h�i�c�h� �a�r�e� �b�e�t�w�e�e�n� �1�.�5� �a�n�d� �3� �I�Q�R�s� �a�w�a�y� �f�r�o�m� �t�h�e� 

�b�o�x� �a�r�e� �p�l�o�t�t�e�d� �a�s� �*� �a�n�d� �a�r�e� �m�i�l�d� �o�u�t�l�i�e�r�s�.� �O�b�s�e�r�v�a�t�i�o�n�s� 

�g�r�e�a�t�e�r� �t�h�a�n� �3� �I�Q�R�s� �a�w�a�y� �a�r�e� �e�x�t�r�e�m�e� �o�u�t�l�i�e�r�s� �a�n�d� �p�l�o�t�t�e�d� �a�s� 

�O� 

�T�h�e� �c�e�n�t�e�r� �(�m�e�d�i�a�n�)� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �i�s� �p�l�o�t�t�e�d� �a�s� �+�.� 

�T�h�e� �r�e�l�a�t�i�v�e� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� �m�e�d�i�a�n� �(�+�)� �g�i�v�e�s� �u�s� �i�n�f�o�r�m�a�t�i�o�n� 

�a�b�o�u�t� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �d�a�t�a�.� �I�f� �t�h�e� �d�a�t�a� �i�s� �n�o�r�m�a�l�l�y� 

�d�i�s�t�r�i�b�u�t�e�d�,� �t�h�e�n� �t�h�e� �+� �w�i�l�l� �b�e� �i�n� �t�h�e� �m�i�d�d�l�e� �o�f� �t�h�e� �b�o�x�.� �I�f� 

�t�h�e� �m�e�d�i�a�n� �l�i�e�s� �i�n� �o�n�e� �e�n�d� �o�f� �t�h�e� �b�o�x� �i�t� �i�n�d�i�c�a�t�e�s� �s�k�e�w� �i�n� 

�t�h�a�t� �d�i�r�e�c�t�i�o�n�.



�2�5� 

� � 

� � 

�O�T� �*� 

�+� �+ ��p�p�m� �P� 
�3�8�6� �4�5�a� �6�9�g� �7�5�@� �9�8�0� �1�8�5�@� � � � � � � 

�F�i�g�u�r�e� �1�.� �E�x�a�m�p�l�e� �o�f� �a� �b�o�x�p�l�o�t� �u�s�i�n�g� �t�o�t�a�l� �P� �d�a�t�a�.� �*� �a�r�e� 
�m�i�l�d� �o�u�t�l�i�e�r�s�.



�2�6� 

�P�i�l�e� �L�o�c�a�t�i�o�n�s� �a�n�d� �I�d�e�n�t�i�f�i�c�a�t�i�o�n� �C�o�d�e�s� 

�T�h�e� �n�a�m�e�s� �o�f� �t�h�e� �p�i�l�e�s� �a�n�d� �t�h�e�i�r� �a�p�p�r�o�x�i�m�a�t�e�d� �o�r� 

�c�o�n�f�i�r�m�e�d� �a�g�e�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �1�.� �A�g�e�s� �w�e�r�e� �e�s�t�i�m�a�t�e�d� 

�b�y� �t�h�e� �s�i�z�e� �o�f� �t�r�e�e�s� �o�n� �t�h�e� �p�i�l�e�s�,� �b�y� �t�h�e� �c�o�n�f�i�g�u�r�a�t�i�o�n� �o�f� �t�h�e� 

�p�i�l�e�s�,� �b�y� �t�h�e�i�r� �l�o�c�a�t�i�o�n�s�,� �a�n�d� �b�y� �c�o�a�l� �c�o�m�p�a�n�y� �i�n�f�o�r�m�a�t�i�o�n�.� 

�T�r�e�e� �b�o�r�i�n�g�s� �w�e�r�e� �u�s�u�a�l�l�y� �i�n�c�o�n�c�l�u�s�i�v�e� �d�u�e� �t�o� �t�h�e� �h�e�a�r�t�s� �o�f� 

�m�a�n�y� �o�f� �t�h�e� �t�r�e�e�s� �b�e�i�n�g� �r�o�t�t�e�d�.� �A�l�l� �o�f� �t�h�e� �p�r�e�-�1�9�7�0�s� �p�i�l�e�s� �i�n� 

�t�h�i�s� �s�t�u�d�y� �w�e�r�e� �h�i�l�l�s�i�d�e� �d�u�m�p� �t�y�p�e� �p�i�l�e�s� �i�n� �w�h�i�c�h� �r�e�f�u�s�e� �w�a�s� 

�t�r�a�n�s�p�o�r�t�e�d� �a�l�o�n�g� �a� �h�i�l�l�s�i�d�e�,� �u�s�u�a�l�l�y� �w�i�t�h� �s�o�m�e� �t�y�p�e� �o�f� �t�r�a�m�,� 

�a�n�d� �d�u�m�p�e�d� �o�v�e�r� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �s�l�o�p�e�s�.� �I�t� �i�s� �a�l�s�o� �l�i�k�e�l�y� 

�t�h�a�t� �m�o�s�t� �o�f� �t�h�e� �p�r�e�-�1�9�6�0�s� �m�a�t�e�r�i�a�l�s� �w�e�r�e� �h�a�n�d� �p�i�c�k�e�d�.� �T�h�e� 

�r�u�n� �o�f� �t�h�e� �m�i�n�e� �c�o�a�l� �w�a�s� �p�l�a�c�e�d� �o�n� �a� �b�e�l�t� �a�n�d� �a� �n�u�m�b�e�r� �o�f� 

�w�o�r�k�e�r�s� �(�u�s�u�a�l�l�y� �c�h�i�l�d�r�e�n�)� �p�i�c�k�e�d� �t�h�e� �r�e�f�u�s�e� �f�r�o�m� �t�h�e� �c�o�a�l�.� 

�T�h�e� �r�e�f�u�s�e� �w�a�s� �t�h�e�n� �d�u�m�p�e�d� �o�v�e�r� �a� �n�e�a�r�b�y� �h�i�l�l�s�i�d�e�.� �T�h�e�s�e� 

�p�i�l�e�s� �t�o�d�a�y� �r�e�s�e�m�b�l�e� �b�l�a�c�k� �a�l�l�u�v�i�a�l� �f�a�n�s� �d�e�s�c�e�n�d�i�n�g� �o�v�e�r� �t�h�e�i�r� 

�h�i�l�l�s�i�d�e�s�.� �L�o�c�a�t�i�o�n� �w�a�s� �a�l�s�o� �a� �c�l�u�e� �t�o� �t�h�e� �a�g�e� �o�f� �t�h�e� �r�e�f�u�s�e�.� 

�O�l�d� �r�e�f�u�s�e� �p�i�l�e�s� �a�r�e� �l�o�c�a�t�e�d� �n�e�a�r� �t�h�e� �p�o�r�t�a�l�s� �o�f� �o�l�d� �m�i�n�e�s� �a�n�d� 

�n�e�a�r� �t�h�e� �r�e�m�n�a�n�t�s� �o�f� �o�l�d� �t�i�p�p�l�e�s� �w�h�i�l�e� �t�h�e� �m�o�r�e� �r�e�c�e�n�t� �p�i�l�e�s� 

�a�r�e� �l�o�c�a�t�e�d� �i�n� �a�s�s�o�c�i�a�t�i�o�n� �w�i�t�h� �m�o�d�e�r�n� �c�o�a�l� �p�r�e�p�a�r�a�t�i�o�n� 

�p�l�a�n�t�s�.� 

�O�f� �t�h�e� �p�i�l�e�s� �s�a�m�p�l�e�d�,� �f�i�v�e� �w�e�r�e� �a�c�t�i�v�e� �p�i�l�e�s� �(�T�a�b�l�e� �1�)� �a�t� 

�t�h�e� �t�i�m�e� �o�f� �s�a�m�p�l�i�n�g�.� �S�i�t�e�s� �B�M�R�,� �J�S�R�,� �a�n�d� �R�R�A� �a�r�e� �c�u�r�r�e�n�t�l�y� 

�a�c�t�i�v�e�.� �S�i�t�e� �N�P�B� �w�a�s� �a�c�t�i�v�e� �u�n�t�i�l� �1�9�8�7� �a�n�d� �i�s� �c�u�r�r�e�n�t�l�y� �i�n� �a�n� 

�i�n�a�c�t�i�v�e� �s�t�a�t�e�.� �S�i�t�e� �C�C�R� �i�s� �t�e�m�p�o�r�a�r�i�l�y� �a�b�a�n�d�o�n�e�d� �a�n�d� �s�l�o�w�l�y� 

�b�e�i�n�g� �r�e�c�l�a�i�m�e�d�.� �T�h�i�s� �s�i�t�e� �h�a�s� �b�e�e�n� �i�n�a�c�t�i�v�e� �s�i�n�c�e� �1�9�8�2� �b�u�t� 

�i�t� �i�s� �i�n�c�l�u�d�e�d� �w�i�t�h� �t�h�e� �a�c�t�i�v�e� �p�i�l�e�s� �b�e�c�a�u�s�e� �i�t� �w�a�s� �p�r�o�d�u�c�e�d



�T�a�b�l�e� �1�.� 

�2�7� 

�T�h�e� �c�o�d�e�s�,� �n�a�m�e�s�,� �a�n�d� �t�h�e� �a�g�e�s� �a�n�d� �s�t�a�t�u�s� �o�f� �t�h�e� 
�r�e�f�u�s�e� �p�i�l�e�s� �s�a�m�p�l�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�.� 
� � 

�S�i�t�e� 

�B�B�R� 

�B�M�R� 

� � 

�N�a�m�e� 

�B�e�t�t�y� �B� �R�e�f�u�s�e� 

�B�u�l�l�i�t� �M�i�n�e� �R�e�f�u�s�e� 

�B�l�a�c�k�w�o�o�d� �R�e�f�u�s�e� 

�C�r�a�n�e� �C�r�e�e�k� �R�e�f�u�s�e� 

�D�a�n�t�e� �R�e�f�u�s�e� �P�i�l�e� 

�D�e�r�b�y� �R�e�f�u�s�e� �P�i�l�e� 

�D�a�l�e� �R�i�d�g�e� �P�i�l�e� �#�1� 

�D�a�l�e� �R�i�d�g�e� �P�i�l�e� �#�2� 

�J�e�w�e�l�l� �S�m�o�k�e�l�e�s�s� �R�e�f�u�s�e� 

�K�e�o�k�e�e� �R�e�f�u�s�e� �P�i�l�e� 

�L�i�t�t�l�e� �D�a�v�i�d� �R�e�f�u�s�e� 

�L�e�e� �T�o�w�n� �R�e�f�u�s�e� 

�M�c�C�o�m�a�s� �R�e�f�u�s�e� �P�i�l�e� 

�N�e�w� �P�i�n�e� �B�r�a�n�c�h� 

�N�o�r�t�o�n� �R�e�f�u�s�e� �P�i�l�e� 

�P�i�n�e� �B�r�a�n�c�h� �R�e�f�u�s�e� 

�P�i�n�e� �B�r�a�n�c�h� �R�e�f�u�s�e� 

�P�o�s�s�u�m� �T�r�o�t� �H�o�l�l�o�w� 

�R�e�d� �D�o�g� �H�i�l�l� 

�R�a�m�s�e�y� �R�e�f�u�s�e� �P�i�l�e� 

�R�o�d�a� �R�e�f�u�s�e� �P�i�l�e� 

�R�e�d� �R�o�b�i�n� �R�e�f�u�s�e� 

�S�h�o�r�t� �G�a�p� �R�e�f�u�s�e� 

�W�i�s�e� �C�o�a�l� �R�e�f�u�s�e� 

�3�1� �H�o�l�l�o�w� 

�W�e�s�t�m�o�r�e�l�a�n�d� �P�i�l�e� �#� �3�5� 

�A�l�o�n�g� �T�a�z�e�w�e�l�l� �C�o�.� �6�7�0� 

�A�l�o�n�g� �T�a�z�e�w�e�l�l� �C�o�.� �6�7�0� 

�a�b�a�n�d�o�n�e�d� 

�a�b�a�n�d�o�n�e�d� 

�A�g�e� �a�n�d� �s�t�a�t�u�s� 

�a�b�a�n�d�o�n�e�d� �<� �2�0� �y�e�a�r�s� 

�a�c�t�i�v�e� 

�a�b�a�n�d�o�n�e�d� �<� �2�0� �y�e�a�r�s� 

�a�b�a�n�d�o�n�e�d� �1�9�8�0� 

�>� �5�0� �y�e�a�r�s� 

�a�b�a�n�d�o�n�e�d� �1�9�5�0 ��s� 

�a�b�a�n�d�o�n�e�d� �<� �2�0� �y�e�a�r�s� 

�a�b�a�n�d�o�n�e�d� �<� �2�0� �y�e�a�r�s� 

�a�c�t�i�v�e� 

�a�b�a�n�d�o�n�e�d� �1�9�2�7� 

�a�b�a�n�d�o�n�e�d� �>� �2�0� �y�e�a�r�s� 

�a�b�a�n�d�o�n�e�d� �i�n� �1�9�7�8� �o�r� �7�9� 

�a�b�a�n�d�o�n�e�d� 

�A�c�t�i�v�e� �b�u�t� �i�d�l�e� 

�>� �5�0� �y�e�a�r�s� 

�a�b�a�n�d�o�n�e�d� 

�l�a�t�e� 

�l�a�t�e� 

�1�9�5�2� 

�>� �6�0� 

�1�9�7�0 ��s� 

�1�9�7�0 ��s� 

�a�b�a�n�d�o�n�e�d� 

�a�b�a�n�d�o�n�e�d� 

�a�b�a�n�d�o�n�e�d� 

�a�b�a�n�d�o�n�e�d� �y�e�a�r�s� 

�a�c�t�i�v�e� 

�a�b�a�n�d�o�n�e�d� �1�9�5�7� 

�>� �4�0� 

�>� �5�0� 

�>� �2�0� 

�>� �2�0� 

�1�9�7�3� 

�>� �4�0� 

�>� �4�0� 

�a�b�a�n�d�o�n�e�d� �y�e�a�r�s� 

�a�b�a�n�d�o�n�e�d� �y�e�a�r�s� 

�a�b�a�n�d�o�n�e�d� �y�e�a�r�s� 

�y�e�a�r�s� 

�a�b�a�n�d�o�n�e�d� 

�a�b�a�n�d�o�n�e�d� �y�e�a�r�s� 

�a�b�a�n�d�o�n�e�d� �y�e�a�r�s� 
� � � 



�2�8� 

�b�y� �a� �m�o�d�e�r�n� �p�r�e�p� �p�l�a�n�t�.� �S�e�v�e�n� �o�f� �t�h�e� �p�i�l�e�s� �f�e�l�l� �i�n�t�o� �t�h�e� �<� �2�0� 

�y�e�a�r� �o�l�d� �c�a�t�e�g�o�r�y�.� �S�i�t�e� �B�W�R� �i�s� �l�o�c�a�t�e�d� �n�e�a�r� �a� �c�o�a�l� �l�o�a�d�i�n�g� 

�f�a�c�i�l�i�t�y�;� �i�t� �i�s� �l�i�k�e�l�y� �t�h�a�t� �r�e�f�u�s�e� �h�a�s� �b�e�e�n� �d�u�m�p�e�d� �h�e�r�e� �f�o�r� 

�m�a�n�y� �y�e�a�r� �a�n�d� �a�n� �o�c�c�a�s�i�o�n�a�l� �d�e�p�o�s�i�t� �o�f� �r�e�f�u�s�e� �m�a�y� �o�c�c�u�r� �e�v�e�n� 

�t�o�d�a�y�.� �S�i�t�e�s� �B�B�R�,� �D�R�1�,� �D�R�2�,� �L�T�R�,� �P�B�R�,� �a�n�d� �P�3�5� �a�r�e� �a�l�l� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �c�o�a�l� �p�r�e�p�a�r�a�t�i�o�n� �f�a�c�i�l�i�t�i�e�s�.� �I�t� �i�s� 

�i�n�t�e�r�e�s�t�i�n�g� �t�o� �n�o�t�e� �t�h�a�t� �m�a�n�y� �o�f� �t�h�e�s�e� �p�i�l�e�s� �w�e�r�e� �a�b�a�n�d�o�n�e�d� �i�n� 

�t�h�e� �l�a�t�e� �1�9�7�0�s� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �p�a�s�s�a�g�e� �o�f� �S�M�C�R�A�.� 

�T�h�e�r�e� �w�e�r�e� �1�0� �p�i�l�e�s� �b�e�t�w�e�e�n� �2�0� �a�n�d� �5�0� �y�e�a�r�s� �o�f� �a�g�e� 

�i�n�c�l�u�d�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�.� �S�i�t�e�s� �N�R�P� �a�n�d� �L�D�R� �a�r�e� �i�n�c�l�u�d�e�d� �i�n� 

�t�h�i�s� �g�r�o�u�p� �a�l�t�h�o�u�g�h� �t�h�e�i�r� �a�g�e�s� �a�r�e� �n�o�t� �p�o�s�i�t�i�v�e�l�y� �k�n�o�w�n�.� 

�T�h�e�r�e� �a�r�e� �5� �s�i�t�e�s� �i�n� �t�h�e� �s�t�u�d�y� �t�h�a�t� �w�e�r�e� �p�r�o�d�u�c�e�d� �b�e�f�o�r�e� �1�9�4�0�.� 

�T�h�i�s� �g�i�v�e�s� �a� �w�i�d�e� �r�a�n�g�e� �i�n� �a�g�e�s� �o�f� �r�e�f�u�s�e� �m�a�t�e�r�i�a�l�s� 

�r�e�p�r�e�s�e�n�t�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�.� �T�h�e� �s�e�a�m� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �r�e�f�u�s�e� 

�m�a�t�e�r�i�a�l�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �3�.� �T�h�e� �C�l�i�n�t�w�o�o�d�,� �a�n�d� 

�I�m�b�o�d�e�n� �s�e�a�m�s� �a�r�e� �h�e�a�v�i�l�y� �r�e�p�r�e�s�e�n�t�e�d�.� �A�t� �l�e�a�s�t� �1�0� �o�f� �t�h�e� 

�m�a�j�o�r� �c�o�a�l� �p�r�o�d�u�c�i�n�g� �c�o�a�l� �s�e�a�m�s� �a�r�e� �r�e�p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� �s�a�m�p�l�e� 

�s�e�t�.� �T�h�e� �o�l�d�e�r� �p�i�l�e�s� �a�r�e� �u�s�u�a�l�l�y� �s�i�n�g�l�e� �s�e�a�m� �w�h�i�l�e� �t�h�e� �r�e�f�u�s�e� 

�f�r�o�m� �t�h�e� �m�o�d�e�r�n� �p�r�e�p�a�r�a�t�i�o�n� �p�l�a�n�t�s� �c�a�n� �c�o�m�e� �f�r�o�m� �m�a�n�y� �s�e�a�m�s�.� 

�T�h�e� �l�o�c�a�t�i�o�n�s� �o�f� �t�h�e� �p�i�l�e�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �3�.� 

�S�e�v�e�n�t�e�e�n� �o�f� �t�h�e� �p�i�l�e�s� �s�a�m�p�l�e�d� �a�r�e� �i�n� �W�i�s�e� �C�o�u�n�t�y�,� �V�A�.� �F�o�u�r� 

�s�i�t�e�s� �r�e�s�i�d�e�d� �i�n� �T�a�z�e�w�e�l�l� �C�o�u�n�t�y�,� �V�A�.� �T�w�o� �p�i�l�e�s� �e�a�c�h� �w�e�r�e� 

�s�a�m�p�l�e�d� �i�n� �B�u�c�h�a�n�a�n� �C�o�u�n�t�y�,� �V�A� �a�n�d� �M�e�r�c�e�r� �C�o�u�n�t�y�,� �W�V�.� �S�i�n�g�l�e� 

�p�i�l�e�s� �o�c�c�u�r� �i�n� �R�u�s�s�e�l� �a�n�d� �L�e�e� �C�o�u�n�t�i�e�s� �i�n� �V�A�.� �D�i�c�k�e�n�s�o�n� 

�C�o�u�n�t�y�,� �V�A� �t�h�e� �l�a�r�g�e�s�t� �c�o�a�l� �p�r�o�d�u�c�i�n�g� �c�o�u�n�t�y� �i�n� �t�h�e� �s�t�a�t�e� �i�s� 

�c�o�n�s�p�i�c�u�o�u�s� �b�y� �i�t�s� �a�b�s�e�n�c�e� �f�r�o�m� �t�h�i�s� �l�i�s�t�.� �T�h�e� �m�a�j�o�r� �c�o�a�l



�T�a�b�l�e� �2�.� �T�h�e� �s�e�a�m� �c�o�m�p�o�s�i�t�i�o�n�s� �f�o�r� �t�h�e� �r�e�f�u�s�e� �p�i�l�e�s� �s�a�m�p�l�e�d� 
�i�n� �t�h�i�s� �s�t�u�d�y�.� 
� � 

�B�B�R� �U�p�p�e�r� �B�a�n�n�e�r �� 

�B�M�R� �D�o�r�c�h�e�s�t�e�r�,� �I�m�b�o�d�e�n�,� �P�a�r�s�o�n�s� 

�B�W�R� �L�o�a�d� �o�u�t� �f�a�c�i�l�i�t�y�,� �l�i�k�e�l�y� �m�a�n�y� �s�e�a�m�s� 

�C�C�R� �7�6�%� �P�o�c�a�h�o�n�t�a�s� �N�o�.� �6�,� �2�4�%� �P�o�c�a�h�o�n�t�a�s� �N�o�.� �1�2� 

�D�A�N�T�E� �C�l�i�n�t�w�o�o�d� �p�o�s�s�i�b�l�y� �B�l�a�i�r� �a�n�d� �u�p�p�e�r� �B�a�n�n�e�r �� 

�D�R�P� �I�m�b�o�d�e�n� 

�D�R�1� �C�l�i�n�t�w�o�o�d� �a�n�d� �B�l�a�i�r �� 

�D�R�2� �C�l�i�n�t�w�o�o�d� �a�n�d� �B�l�a�i�r �� 

�J�S�R� �T�i�l�l�e�r�,� �J�a�w�b�o�n�e�,� �K�e�n�n�e�d�y� 

�K�R�P� �W�i�l�s�o�n� 

�L�D�R� �u�n�k�n�o�w�n� 

�L�T�R� �U�p�p�e�r� �B�a�n�n�e�r�,� �W�a�r� �E�a�g�l�e� 

�M�R�P� �P�o�c�a�h�o�n�t�a�s� �N�o�.� �6�°� 

�N�P�B� �T�a�g�g�a�r�t� �M�a�r�k�e�r� �m�a�y�b�e� �s�o�m�e� �T�a�g�g�a�r�t� 

�N�R�P� �B�l�a�i�r� �p�r�o�b�a�b�l�y� �o�t�h�e�r�s�,� �l�o�a�d� �o�u�t� �f�a�c�i�l�i�t�y� 

�P�B�R�U� �T�a�g�g�a�r�t� �M�a�r�k�e�r� �m�a�y�b�e� �s�o�m�e� �T�a�g�g�a�r�t� 

�P�B�R�V� �T�a�g�g�a�r�t� �M�a�r�k�e�r� �m�a�y�b�e� �s�o�m�e� �T�a�g�g�a�r�t� 

�P�T�H� �I�m�b�o�d�e�n� 

�R�D�H� �C�l�i�n�t�w�o�o�d�,� �B�l�a�i�r �� 

�R�R�A� �7�5�%� �D�o�r�c�h�e�s�t�e�r� �2�5�%� �N�o�r�t�o�n� �+� �C�l�i�n�t�w�o�o�d� 

�R�R�P� �I�m�b�o�d�e�n� 

�R�R�R� �C�l�i�n�t�w�o�o�d�,� �B�l�a�i�r� 

�S�G�R� �u�n�k�n�o�w�n� 

�W�C�R� �C�l�i�n�t�w�o�o�d� 

�3�1�H� �P�o�c�a�h�o�n�t�a�s� �N�o�.� �?� 

�3�5�P� �P�a�r�s�o�n�s� 

�6�7�0�A� �u�n�k�n�o�w�n� � � � � �6�7�0�B� �u�n�k�n�o�w�n� �*� �=� �e�s�t�i�m�a�t�e� 
� 



�3�0� 

�s�a�m�p�l�e�d� �i�n� �t�h�i�s� 

� � 

�T�a�b�l�e� �3�.� �T�h�e� �l�o�c�a�t�i�o�n�s� �o�f� �t�h�e� �r�e�f�u�s�e� �p�i�l�e�s� 
�s�t�u�d�y�,� �a�n�d� �e�s�t�i�m�a�t�e�s� �o�f� �t�h�e�i�r� �a�r�e�a�s�.� 

�C�o�d�e� �L�o�c�a�t�i�o�n� 
�B�B�R� �B�l�a�c�k�w�o�o�d�,� �W�i�s�e� �C�o�.� �V�A� 
�B�M�R� �A�p�p�a�l�a�c�h�i�a�,� �W�i�s�e� �C�o�.� �V�A� 
�B�W�R� �B�l�a�c�k�w�o�o�d�,� �W�i�s�e� �C�o�.� �V�A� 
�C�C�R� �C�r�a�n�e� �C�r�e�e�k�,� �M�e�r�c�e�r� �C�o�.� �W�V� 
�D�A�N�T�E� �D�a�n�t�e�,� �R�u�s�s�e�l� �C�o�.� �V�A� 
�D�R�P� �D�e�r�b�y�,� �W�i�s�e� �C�o�.� �V�A� 
�D�R�1� �C�o�e�b�u�r�n�,� �W�i�s�e� �C�o�.� �V�A� 
�D�R�2� �C�o�e�b�u�r�n�,� �W�i�s�e� �C�o�.� �V�A� 
�J�S�R� �V�a�n�s�a�n�t�,� �B�u�c�h�a�n�a�n� �C�o�.� �V�A� 
�K�R�P� �N�e�a�r� �K�e�o�k�e�e�,� �L�e�e� �C�o� �V�A� 
�L�D�R� �N�e�a�r� �C�r�a�n�e�s� �N�e�s�t� �W�i�s�e� �C�o�.� �V�A�?�?�?�?� 
�L�T�R� �L�e�e�t�o�w�n� �B�u�c�h�a�n�a�n� �C�o�.� �V�A� 
�M�R�P� �M�c�C�o�m�a�s�,� �M�e�r�c�e�r� �C�o�.� �W�V� 
�N�P�B� �N�e�a�r� �P�a�r�d�e�e�,� �W�i�s�e� �C�o�.� �V�A� 
�N�R�P� �N�o�r�t�o�n�,� �W�i�s�e� �C�o�.� �V�A� 
�P�B�R�U� �N�e�a�r� �P�a�r�d�e�e�,� �W�i�s�e� �C�o�.� �V�A� 
�P�B�R�V� �N�e�a�r� �P�a�r�d�e�e�,� �W�i�s�e� �C�o�.� �V�A� 
�P�T�H� �N�e�a�r� �S�t�o�n�e�g�a� �W�i�s�e� �C�o�.� �V�A� 
�R�D�H� �N�o�r�t�h� �o�f� �C�o�e�b�u�r�n�,� �W�i�s�e� �C�o�.� �V�a� 
�R�R�A� �T�a�c�o�m�a�,� �W�i�s�e� �C�o�.� �V�A� 
�R�R�P� �R�o�d�a�,� �W�i�s�e� �C�o�.� �V�A� 
�R�R�R� �N�o�r�t�h� �o�f� �C�o�e�b�u�r�n�,� �W�i�s�e� �C�o�.� �V�a� 
�S�G�R� �N�e�a�r� �S�h�o�r�t� �G�a�p� �T�a�z�e�w�e�l�l� �C�o�.� �V�A� 
�W�C�R� �D�o�r�c�h�e�s�t�e�r�,� �W�i�s�e� �C�o�.� �V�A� 
�3�1�H� �N�e�a�r� �A�m�o�n�a�t�e�,� �T�a�z�e�w�e�l�l� �C�o�.� �V�A� 
�3�5�P� �N�e�a�r� �P�a�r�d�e�e�,� �W�i�s�e� �C�o�.� �V�A� 
�6�7�0�A� �N�e�a�r� �R�a�v�e�n�,� �T�a�z�e�w�e�l�l� �C�o�.� �V�A� 
�6�7�0�B� �N�e�a�r� �R�a�v�e�n�,� �T�a�z�e�w�e�l�l� �C�o�.� �V�a� 

�S�i�z�e� 
�1�6� �h�a� 
�>�8�1� �h�a� �w�e� 
�3� �h�a� 
�>�4�0� �h�a� 
�4� �h�a� 
�2� �h�a� 
�8� �h�a� 
�6� �h�a� 
�>�4�0� �h�a� �w�e� 
�8� �a�c� 
�<�1� �h�a� 
�1�0� �h�a� 
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�h�a� 
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�8� �h�a� 
�1�2� �h�a� 
�1�2�0� �h�a� �w�e� 
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�h�a� 
�h�a� �O
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�w�e� �=� �w�h�e�n� �c�o�m�p�l�e�t�e�d



�3�1� 

�p�r�o�d�u�c�e�r� �i�n� �t�h�i�s� �c�o�u�n�t�y�,� �P�i�t�t�s�t�o�n� �C�o�a�l�,� �w�o�u�l�d� �n�o�t� �a�l�l�o�w� �u�s� 

�a�c�c�e�s�s� �t�o� �t�h�e�i�r� �p�r�o�p�e�r�t�y�,� �t�h�u�s� �w�e� �d�i�d� �n�o�t� �t�a�k�e� �s�a�m�p�l�e�s� �i�n�.�t�h�i�s� 

�a�r�e�a�.



�3�2� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�P�h�y�s�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� 

�C�o�a�r�s�e� �F�r�a�g�m�e�n�t� �C�o�n�t�e�n�t� 

�T�h�e� �a�m�o�u�n�t� �o�f� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t�s� �o�r� �m�a�t�e�r�i�a�l� �>� �2�m�m� �i�n� 

�d�i�a�m�e�t�e�r� �w�i�l�l� �s�t�r�o�n�g�l�y� �i�n�f�l�u�e�n�c�e� �m�a�n�y� �o�f� �t�h�e� �p�h�y�s�i�c�a�l� �a�n�d� �s�o�m�e� 

�o�f� �t�h�e� �c�h�e�m�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �c�o�a�l� �r�e�f�u�s�e�.� �S�i�n�c�e� �m�a�n�y� 

�p�r�o�c�e�s�s�e�s� �a�n�d� �p�h�e�n�o�m�e�n�a� �a�r�e� �s�u�r�f�a�c�e� �a�r�e�a� �c�o�n�t�r�o�l�l�e�d�,� �i�t� �i�s� 

�o�b�v�i�o�u�s� �t�h�a�t� �t�h�e� �p�a�r�t�i�c�l�e� �s�i�z�e� �w�i�l�l� �h�a�v�e� �a� �l�a�r�g�e� �i�n�f�l�u�e�n�c�e� �o�n� 

�t�h�e� �r�e�a�c�t�i�v�i�t�y� �o�f� �c�o�a�l� �r�e�f�u�s�e�.� �T�h�e� �a�m�o�u�n�t� �o�f� �s�o�i�l� �s�i�z�e� 

�m�a�t�e�r�i�a�l�s� �e�s�s�e�n�t�i�a�l� �f�o�r� �p�l�a�n�t� �e�s�t�a�b�l�i�s�h�m�e�n�t� �v�a�r�i�e�s�,� �b�u�t� �l�e�s�s� 

�t�h�a�n� �2�0�%� �i�s� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �a� �l�i�m�i�t�i�n�g� �f�a�c�t�o�r� �(�H�a�y�n�e�s� �a�n�d� 

�K�l�i�m�s�t�r�a�,� �1�9�7�5�)�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �s�i�e�v�e� �a�n�a�l�y�s�i�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� 

�4�.� �T�h�e� �s�a�m�p�l�e� �s�e�t� �m�e�a�n� �o�f� �6�0�%� �>�2�m�m� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �c�o�a�r�s�e� 

�f�r�a�g�m�e�n�t� �c�o�n�t�e�n�t� �r�e�p�o�r�t�e�d� �b�y� �B�u�t�t�e�r�m�o�r�e� �e�t� �a�l�.� �(�1�9�7�8�)� �a�n�d� �D�e�l�p� 

�(�1�9�7�5�)� �f�o�r� �r�e�f�u�s�e� �p�i�l�e�s� �i�n� �t�h�i�s� �r�e�g�i�o�n�.� �I�t� �w�a�s� �o�b�s�e�r�v�e�d� �t�h�a�t� 

�c�o�a�r�s�e� �f�r�a�g�m�e�n�t� �c�o�n�t�e�n�t� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �d�e�p�t�h� �i�n� �t�h�e� �f�e�w� �p�i�l�e�s� 

�t�h�a�t� �w�e�r�e� �s�a�m�p�l�e�d� �w�i�t�h� �d�e�p�t�h�.� �T�h�i�s� �t�r�e�n�d� �w�a�s� �a�l�s�o� �o�b�s�e�r�v�e�d� �b�y� 

�D�e�l�p� �(�1�9�7�5�)� �i�n� �a� �s�t�u�d�y� �o�f� �c�o�a�l� �r�e�f�u�s�e� �i�n� �c�e�n�t�r�a�l� �W�e�s�t� 

�V�i�r�g�i�n�i�a�.� �B�o�x�p�l�o�t�s� �o�f� �t�h�e� �s�i�e�v�e� �a�n�a�l�y�s�i�s� �d�a�t�a� �(�F�i�g�.� �2�a� �a�n�d� 

�2�b�)� �s�h�o�w� �t�h�e� �d�a�t�a� �t�o� �h�a�v�e� �a� �n�e�a�r� �n�o�r�m�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �w�i�t�h� �n�o� 

�o�u�t�l�i�e�r�s�.� 

�I�t� �w�a�s� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t�s� �a�r�e� �c�h�e�m�i�c�a�l�l�y� 

�u�n�r�e�a�c�t�i�v�e� �a�n�d� �c�o�n�t�r�i�b�u�t�e� �l�i�t�t�l�e� �t�o� �w�a�t�e�r� �h�o�l�d�i�n�g� �c�a�p�a�c�i�t�y�.� 

�T�h�i�s� �i�s� �p�r�o�b�a�b�l�y� �t�r�u�e� �i�n� �t�h�e� �l�a�b�o�r�a�t�o�r�y�,� �w�h�e�r�e� �t�h�e� �m�a�t�e�r�i�a�l�s� 

�3�2



�3�3� 

�T�a�b�l�e� �4�.� �R�e�s�u�l�t�s� �o�f� �t�h�e� �s�i�e�v�e� �a�n�a�l�y�s�i�s� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �2�7� 
�p�i�l�e� �s�a�m�p�l�e� �s�e�t�.� 
� � 

� � 

� � 

�S�i�t�e� �%� �>�2�m�m� �%� �<� �2�m�m� 

�B�B�R� �5�5� �4�5� 

�B�M�R� �6�6� �3�4� 

�B�W�R� �5�8� �4�2� 

�C�C�R� �7�7� �2�3� 

�D�A�N�T�E� �5�4� �4�6� 

�D�R�1� �4�5� �5�5� 

�D�R�2� �4�6� �5�4� 

�D�R�P� �7�1� �3�9� 

�J�S�R� �7�1� �3�9� 

�K�R�P� �6�5� �3�5� 

�L�D�R� �5�3� �4�7� 

�L�T�R� �5�7� �4�3� 

�M�R�P� �6�0� �4�0� 

�N�R�P� �6�0� �4�0� 

�P�B�R�U� �5�8� �4�2� 

�P�B�R�V� �7�2� �2�8� 

�P�T�H� �6�6� �3�4� 

�R�D�H� �6�3� �3�7� 

�R�R�A� �«�5�6� �4�4� 

�R�R�P� �5�5� �4�5� 

�R�R�R� �4�8� �5�2� 

�S�G�R� �7�2� �2�8� 

�W�C�R� �6�4� �3�6� 

�3�1�H� �5�0� �5�0� 

�3�5�P� �4�3� �5�7� 

�6�7�0�A� �6�8� �3�2� 

�6�7�0�B� �7�2� �2�8� 

�M�E�A�N� �6�0� �4�0� � � � � � 
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� � 

� � 

� � � � 

�t� �+� �t� �c�o�a�r�s�e� 

�4�2�.�0� �4�9�.�6� �3�7�6�.�8� �6�3�.�6� �7�6�.�6� �7�7�.�0� � � � � � � 
�F�i�g�u�r�e� �2�a�.� �B�o�x�p�l�o�t� �o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t�s� 
�f�r�o�m� �t�h�e� �2�7� �p�i�l�e� �s�a�m�p�l�e� �s�e�t�.� 

� � 

� � 

 ��_ � � � � � � � � � � ��_�_�_� �z� � � 

� � �f�i�n�e� �4� �1� �)� 
�t� �q�T� �T� 

�2�1�.�0� �2�8�.�8� �3�3�.�9� �4�2�.�9� �4�9�.�0� �3�6�.�8� 

� � � � 
�F�i�g�u�r�e� �2�b�.� �B�o�x�p�l�o�t� �o�f� �t�h�e� �f�i�n�e� �f�r�a�c�t�i�o�n� �c�o�n�t�e�n�t� �o�f� �t�h�e� �2�7� 
�p�i�l�e� �s�a�m�p�l�e� �s�e�t�.� 

� 



�3�5� 

�a�r�e� �d�r�i�e�d�,� �s�h�a�k�e�n�,� �a�n�d� �s�i�e�v�e�d�,� �a�n�d� �h�a�v�e� �n�o� �r�e�a�l� �"�s�t�r�u�c�t�u�r�a�l�"� 

�a�r�r�a�n�g�e�m�e�n�t�,� �a�n�d� �t�o� �s�o�m�e� �e�x�t�e�n�t� �i�n� �o�l�d�e�r� �r�e�f�u�s�e� �p�i�l�e�s� �w�h�i�c�h� 

�a�r�e� �s�t�a�c�k�e�d� �l�o�o�s�e�l�y� �a�g�a�i�n�s�t� �h�i�l�l�s�i�d�e�s�.� �I�n� �m�o�d�e�r�n� �r�e�f�u�s�e� 

�p�i�l�e�s�,� �t�h�e� �m�a�t�e�r�i�a�l�s� �a�r�e� �p�a�c�k�e�d� �t�o� �p�r�e�v�e�n�t� �e�r�o�s�i�o�n� �a�n�d� 

�s�p�o�n�t�a�n�e�o�u�s� �c�o�m�b�u�s�t�i�o�n�.� �D�u�r�i�n�g� �t�h�i�s� �c�o�m�p�a�c�t�i�o�n� �t�h�e� �c�o�a�r�s�e� 

�f�r�a�g�m�e�n�t�s� �a�i�d� �i�n� �t�i�g�h�t� �p�a�c�k�i�n�g� �o�f� �t�h�e� �f�i�n�e� �m�a�t�e�r�i�a�l� �d�u�e� �t�o� 

�t�h�e�i�r� �i�n�c�o�m�p�r�e�s�s�i�b�l�e� �n�a�t�u�r�e�.� �T�h�i�s� �m�a�y� �g�i�v�e� �t�h�e� �c�o�a�r�s�e� 

�f�r�a�g�m�e�n�t�s� �s�o�m�e� �r�o�l�e� �i�n� �w�a�t�e�r� �h�o�l�d�i�n�g� �s�i�n�c�e� �t�h�e� �f�i�n�e� �f�r�a�c�t�i�o�n� 

�w�i�l�l� �b�e� �t�i�g�h�t�l�y� �p�a�c�k�e�d� �a�g�a�i�n�s�t� �t�h�e� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t�s�.� 

�P�e�r�c�o�l�a�t�i�n�g� �w�a�t�e�r� �a�n�d� �r�o�o�t�i�n�g� �w�i�l�l� �o�f�t�e�n� �b�e� �c�o�n�c�e�n�t�r�a�t�e�d� �a�l�o�n�g� 

�t�h�e� �f�a�c�e�s� �o�f� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t�s� �i�n� �t�h�e�s�e� �s�i�t�u�a�t�i�o�n�s�.� 

�E�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t�s� �i�n� �t�h�e� �r�e�f�u�s�e� �p�i�l�e�s� 

�s�h�o�w�s� �t�h�a�t� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�e� �r�o�c�k� �t�y�p�e�s� �a�r�e� �s�h�a�l�e�s�.� �T�h�e�r�e� 

�a�r�e� �a�l�s�o� �s�o�m�e� �s�a�n�d�s�t�o�n�e�s� �p�r�e�s�e�n�t�.� �S�h�a�l�e� �f�r�a�g�m�e�n�t�s� �t�h�a�t� �a�r�e� �a�t� 

�t�h�e� �s�u�r�f�a�c�e� �a�n�d� �h�a�v�e� �b�e�d�d�i�n�g� �p�l�a�n�e�s� �w�h�i�c�h� �a�r�e� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� 

�t�h�e� �g�r�o�u�n�d� �s�u�r�f�a�c�e� �t�e�n�d� �t�o� �w�e�a�t�h�e�r� �t�o� �s�m�a�l�l�e�r� �p�a�r�t�i�c�l�e�s� 

�q�u�i�c�k�l�y�.� �T�h�i�s� �c�a�n� �b�e� �o�b�s�e�r�v�e�d� �o�n� �t�h�e� �s�u�r�f�a�c�e�s� �o�f� �t�h�e� �f�r�e�s�h� 

�r�e�f�u�s�e� �p�i�l�e�s�.� 

�T�h�e�r�e� �i�s� �n�o� �c�l�e�a�r� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t� 

�c�o�n�t�e�n�t� �a�n�d� �r�e�f�u�s�e� �a�g�e�.� �T�h�e� �o�l�d�e�r� �p�i�l�e�s� �(�<� �2�0� �y�r�s�)� �h�a�v�e� �a� 

�h�i�g�h�e�r� �m�e�a�n� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t� �c�o�n�t�e�n�t� �(�6�1�%�)� �t�h�a�n� �t�h�e� �y�o�u�n�g�e�r� 

�p�i�l�e�s� �(�<�2�0� �y�r�s�)�,� �b�u�t� �t�h�e�r�e� �i�s� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� 

�b�e�t�w�e�e�n� �t�h�e�s�e� �m�e�a�n�s� �(�M�a�n�n�-�W�h�i�t�n�e�y� �t�e�s�t�,� �p� �=� �0�.�1�0�)�.� �M�i�n�i�n�g� �a�n�d� 

�c�l�e�a�n�i�n�g� �m�e�t�h�o�d�s� �a�n�d� �r�o�c�k� �h�a�r�d�n�e�s�s� �a�r�e� �t�h�e� �p�r�i�m�a�r�y� �d�e�t�e�r�m�i�n�a�t�e� 

�f�a�c�t�o�r�s� �f�o�r� �t�h�e� �w�a�s�t�e�s �� �i�n�i�t�i�a�l� �p�a�r�t�i�c�l�e� �s�i�z�e�.� �I�n� �m�o�d�e�r�n� 

�c�l�e�a�n�i�n�g� �p�l�a�n�t�s�,� �t�h�e� �r�e�f�u�s�e� �f�r�o�m� �t�h�e� �f�i�n�e� �c�o�a�l� �c�l�e�a�n�i�n�g



�3�6� 

�c�i�r�c�u�i�t� �m�a�y� �b�e� �e�x�c�l�u�d�e�d� �f�r�o�m� �t�h�e� �r�e�f�u�s�e� �p�i�l�e� �s�u�r�f�a�c�e� 

�a�l�t�o�g�e�t�h�e�r�.� �I�n� �o�l�d�e�r� �p�i�l�e�s� �m�u�c�h� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� �w�a�s� 

�h�a�n�d�p�i�c�k�e�d� �a�n�d� �t�h�i�s� �r�e�s�u�l�t�e�d� �i�n� �a� �l�a�r�g�e� �p�r�o�p�o�r�t�i�o�n� �o�f� �c�o�a�r�s�e� 

�f�r�a�g�m�e�n�t�s� �i�n� �t�h�e� �r�e�f�u�s�e�.� �T�h�e� �c�h�a�n�g�e� �f�r�o�m� �s�e�p�a�r�a�t�e� �c�o�a�l� 

�c�u�t�t�i�n�g� �a�n�d� �l�o�a�d�i�n�g� �m�a�c�h�i�n�e�s� �t�o� �c�o�n�t�i�n�u�o�u�s� �m�i�n�i�n�g� �m�a�c�h�i�n�e�s�,� 

�w�h�i�c�h� �i�n�t�e�g�r�a�t�e�d� �t�h�e�s�e� �j�o�b�s� �i�n�t�o� �o�n�e� �m�a�c�h�i�n�e�,� �r�e�s�u�l�t�e�d� �i�n� �t�h�e� 

�p�r�o�d�u�c�t�i�o�n� �o�f� �f�i�n�e�r� �r�u�n� �o�f� �t�h�e� �m�i�n�e� �c�o�a�l�.� �I�t� �i�s� �s�p�e�c�u�l�a�t�e�d� 

�t�h�a�t� �t�h�i�s� �a�l�s�o� �r�e�s�u�l�t�e�d� �i�n� �f�i�n�e�r� �r�e�f�u�s�e�.� �P�i�l�e�s� �i�n� �w�h�i�c�h� �t�h�e� 

�s�h�a�l�e� �f�r�a�g�m�e�n�t�s� �a�r�e� �h�a�r�d�,� �s�u�c�h� �a�s� �C�C�R� �a�n�d� �M�R�P� �t�e�n�d� �t�o� �h�a�v�e� �a� 

�c�o�r�r�e�s�p�o�n�d�i�n�g�l�y� �h�i�g�h� �p�r�o�p�o�r�t�i�o�n� �o�f� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t�s�.� 

�P�a�r�t�i�c�l�e� �S�i�z�e� 

�T�h�e� �f�i�n�e� �(�<� �2� �m�m�)� �f�r�a�c�t�i�o�n� �o�f� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �w�a�s� �u�s�e�d� 

�f�o�r� �n�e�a�r�l�y� �a�l�l� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �a�n�a�l�y�s�e�s�.� �T�h�e� �f�i�n�e� �f�r�a�c�t�i�o�n� 

�w�a�s� �a�s�s�u�m�e�d� �t�o� �d�o�m�i�n�a�t�e� �s�o�i�l� �s�o�l�u�t�i�o�n� �c�h�e�m�i�s�t�r�y� �a�l�t�h�o�u�g�h�,� �i�n� 

�m�o�s�t� �c�a�s�e�s�,� �i�t� �m�a�d�e� �u�p� �<� �5�0�%� �o�f� �t�h�e� �r�e�f�u�s�e� �b�y� �w�e�i�g�h�t�.� 

�C�r�u�s�h�i�n�g� �t�h�e� �w�h�o�l�e� �s�a�m�p�l�e� �w�a�s� �c�o�n�s�i�d�e�r�e�d�,� �h�o�w�e�v�e�r�,� �t�h�i�s� 

�p�r�o�c�e�d�u�r�e� �w�o�u�l�d� �e�x�p�o�s�e� �l�a�r�g�e� �a�m�o�u�n�t�s� �o�f� �u�n�w�e�a�t�h�e�r�e�d� �s�u�r�f�a�c�e�s� 

�t�o� �t�h�e� �s�o�l�u�t�i�o�n�s� �u�s�e�d� �i�n� �e�x�t�r�a�c�t�i�o�n� �a�n�d� �a�n�a�l�y�s�i�s�.� �T�h�i�s� 

�e�x�p�o�s�u�r�e� �w�o�u�l�d� �l�e�a�d� �t�o� �d�i�s�s�o�l�u�t�i�o�n� �o�f� �f�r�e�s�h�l�y� �e�x�p�o�s�e�d� 

�m�i�n�e�r�a�l�s�,� �a�n�d� �e�r�r�o�n�e�o�u�s� �r�e�s�u�l�t�s� �i�n� �m�a�n�y� �c�a�s�e�s�.� �T�h�e� �a�i�m� �o�f� 

�t�h�i�s� �p�r�o�j�e�c�t� �w�a�s� �t�o� �a�n�a�l�y�z�e� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� 

�w�i�t�h� �r�e�s�p�e�c�t� �t�o� �r�e�v�e�g�e�t�a�t�i�o�n�,� �i�n�a� �s�t�a�t�e� �t�h�a�t� �r�e�p�r�e�s�e�n�t�s� �t�h�e�i�r� 

�c�o�n�d�i�t�i�o�n� �i�n� �t�h�e� �f�i�e�l�d�.� �F�o�r� �t�h�i�s� �r�e�a�s�o�n� �a�n�a�l�y�s�e�s� �w�e�r�e� �l�i�m�i�t�e�d� 

�t�o� �t�h�e� �<� �2�m�m� �f�r�a�c�t�i�o�n�.� �T�h�e� �a�m�o�u�n�t� �o�f� �w�a�t�e�r� �a�n�d� �n�u�t�r�i�e�n�t�s� 

�p�r�o�v�i�d�e�d� �b�y� �t�h�e� �c�o�a�r�s�e� �f�r�a�c�t�i�o�n� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �n�e�g�l�i�g�i�b�l�e�.
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�T�h�e� �p�a�r�t�i�c�l�e� �s�i�z�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �s�o�i�l� �s�i�z�e�d� �f�r�a�c�t�i�o�n� 

�i�s� �c�o�n�t�r�o�l�l�e�d� �b�y� �t�h�e� �p�r�o�p�o�r�t�i�o�n� �o�f� �s�h�a�l�e� �t�o� �s�a�n�d�s�t�o�n�e� �i�n� �t�h�e� 

�p�i�l�e�,� �t�h�e� �h�a�r�d�n�e�s�s� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�s�,� �a�n�d� �t�h�e� �m�e�t�h�o�d�s� �b�y� �w�h�i�c�h� 

�t�o� �m�a�t�e�r�i�a�l�s� �w�e�r�e� �c�l�e�a�n�e�d� �a�n�d� �m�i�n�e�d�.� �S�i�t�e�s� �C�C�R� �a�n�d� �M�R�P� �a�r�e� 

�d�e�r�i�v�e�d� �f�r�o�m� �a� �h�a�r�d� �c�o�m�p�e�t�e�n�t� �s�h�a�l�e� �t�h�a�t� �w�e�a�t�h�e�r�s� �t�o� �s�m�a�l�l�e�r� 

�s�h�a�l�e� �f�r�a�g�m�e�n�t�s�.� �T�h�e�s�e� �m�a�t�e�r�i�a�l�s� �h�a�v�e� �a� �c�o�r�r�e�s�p�o�n�d�i�n�g�l�y� �h�i�g�h� 

�s�a�n�d� �c�o�n�t�e�n�t�.� �S�i�t�e�s� �L�T�R� �a�n�d� �K�R�P� �a�r�e� �d�e�r�i�v�e�d� �f�r�o�m� �a� �f�i�s�s�i�l�e� 

�s�h�a�l�e� �g�r�a�d�i�n�g� �t�o� �a� �m�u�d�s�t�o�n�e�,� �a�n�d� �h�a�v�e� �a� �h�i�g�h� �c�l�a�y� �c�o�n�t�e�n�t�.� 

�A�t� �s�i�t�e�s� �B�M�R� �a�n�d� �J�S�R� �t�h�e� �c�l�e�a�n�i�n�g� �p�r�o�c�e�s�s� �i�n�c�l�u�d�e�s� �a� �f�i�n�e� �c�o�a�l� 

�c�l�e�a�n�i�n�g� �c�i�r�c�u�i�t�,� �w�h�i�c�h� �r�e�s�u�l�t�s� �i�n� �l�i�t�t�l�e� �s�i�l�t� �a�n�d� �c�l�a�y� �s�i�z�e�d� 

�m�a�t�e�r�i�a�l�s� �i�n� �t�h�e�s�e� �r�e�f�u�s�e�s�.� �T�h�e� �o�l�d�e�r� �p�i�l�e�s� �(�>� �2�0� �y�r�s�)� �h�a�v�e� 

�c�o�a�r�s�e�r� �t�e�x�t�u�r�e�s� �e�v�e�n� �t�h�o�u�g�h� �t�h�e�y� �h�a�v�e� �b�e�e�n� �e�x�p�o�s�e�d� �t�o� 

�w�e�a�t�h�e�r�i�n�g� �f�o�r� �a� �l�o�n�g� �p�e�r�i�o�d�s� �o�f� �t�i�m�e�.� �I�t� �i�s� �l�i�k�e�l�y� �t�h�a�t� �t�h�e� 

�s�i�l�t� �a�n�d� �c�l�a�y� �s�i�z�e�d� �m�a�t�e�r�i�a�l�s� �w�e�r�e� �l�o�s�t� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e�s� �o�f� 

�t�h�e�s�e� �p�i�l�e�s� �b�y� �s�h�e�e�t� �e�r�o�s�i�o�n�.� �T�h�i�s� �e�r�o�s�i�o�n� �l�o�s�s� �w�o�u�l�d� �r�e�s�u�l�t� 

�i�n� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �s�a�n�d� �s�i�z�e�d� �m�a�t�e�r�i�a�l� �a�n�d� �c�o�a�r�s�e� 

�f�r�a�g�m�e�n�t�s� �a�t� �t�h�e� �p�i�l�e� �s�u�r�f�a�c�e�,� �w�h�i�c�h� �i�s� �e�v�i�d�e�n�t� �i�n� �s�o�m�e� �p�i�l�e�s�.� 

�T�h�i�s� �i�s� �e�v�i�d�e�n�t� �i�n� �b�o�t�h� �t�h�e� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t� �c�o�n�t�e�n�t� �a�n�d� �t�h�e� 

�s�a�n�d� �c�o�n�t�e�n�t� �o�f� �t�h�e� �s�o�i�l� �s�i�z�e� �f�r�a�c�t�i�o�n�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �p�a�r�t�i�c�l�e� �s�i�z�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �s�o�i�l� 

�s�i�z�e� �f�r�a�c�t�i�o�n� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �5�.� �T�h�e� �m�e�a�n� �s�a�n�d� �(�2� �m�m� �-� 

�0�.�0�5� �m�m�)� �c�o�n�t�e�n�t� �w�a�s� �6�2�%�,� �t�h�e� �m�e�a�n� �s�i�l�t� �(�.�0�5� �m�m� �-� �0�.�0�0�2� �m�m�)� 

�c�o�n�t�e�n�t� �w�a�s� �2�2�%�,� �a�n�d� �t�h�e� �m�e�a�n� �c�l�a�y� �c�o�n�t�e�n�t� �(�<� �0�.�0�0�2� �m�m�)� �w�a�s� 

�1�6�%�.� �S�a�n�d� �a�n�d� �s�i�l�t� �c�o�n�t�e�n�t� �a�p�p�e�a�r� �t�o� �b�e� �n�o�r�m�a�l�l�y� �d�i�s�t�r�i�b�u�t�e�d� 

�a�s� �c�a�n� �b�e� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �b�o�x�p�l�o�t�s� �o�f� �t�h�e� �d�a�t�a� �(�F�i�g�.� �3�a� �a�n�d� 

�3�b�)�.� �T�h�e� �m�e�a�n� �c�l�a�y� �c�o�n�t�e�n�t� �i�s� �s�k�e�w�e�d� �u�p�w�a�r�d� �d�u�e� �t�o� �t�h�e



�3�8� 

�T�a�b�l�e� �5�.� �R�e�s�u�l�t�s� �o�f� �t�h�e� �p�a�r�t�i�c�l�e� �s�i�z�e� �a�n�a�l�y�s�e�s� �p�e�r�f�o�r�m�e�d� �o�n� 
�t�h�e� �2�7� �p�i�l�e� �s�a�m�p�l�e� �s�e�t� �a�n�d� �U�S�D�A� �t�e�x�t�u�r�e�s�.� 
� � 

� � 

� � 

�S�i�t�e� �%� �S�a�n�d� �%� �S�i�l�t� �%� �C�l�a�y� �T�e�x�t�u�r�e� 

�B�B�R� �5�7� �2�8� �1�5� �s�a�n�d�y� �l�o�a�m� 

�B�M�R� �7�8� �1�3� �9� �s�a�n�d�y� �l�o�a�m� 

�B�W�R� �6�0� �2�5� �1�5� �s�a�n�d�y� �l�o�a�m� 

�C�C�R� �6�7� �1�8� �1�5� �s�a�n�d�y� �l�o�a�m� 

�D�A�N�T�E� �5�1� �3�0� �1�9� �l�o�a�m� 

�D�R�1� �4�9� �2�7� �2�4� �l�o�a�m� 

�D�R�2� �5�3� �3�6� �1�1� �s�a�n�d�y� �l�o�a�m� 

�D�R�P� �7�5� �1�4� �1�1� �s�a�n�d�y� �l�o�a�m� 

�J�S�R� �8�0� �9� �1�1� �l�o�a�m�y� �s�a�n�d� 

�K�R�P� �4�4� �2�0� �3�6� �c�l�a�y� �l�o�a�m� 

�L�D�R� �5�8� �3�3� �9� �s�a�n�d�y� �l�o�a�m� 

�L�T�R� �4�2� �1�6� �4�2� �c�l�a�y� 

�M�R�P� �7�6� �1� �2�3� �s�a�n�d�y� �l�o�a�m� 

�N�R�P� �6�2� �2�2� �1�6� �s�a�n�d�y� �l�o�a�m� 

�P�B�R�U� �5�2� �3�0� �1�8� �l�o�a�m� 

�P�B�R�V� �4�5� �3�6� �1�9� �l�o�a�m� 

�P�T�H� �7�6� �1�6� �8� �s�a�n�d�y� �l�o�a�m� 

�R�D�H� �7�7� �1�5� �8� �s�a�n�d�y� �l�o�a�m� 

�R�R�A� �5�4� �2�6� �2�0� �s�a�n�d�y� �l�o�a�m� 

�R�R�P� �6�5� �2�5� �1�0� �s�a�n�d�y� �l�o�a�m� 

�R�R�R� �6�1� �1�9� �2�0� �s�a�n�d�y� �c�l�a�y� �l�o�a�m� 

�S�G�R� �7�5� �1�1� �1�4� �s�a�n�d�y� �l�o�a�m� 

�W�C�R� �5�3� �2�8� �1�9� �s�a�n�d�y� �l�o�a�m� 

�3�1�H� �6�6� �2�4� �1�0� �s�a�n�d�y� �l�o�a�m� 

�3�5�P� �4�4� �3�7� �1�9� �l�o�a�m� 

�6�7�0�A� �7�2� �1�8� �1�0� �s�a�n�d�y� �l�o�a�m� 

�6�7�0�B� �7�3� �2�0� �7� �s�a�n�d�y� �l�o�a�m� 

�M�E�A�N� �6�2� �2�2� �1�6� �s�a�n�d�y� �l�o�a�m� � � � � � 
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� 



�4�0� 

�p�r�e�s�e�n�c�e� �o�f� �2� �s�a�m�p�l�e�s� �w�h�i�c�h� �h�a�v�e� �h�i�g�h� �c�l�a�y� �c�o�n�t�e�n�t�s� �a�n�d� �a�r�e� 

�m�i�l�d� �o�u�t�l�i�e�r�s� �i�n� �t�h�i�s� �s�a�m�p�l�e� �s�e�t� �(�F�i�g�.� �3�c�)�.� �T�h�e� �U�S�D�A� �s�o�i�l� 

�t�e�x�t�u�r�e� �f�o�r� �t�h�e� �s�a�m�p�l�e� �s�e�t� �m�e�a�n� �w�a�s� �a� �s�a�n�d�y� �l�o�a�m�.� �S�a�n�d�y� �l�o�a�m� 

�w�a�s� �a�l�s�o� �t�h�e� �t�e�x�t�u�r�e� �o�f� �1�8� �o�u�t� �o�f� �2�7� �o�f� �t�h�e� �p�i�l�e�s�.� �T�h�e� �U�S�D�A� 

�t�e�x�t�u�r�e�s� �a�r�e� �a�l�s�o� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �5�.� �A� �s�a�n�d�y� �l�o�a�m� �t�e�x�t�u�r�e� 

�i�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �f�i�n�d�i�n�g�s� �o�f� �D�e�l�p� �(�1�9�7�5�)� �i�n� �h�i�s� �s�t�u�d�y� �o�f� 

�r�e�f�u�s�e� �i�n� �W�e�s�t� �V�i�r�g�i�n�i�a�.� �H�e� �p�o�i�n�t�e�d� �o�u�t� �t�h�a�t� �r�e�f�u�s�e� �h�a�s� �a� 

�l�o�w�e�r� �s�p�e�c�i�f�i�c� �d�e�n�s�i�t�y� �t�h�a�n� �t�h�e� �2�.�6�5� �n�o�r�m�a�l�l�y� �u�s�e�d� �i�n� �P�S�A� 

�c�a�l�c�u�l�a�t�i�o�n�s�.� �T�h�i�s� �w�o�u�l�d� �l�e�a�d� �t�o� �a�n� �u�n�d�e�r�e�s�t�i�m�a�t�i�o�n� �o�f� �s�a�n�d� 

�c�o�n�t�e�n�t� �a�n�d� �a� �c�o�r�r�e�s�p�o�n�d�i�n�g� �o�v�e�r�e�s�t�i�m�a�t�i�o�n� �o�f� �s�i�l�t� �a�n�d� �c�l�a�y�.� 

�W�a�t�e�r� �H�o�l�d�i�n�g� �C�a�p�a�c�i�t�y� 

�T�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �w�a�t�e�r� �h�o�l�d�i�n�g� �c�a�p�a�c�i�t�y� �i�n� �t�h�e�s�e� 

�m�a�t�e�r�i�a�l�s� �i�s� �d�i�f�f�i�c�u�l�t� �d�u�e� �t�o� �t�h�e�i�r� �h�i�g�h� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t� 

�c�o�n�t�e�n�t�.� �T�o� �s�i�m�u�l�a�t�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �t�h�e� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t�s�,� �t�h�e� 

�w�a�t�e�r� �h�o�l�d�i�n�g� �c�a�p�a�c�i�t�i�e�s� �o�f� �t�h�e� �s�o�i�l� �s�i�z�e� �f�r�a�c�t�i�o�n� �w�e�r�e� 

�a�d�j�u�s�t�e�d� �t�o� �r�e�f�l�e�c�t� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t� �c�o�n�t�e�n�t� �b�y� �w�e�i�g�h�t�.� �I�t� �w�a�s� 

�a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �w�a�t�e�r� �h�o�l�d�i�n�g� �a�b�i�l�i�t�y� �o�f� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t�s� �w�a�s� 

�n�e�g�l�i�g�i�b�l�e�.� �V�a�l�u�e�s� �f�o�r� �w�a�t�e�r� �r�e�t�e�n�t�i�o�n� �a�t� �0�.�0�3�3�,� �0�.�1�0� �a�n�d� �1�.�5� 

�M�P�a� �a�l�o�n�g� �w�i�t�h� �w�a�t�e�r� �r�e�t�e�n�t�i�o�n� �d�i�f�f�e�r�e�n�c�e� �(�W�R�D�)� �(�0�.�0�3�3� �-� �1�.�5� 

�M�P�a�)� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �6� �a�n�d� �t�h�e� �d�a�t�a� �i�s� �a�l�s�o� �p�r�e�s�e�n�t�e�d� 
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�p�a�r�t�i�c�l�e�s� �a�r�e� �n�o�t� �a�l�l�o�w�e�d� �t�o� �e�r�o�d�e� �f�r�o�m� �t�h�e� �p�i�l�e� �s�u�r�f�a�c�e�s�.� 

�A� �M�a�n�n�-�W�h�i�t�n�e�y� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �w�a�t�e�r� �r�e�t�e�n�t�i�o�n� �a�t� �0�.�0�3� 

�a�n�d� �0�.�1�0� �M�P�a� �o�f� �t�h�e� �o�l�d�e�r� �p�i�l�e�s� �(�>�2�0�y�r�s�)� �(�5�.�7�%� �a�n�d� �4�.�5�%� 

�r�e�s�p�e�c�t�i�v�e�l�y�)� �w�i�t�h� �t�h�e� �y�o�u�n�g�e�r� �p�i�l�e�s� �(�<�2�0� �y�r�s�)� �(�7�.�1�%� �a�n�d� �5�.�9�%� 

�r�e�s�p�e�c�t�i�v�e�l�y�)� �s�h�o�w�s� �t�h�a�t� �t�h�e� �o�l�d�e�r� �p�i�l�e�s� �h�a�v�e� �a� �s�i�g�n�i�f�i�c�a�n�t�l�y� 

�l�o�w�e�r� �w�a�t�e�r� �r�e�t�e�n�t�i�o�n� �a�t� �t�h�e� �g�i�v�e�n� �p�r�e�s�s�u�r�e�s� �(�p�=� �0�.�1�0�)�.� �T�h�i�s� 

�l�o�w�e�r� �w�a�t�e�r� �r�e�t�e�n�t�i�o�n� �i�s� �l�i�k�e�l�y� �d�u�e� �t�o� �t�h�e� �h�i�g�h�e�r� �c�o�a�r�s�e� 

�f�r�a�g�m�e�n�t� �c�o�n�t�e�n�t� �a�n�d� �t�h�e� �h�i�g�h�e�r� �c�o�a�l� �c�o�n�t�e�n�t� �o�f� �t�h�e� �o�l�d�e�r� 

�p�i�l�e�s�.� �W�h�e�t�h�e�r� �o�r� �n�o�t� �t�h�e�s�e� �s�t�a�t�i�s�t�i�c�a�l� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �w�a�t�e�r� 

�r�e�t�e�n�t�i�o�n� �h�a�v�e� �a�n�y� �a�f�f�e�c�t� �o�n� �p�l�a�n�t� �g�r�o�w�t�h� �i�s� �q�u�e�s�t�i�o�n�a�b�l�e�.� 

�W�e�i�g�h�t� �L�o�s�s� �a�t� �9�2�3� �K� 

�T�h�e� �w�e�i�g�h�t� �l�o�s�s� �o�f� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �a�f�t�e�r� �h�e�a�t�i�n�g� �t�o� �9�2�3� 

�K� �w�a�s� �u�s�e�d� �a�s� �a�n� �e�s�t�i�m�a�t�o�r� �o�f� �t�h�e� �a�m�o�u�n�t� �o�f� �c�o�a�l� �o�r� �o�x�i�d�i�z�a�b�l�e� 

�C� �r�e�m�a�i�n�i�n�g� �i�n� �t�h�e�s�e� �s�a�m�p�l�e�s�.� �T�h�i�s� �m�e�t�h�o�d� �w�i�l�l� �o�v�e�r�e�s�t�i�m�a�t�e� 

�t�h�e� �a�c�t�u�a�l� �c�o�a�l� �c�o�n�t�e�n�t� �d�u�e� �t�o� �o�t�h�e�r� �w�e�i�g�h�t� �l�o�s�s�e�s� �i�n� �t�h�i�s� 

�t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e�.� �T�h�e�s�e� �i�n�c�l�u�d�e� �d�e�h�y�d�r�o�x�y�l�a�t�i�o�n� �l�o�s�s�e�s� �f�r�o�m� 

�k�a�o�l�i�n�i�t�e� �a�n�d� �F�e� �a�n�d� �A�l� �o�x�y�h�y�d�r�o�x�i�d�e�s�,� �a�n�d� �l�o�s�s�e�s� �o�f� �C�O�,� �f�r�o�m� 

�c�a�r�b�o�n�a�t�e� �m�i�n�e�r�a�l�s�.� �T�h�i�s� �p�a�r�a�m�e�t�e�r� �d�o�e�s� �p�r�o�v�i�d�e� �a� �r�o�u�g�h� 

�e�s�t�i�m�a�t�o�r� �o�f� �t�h�e� �c�o�a�l� �c�o�n�t�e�n�t�,� �h�o�w�e�v�e�r�,� �a�n�d� �m�a�y� �p�o�s�s�i�b�l�y� �b�e� 

�u�s�e�d� �a�s� �a�n� �i�n�d�i�c�a�t�o�r� �o�f� �t�h�e� �p�o�t�e�n�t�i�a�l� �f�o�r� �r�e�m�i�n�i�n�g� �o�f� �a� �g�i�v�e�n� 

�p�i�l�e�.� �P�r�o�c�e�s�s�i�n�g� �t�h�e� �o�l�d�e�r� �p�i�l�e�s� �t�h�r�o�u�g�h� �a� �m�o�d�e�r�n� �p�r�e�p� �p�l�a�n�t� 

�w�o�u�l�d� �r�e�d�u�c�e� �t�h�e�i�r� �v�o�l�u�m�e�,� �a�n�d� �w�o�u�l�d� �a�l�s�o� �a�l�l�o�w� �s�m�a�l�l�e�r� �p�i�l�e�s�,� 

�w�h�i�c�h� �a�r�e� �t�y�p�i�c�a�l�l�y� �p�e�r�c�h�e�d� �p�r�e�c�a�r�i�o�u�s�l�y� �o�n� �s�t�r�e�a�m� �b�a�n�k�s�,� �t�o� 

�b�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �m�o�d�e�r�n� �r�e�f�u�s�e� �p�i�l�e�s� �w�h�i�c�h� �h�a�v�e� �i�m�p�r�o�v�e�d



�A�i� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �e�r�o�s�i�o�n� �c�o�n�t�r�o�l�s�.� 

�T�h�e� �w�e�i�g�h�t� �l�o�s�s� �a�t� �9�2�3� �K� �o�n� �a� �p�e�r�c�e�n�t� �b�a�s�i�s� �f�o�r� �t�h�e� 

�s�a�m�p�l�e� �s�e�t� �i�s� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �8�.� �A� �b�o�x�p�l�o�t� �o�f� �t�h�e� �d�a�t�a� �i�s� 

�p�r�e�s�e�n�t�e�d� �i�n� �f�i�g�u�r�e� �6�,� �a�n�d� �r�e�v�e�a�l�s� �t�w�o� �m�i�l�d� �o�u�t�l�i�e�r�s�.� �T�h�e�s�e� 

�a�r�e� �p�i�l�e�s� �3�1�H� �a�n�d� �R�D�H�;� �b�o�t�h� �a�r�e� �o�l�d� �p�i�l�e�s� �w�h�i�c�h� �c�o�n�t�a�i�n� 

�s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t�s� �o�f� �c�o�a�l�.� �S�i�t�e� �R�D�H� �m�a�y� �n�o�t� �b�e� �a� �c�a�n�d�i�d�a�t�e� 

�f�o�r� �r�e�m�i�n�i�n�g� �d�u�e� �t�o� �t�h�e� �l�a�r�g�e� �v�o�l�u�m�e� �o�f� �r�e�d� �d�o�g� �(�b�u�r�n�e�d� �c�o�a�l� 

�r�e�f�u�s�e�)� �i�n� �t�h�i�s� �p�i�l�e�.� �T�h�e� �m�e�d�i�a�n� �w�e�i�g�h�t� �l�o�s�s� �o�f� �t�h�e� �<� �2�0� �y�e�a�r� 

�o�l�d� �p�i�l�e�s� �w�a�s� �2�6�%�,� �w�h�i�l�e� �t�h�e� �m�e�d�i�a�n� �w�e�i�g�h�t� �l�o�s�s� �o�f� �t�h�e� �>� �2�0� 

�y�e�a�r� �o�l�d� �p�i�l�e�s� �w�a�s� �3�7�%�.� �T�h�e�s�e� �m�e�d�i�a�n�s� �a�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� 

�d�i�f�f�e�r�e�n�t� �(�M�a�n�n�-�W�h�i�t�n�e�y� �t�e�s�t� �p� �=� �0�.�1�0�)�.� �T�h�i�s� �d�i�f�f�e�r�e�n�c�e� �i�s� 

�a�t�t�r�i�b�u�t�a�b�l�e� �t�o� �t�h�e� �i�m�p�r�o�v�e�m�e�n�t� �i�n� �c�o�a�l� �c�l�e�a�n�i�n�g� �t�e�c�h�n�o�l�o�g�y� 

�o�v�e�r� �t�i�m�e�.



�4�8� 

�T�a�b�l�e� �8�.� �V�a�l�u�e�s� �f�o�r� �t�h�e� �w�e�i�g�h�t� �l�o�s�s� �a�t� �9�2�3�K�.� 
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� � 

� � 

�S�i�t�e� �|� �%� �w�e�i�g�h�t� �l�o�s�s �� 

�B�B�R� �2�1�.�0� 

�B�M�R� �3�6�.�9� 

�B�W�R� �3�1�.�9� 

�C�C�R� �2�3�.�1� 

�D�A�N�T�E� �4�7�.�7� 

�D�R�1� �2�6�.�7� 

�D�R�2� �3�7�.�1� 

�J�S�R� �2�8�.�0� 

�K�R�P� �1�8�.�9� 

�L�D�R� �2�0�.�2� 

�L�T�R� �1�7�.�0� 

�M�R�P� �4�3�.�4� 

�N�P�B� �1�8�.�8� 

�N�R�P� �2�6�.�6� 

�P�B�R�U� �1�8�.�9� 

�P�B�R�V� �1�8�.�9� 

�P�T�H� �6�2�.�6� 

�R�D�H� �4�7�.�7� 

�R�R�A� �3�0�.�8� 

�R�R�P� �5�3�.�8� 

�R�R�R� �2�6�.�4� 

�S�G�R� �3�5�.�4� 

�W�C�R� �3�6�.�8� 

�3�1�H� �6�4�.�4� 

�3�5�P� �2�0�.�4� 

�6�7�0�A� �1�8�.�7� 

�6�7�0�B� �2�2�.�7� 
�M�e�a�n� �3�1�.�7� � � � � � � �*� �a�f�t�e�r� �5� �h�r� �a�t� �9�2�5� �k� �i�n� �a� �m�u�t�t�l�e� �f�u�r�n�a�c�e�.
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�F�i�g�u�r�e� �6�.� �B�o�x�p�l�o�t� �o�f� �t�h�e� �w�e�i�g�h�t� �l�o�s�s� �a�t� �9�2�3� �K� �d�a�t�a�.



�C�h�e�m�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� 

�p�H� 

�O�n�e� �o�f� �t�h�e� �m�o�s�t� �s�e�v�e�r�e� �p�r�o�b�l�e�m�s� �i�n� �t�h�e� �s�t�a�b�i�l�i�z�a�t�i�o�n� �a�n�d� 

�r�e�v�e�g�e�t�a�t�i�o�n� �o�f� �c�o�a�l� �r�e�f�u�s�e� �i�s� �l�o�w� �t�o� �e�x�t�r�e�m�e�l�y� �l�o�w� �p�H�.� 

�W�e�a�t�h�e�r�i�n�g� �o�f� �p�y�r�i�t�e�s� �a�n�d� �l�o�w� �a�l�k�a�l�i�n�i�t�y� �c�o�n�t�e�n�t� �a�r�e� �t�h�e� �m�a�i�n� 

�f�a�c�t�o�r�s� �c�o�n�t�r�i�b�u�t�i�n�g� �t�o� �t�h�e� �l�o�w� �p�H� �v�a�l�u�e�s� �o�f� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s�.� 

�W�h�e�n� �r�e�f�u�s�e� �i�s� �f�r�e�s�h�,� �i�t� �u�s�u�a�l�l�y� �h�a�s� �a� �n�e�a�r�-�n�e�u�t�r�a�l� �p�H�.� �T�h�i�s� 

�c�o�n�d�i�t�i�o�n� �r�e�f�l�e�c�t�s� �t�h�e� �d�e�p�o�s�i�t�i�o�n�a�l� �e�n�v�i�r�o�n�m�e�n�t� �o�f� �c�o�a�l� 

�r�e�f�u�s�e�.� �T�h�e�s�e� �m�a�t�e�r�i�a�l�s� �w�e�r�e� �d�e�p�o�s�i�t�e�d� �i�n� �s�h�a�l�l�o�w� �s�w�a�m�p�s�,� 

�w�h�i�c�h� �p�r�o�v�i�d�e�d� �a� �r�e�d�u�c�i�n�g� �e�n�v�i�r�o�n�m�e�n�t�.� �U�n�d�e�r� �t�h�e�s�e� �c�o�n�d�i�t�i�o�n�s� 

�e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r�s� �o�t�h�e�r� �t�h�a�n� �o�x�y�g�e�n� �b�e�g�a�n� �t�o� �f�u�n�c�t�i�o�n�.� �S�o�m�e� 

�o�f� �t�h�e� �r�e�a�c�t�i�o�n�s� �t�h�a�t� �t�a�k�e� �p�l�a�c�e� �a�r�e� �a�s� �f�o�l�l�o�w�s�;� �r�e�d�u�c�t�i�o�n� 

�p�r�o�c�e�e�d�s� �t�o� �t�h�e� �r�i�g�h�t�.� 

�2�N�O�,�+�1�2�H�*�+�1�0�e�°�8�N�,�+�6�H�,�0� 

�M�n�0�O�,�+�4�H�*�+�2�e�°�>�#�M�n�*�*�2�H�,�O� 

�F�e�(�O�H�)� �,�+�e�°�>�#�F�e�(�O�H�)�,�+�O�H!"� 

�S�O�,�°�+�H�,�0�+�2�e�-�#�S�0�;�°�+�2�0�H!"� 

�S�O�;�°�+�3�H�,�0�+�6�e�°�#�S�~�?�+�6�0�H!"� 

�(�F�o�t�h� �1�9�8�4�)� 

�A�c�i�d�i�t�y� �i�s� �c�o�n�s�u�m�e�d� �a�n�d� �O�H� �i�s� �p�r�o�d�u�c�e�d� �i�n� �t�h�e�s�e� �r�e�a�c�t�i�o�n�s�,� 

�t�h�e�r�e�f�o�r�,� �u�n�d�e�r� �r�e�d�u�c�i�n�g� �c�o�n�d�i�t�i�o�n�s� �p�H� �v�a�l�u�e�s� �w�i�l�l� �b�e� �n�e�a�r� 

�n�e�u�t�r�a�l�.� �W�h�e�n� �c�o�a�l� �r�e�f�u�s�e� �m�a�t�e�r�i�a�l�s� �a�r�e� �b�r�o�u�g�h�t� �t�o� �t�h�e� 

�s�u�r�f�a�c�e� �t�h�e� �p�y�r�i�t�e� �a�n�d� �o�t�h�e�r� �m�i�n�e�r�a�l�s� �b�e�g�i�n� �t�o� �o�x�i�d�i�z�e�.� 

�5�0



�5�1� 

�S�u�l�f�u�r� �a�n�d� �i�r�o�n� �o�x�i�d�a�t�i�o�n� �i�s� �a�n� �a�c�i�d� �p�r�o�d�u�c�i�n�g� �p�r�o�c�e�s�s�,� �a�n�d� 

�t�h�e� �p�H� �b�e�g�i�n�s� �t�o� �d�e�c�r�e�a�s�e�.� �S�i�n�c�e� �o�n�e� �o�f� �t�h�e� �e�n�d� �p�r�o�d�u�c�t�s� �o�f� 

�p�y�r�i�t�e� �w�e�a�t�h�e�r�i�n�g� �i�s� �H�,�S�O�,�,� �t�h�e� �p�H� �d�r�o�p� �c�a�n� �b�e� �v�e�r�y� �r�a�p�i�d�.� �T�h�e� 

�P�H� �c�a�n� �d�r�o�p� �f�r�o�m� �n�e�a�r� �n�e�u�t�r�a�l� �i�n�t�o� �t�h�e� �h�i�g�h� �t�h�r�e�e�s� �i�n�a� �m�a�t�t�e�r� 

�o�f� �m�o�n�t�h�s� �(�D�a�n�i�e�l�s� �e�t� �a�l�.�,� �u�n�p�u�b�l�i�s�h�e�d� �d�a�t�a� �1�9�9�0�)�.� �T�h�e� �a�m�o�u�n�t� 

�o�f� �p�H� �d�r�o�p� �d�e�p�e�n�d�s� �u�p�o�n� �t�h�e� �a�m�o�u�n�t� �o�f� �p�y�r�i�t�e� �p�r�e�s�e�n�t�,� �t�h�e� 

�r�e�a�c�t�i�v�i�t�y� �o�f� �t�h�e� �p�y�r�i�t�e�,� �a�n�d� �t�h�e� �a�m�o�u�n�t� �a�n�d� �r�e�a�c�t�i�v�i�t�y� �o�f� �t�h�e� 

�a�l�k�a�l�i�n�e� �m�a�t�e�r�i�a�l�s� �i�n� �t�h�e� �r�e�f�u�s�e�.� �|� 

�T�h�e� �r�e�l�a�t�i�v�e� �a�m�o�u�n�t�s� �o�f� �a�c�i�d� �a�n�d� �a�l�k�a�l�i�n�e� �p�r�o�d�u�c�i�n�g� 

�m�a�t�e�r�i�a�l�s� �a�r�e� �t�h�e� �b�a�s�i�s� �o�f� �t�h�e� �a�c�i�d�-�b�a�s�e� �a�c�c�o�u�n�t�i�n�g� �m�e�t�h�o�d� �o�f� 

�p�r�e�d�i�c�t�i�n�g� �m�i�n�e� �s�p�o�i�l� �q�u�a�l�i�t�y�.� �T�h�i�s� �m�e�t�h�o�d� �d�o�e�s� �n�o�t� �a�c�c�o�u�n�t� 

�f�o�r� �t�h�e� �r�e�a�c�t�i�v�i�t�y� �a�n�d� �k�i�n�e�t�i�c�s� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�s� �a�n�d� �r�e�a�c�t�i�o�n�s� 

�i�n�v�o�l�v�e�d�,� �h�o�w�e�v�e�r�.� �T�h�e� �r�e�a�c�t�i�v�i�t�y� �o�f� �p�y�r�i�t�e� �i�s� �l�a�r�g�e�l�y� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �i�t�s� �g�r�a�i�n� �s�i�z�e�.� �F�i�n�e� �g�r�a�i�n�e�d�,� �f�r�a�m�b�o�i�d�a�l� �p�y�r�i�t�e� 

�i�s� �v�e�r�y� �r�e�a�c�t�i�v�e�,� �a�n�d� �i�s� �o�f�t�e�n� �t�h�e� �m�a�j�o�r� �s�o�u�r�c�e� �o�f� �a�c�i�d�i�t�y� �i�n� 

�t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �(�C�a�r�u�c�c�i�o�,� �1�9�7�0�)�.� 

�T�h�e� �d�a�t�a� �f�o�r� �e�x�c�h�a�n�g�e�a�b�l�e� �a�n�d� �t�o�t�a�l� �C�a� �a�n�d� �M�g� �c�o�n�t�e�n�t� �f�o�r� 

�t�h�e�s�e� �m�a�t�e�r�i�a�l�s�,� �w�h�i�c�h� �w�i�l�l� �b�e� �p�r�e�s�e�n�t�e�d� �l�a�t�e�r�,� �d�e�m�o�n�s�t�r�a�t�e�s� 

�t�h�e� �l�o�w� �b�a�s�e� �s�t�a�t�u�s� �o�f� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s�.� �D�u�e� �t�o� �t�h�e�i�r� �l�o�w� �b�a�s�e� 

�s�t�a�t�u�s� �a�n�d� �p�H�,� �t�h�e� �e�x�c�h�a�n�g�e� �c�o�m�p�l�e�x� �i�s� �s�a�t�u�r�a�t�e�d� �w�i�t�h� �A�l�.� �A�s� 

�t�h�e� �p�y�r�i�t�e� �w�e�a�t�h�e�r�s� �p�r�o�t�o�n�s� �a�r�e� �p�r�o�d�u�c�e�d�,� �w�h�i�c�h� �a�t�t�a�c�k� �t�h�e� 

�m�i�n�e�r�a�l� �s�u�r�f�a�c�e�s� �a�n�d� �A�l� �i�s� �l�i�b�e�r�a�t�e�d�.� �T�h�i�s� �A�l� �i�s� �t�h�e�n� 

�h�y�d�r�o�l�y�z�e�d� �a�n�d� �i�s� �a�d�s�o�r�b�e�d� �o�n�t�o� �t�h�e� �e�x�c�h�a�n�g�e� �c�o�m�p�l�e�x�.� 

�T�h�e� �p�H� �v�a�l�u�e�s� �f�o�r� �t�h�e� �2�7� �p�i�l�e� �s�a�m�p�l�e� �s�e�t� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� 

�T�a�b�l�e� �9�.� �T�h�e�r�e� �i�s� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �p�H� �v�a�l�u�e�s� �f�r�o�m�a� �l�o�w� �o�f� �3�.�0� 

�t�o� �a� �h�i�g�h� �o�f� �8�.�3�.� �O�n�l�y� �t�h�r�e�e� �o�f� �t�h�e� �s�a�m�p�l�e�s� �e�x�h�i�b�i�t�e�d� �p�H



�D�2� 

�T�a�b�l�e� �9�.� �T�h�e� �p�H� �v�a�l�u�e�s� �f�o�r� �t�h�e� �2�7� �p�i�l�e� �s�a�m�p�l�e� �s�e�t�.� �T�h�e� �p�H� 
�v�a�l�u�e�s� �w�e�r�e� �t�a�k�e�n� �i�n� �a� �1�:�1� �d�e�i�o�n�i�z�e�d� �w�a�t�e�r�/�r�e�f�u�s�e� �s�l�u�r�r�y�.� 
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�5�3� 

�v�a�l�u�e�s� �h�i�g�h�e�r� �t�h�a�n� �7�.� �S�a�m�p�l�e� �3�5�P� �w�a�s� �m�i�n�e�d� �f�r�o�m� �t�h�e� �P�a�r�s�o�n ��s� 

�o�r� �"�l�i�m�e�s�t�o�n�e� �s�e�a�m�"� �(�P�r�e�s�c�o�t�t�,� �1�9�4�6�)� �w�h�i�c�h� �c�o�u�l�d� �b�e�.� 

�r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �i�t�s� �h�i�g�h� �p�H�.� �S�a�m�p�l�e� �R�R�P� �c�o�m�e�s� �f�r�o�m� �a� �p�i�l�e� 

�l�o�c�a�t�e�d� �a�d�j�a�c�e�n�t� �t�o� �a�n�d� �n�o�w� �c�o�v�e�r�i�n�g� �a�n� �o�l�d� �b�a�n�k� �o�f� �c�o�k�e� 

�o�v�e�n�s�.� �I�t� �i�s� �s�p�e�c�u�l�a�t�e�d� �t�h�a�t� �t�h�e� �f�l�y�a�s�h� �f�r�o�m� �t�h�e�s�e� �o�v�e�n�s� �m�a�y� 

�h�a�v�e� �i�n�f�l�u�e�n�c�e�d� �t�h�e� �p�H� �o�f� �t�h�i�s� �r�e�f�u�s�e�.� �S�a�m�p�l�e�s� �D�R�P� �a�n�d� �P�T�H� 

�a�r�e� �f�r�o�m� �t�h�e� �s�a�m�e� �c�o�a�l� �s�e�a�m� �a�n�d� �t�h�e�s�e� �s�a�m�p�l�e�s� �h�a�v�e� �p�H� �v�a�l�u�e�s� 

�o�f� �5�.�5�0� �a�n�d� �4�.�2�0� �r�e�s�p�e�c�t�i�v�e�l�y�.� �S�a�m�p�l�e� �R�R�A� �i�s� �a� �f�r�e�s�h� �r�e�f�u�s�e� 

�S�a�m�p�l�e� �f�r�o�m� �p�i�l�e� �w�h�i�c�h� �h�a�s� �d�i�s�p�l�a�y�e�d� �v�e�r�y� �l�i�t�t�l�e� �a�c�i�d� 

�p�r�o�d�u�c�i�n�g� �a�b�i�l�i�t�y�.� �T�h�e� �o�t�h�e�r� �r�e�f�u�s�e� �s�a�m�p�l�e�s� �f�r�o�m� �a�c�t�i�v�e� �p�i�l�e�s� 

�a�l�l� �h�a�v�e� �p�H� �v�a�l�u�e�s� �b�e�l�o�w� �5� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e�s�e� �s�a�m�p�l�e�s� �h�a�d� 

�w�e�a�t�h�e�r�e�d� �s�o�m�e� �b�e�f�o�r�e� �t�h�e�y� �w�e�r�e� �c�o�l�l�e�c�t�e�d�,� �a�n�d� �t�h�a�t� �t�h�e� �S� 

�r�e�a�c�t�i�o�n�s� �c�a�n� �o�c�c�u�r� �v�e�r�y� �q�u�i�c�k�l�y�.� 

�T�h�e� �b�o�x�p�l�o�t� �i�l�l�u�s�t�r�a�t�i�n�g� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �p�H� �d�a�t�a� 

�(�F�i�g�.� �7�a�)� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �P�3�5� �i�s� �a� �m�i�l�d� �o�u�t�l�i�e�r�.� �T�h�e� �m�e�a�n� �i�s� 

�s�k�e�w�e�d� �u�p�w�a�r�d� �d�u�e� �t�o� �t�h�e� �3� �h�i�g�h� �p�H� �s�a�m�p�l�e�s�.� �T�h�e�r�e� �i�s� �a� 

�d�i�f�f�e�r�e�n�c�e� �(�M�a�n�n�-�W�h�i�t�n�e�y� �t�e�s�t� �p� �=� �0�.�0�9�)� �b�e�t�w�e�e�n� �t�h�e� �m�e�d�i�a�n� �p�H� 

�o�f� �t�h�e� �>� �2�0� �y�r� �o�l�d� �p�i�l�e�s� �(�4�.�7�)� �a�n�d� �t�h�e� �m�e�d�i�a�n� �p�H� �o�f� �t�h�e� �<� �2�0� 

�y�r� �o�l�d� �p�i�l�e�s� �(�3�.�8�)�.� �T�h�i�s� �d�i�f�f�e�r�e�n�c�e� �i�s� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� �t�h�e� 

�e�f�f�i�c�i�e�n�c�y� �o�f� �m�o�d�e�r�n� �c�o�a�l� �p�r�e�p� �p�l�a�n�t�s� �i�n� �p�u�t�t�i�n�g� �a� �h�i�g�h�e�r� 

�p�r�o�p�o�r�t�i�o�n� �o�f� �p�y�r�i�t�e� �i�n�t�o� �t�h�e� �r�e�f�u�s�e� �p�i�l�e�s�.� �T�h�e� �p�H� �o�f� �t�h�e� 

�o�l�d�e�r� �p�i�l�e�s� �m�a�y� �a�l�s�o� �h�a�v�e� �i�n�c�r�e�a�s�e�d� �a�f�t�e�r� �m�o�s�t� �o�f� �t�h�e� �p�y�r�i�t�e� 

�c�o�n�t�a�i�n�e�d� �i�n� �t�h�e�m� �o�x�i�d�i�z�e�d�.� �T�h�e� �p�H� �i�n� �t�h�e�s�e� �p�i�l�e�s� �i�s� �n�o� 

�l�o�n�g�e�r� �c�o�n�t�r�o�l�l�e�d� �b�y� �a�c�t�i�v�e� �p�y�r�i�t�e� �o�x�i�d�a�t�i�o�n�,� �a�n�d� �t�h�e� �p�H� �r�i�s�e�s� 

�t�o� �t�h�e� �A�l� �b�u�f�f�e�r�i�n�g� �r�a�n�g�e� �(�a�b�o�u�t� �p�H� �5�)�.
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�5�5� 

�P�l�a�n�t� �g�r�o�w�t�h� �i�s� �u�n�i�f�o�r�m�l�y� �i�n�h�i�b�i�t�e�d� �w�h�e�n� �p�H� �v�a�l�u�e�s� �a�r�e� 

�<� �4�.� �B�a�c�t�e�r�i�a� �i�m�p�o�r�t�a�n�t� �t�o� �t�h�e� �b�r�e�a�k�d�o�w�n� �o�f� �o�r�g�a�n�i�c� �m�a�t�t�e�r�,� 

�a�n�d� �i�n� �t�h�e� �n�i�t�r�i�f�i�c�a�t�i�o�n� �p�r�o�c�e�s�s� �a�l�s�o� �d�o� �n�o�t� �f�u�n�c�t�i�o�n� �w�e�l�l� 

�b�e�l�o�w� �p�H� �5�.�0�.� �A�l�s�o�,� �s�i�n�c�e� �a�v�a�i�l�a�b�l�e� �P� �i�s� �o�n�e� �o�f� �t�h�e� �m�a�j�o�r� 

�g�r�o�w�t�h� �l�i�m�i�t�i�n�g� �f�a�c�t�o�r�s� �i�n� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s�,� �t�h�e� �p�H� �s�h�o�u�l�d� �b�e� 

�a�d�j�u�s�t�e�d� �t�o� �a�t� �l�e�a�s�t� �5�,� �i�n� �o�r�d�e�r� �t�o� �m�a�k�e� �P� �m�o�r�e� �a�v�a�i�l�a�b�l�e�.� �A�t� 

�l�o�w� �p�H� �v�a�l�u�e�s� �m�e�t�a�l� �t�o�x�i�c�i�t�i�e�s� �o�f� �A�l�,� �F�e�,� �a�n�d� �M�n�,� �m�a�y� �a�l�s�o� 

�o�c�c�u�r�.� �M�o�l�y�b�d�e�n�u�m� �f�o�r�m�s� �i�n�s�o�l�u�b�l�e� �c�o�m�p�o�u�n�d�s� �w�i�t�h� �F�e� �a�t� �l�o�w� 

�p�H�,� �a�n�d� �t�h�u�s�,� �p�l�a�n�t�s� �s�u�s�c�e�p�t�i�b�l�e� �t�o� �M�o� �d�e�f�i�c�i�e�n�c�y�,� �s�u�c�h� �a�s� 

�l�e�g�u�m�e�s�,� �m�a�y� �h�a�v�e� �r�e�d�u�c�e�d� �g�r�o�w�t�h�.� �A�d�j�u�s�t�m�e�n�t� �o�f� �t�h�e� �p�H� 

�t�h�r�o�u�g�h� �l�i�m�i�n�g� �i�s� �e�s�s�e�n�t�i�a�l� �i�f� �v�e�g�e�t�a�t�i�o�n� �i�s� �t�o� �b�e� 

�e�s�t�a�b�l�i�s�h�e�d�,� �e�s�p�e�c�i�a�l�l�y� �i�f� �t�h�e� �p�H� �i�s� �<�4�.�5�.� �M�a�t�e�r�i�a�l�s� �w�i�t�h� �p�H� 

�v�a�l�u�e�s� �<�4�.�5� �w�i�t�h� �h�i�g�h� �a�m�o�u�n�t�s� �o�f� �p�o�t�e�n�t�i�a�l� �a�c�i�d�i�t�y�,� �o�r� 

�e�x�t�r�a�c�t�a�b�l�e� �A�l� �a�n�d� �F�e� �m�a�y� �r�e�q�u�i�r�e� �a�t� �l�e�a�s�t� �3�0� �c�m� �o�f� �t�o�p�s�o�i�l� 

�w�i�t�h� �l�i�m�e� �a�p�p�l�i�e�d� �a�t� �_� �t�h�e� �r�e�f�u�s�e�/�s�o�i�l� �c�o�n�t�a�c�t� �t�o� �b�e� 

�s�u�c�c�e�s�s�f�u�l�l�y� �r�e�v�e�g�e�t�a�t�e�d�.� 

�S�o�l�u�b�l�e� �S�a�l�t�s� 

�T�h�e� �d�i�s�s�o�l�u�t�i�o�n� �o�f� �p�r�i�m�a�r�y� �a�n�d� �s�e�c�o�n�d�a�r�y� �m�i�n�e�r�a�l�s� �a�r�e� �t�h�e� 

�p�r�i�m�a�r�y� �s�o�u�r�c�e�s� �o�f� �s�a�l�t�s� �i�n� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s�.� �A�c�i�d�-�s�u�l�f�a�t�e� 

�w�e�a�t�h�e�r�i�n�g� �i�s� �t�h�e� �d�r�i�v�i�n�g� �f�o�r�c�e� �b�e�h�i�n�d� �t�h�i�s �� �m�i�n�e�r�a�l� 

�G�i�s�s�o�l�u�t�i�o�n�.� �M�a�n�y� �o�f� �t�h�e� �s�e�c�o�n�d�a�r�y� �m�i�n�e�r�a�l�s� �a�r�e� �t�h�e� �s�u�l�f�a�t�e� 

�a�n�d� �b�i�c�a�r�b�o�n�a�t�e� �s�a�l�t�s� �o�f� �A�l�,� �F�e�,� �C�a�,� �a�n�d� �M�g� �a�n�d� �m�o�r�e� �c�o�m�p�l�e�x� 

�m�i�n�e�r�a�l�s� �s�u�c�h� �a�s� �j�a�r�o�s�i�t�e�.� �I�n�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e� �s�o�l�u�b�l�e� �s�a�l�t� 

�t�o�x�i�c�i�t�y� �l�e�v�e�l�s� �f�o�r� �p�l�a�n�t�s� �o�f� �t�h�e� �h�u�m�i�d� �r�e�g�i�o�n� �i�s� �l�i�m�i�t�e�d� �d�u�e� 

�t�o� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e�s�e� �t�o�x�i�c�i�t�i�e�s� �a�r�e� �n�o�t� �u�s�u�a�l�l�y� �e�n�c�o�u�n�t�e�r�e�d�.



�5�6� 

�S�a�t�u�r�a�t�i�o�n� �e�x�t�r�a�c�t� �e�l�e�c�t�r�i�c�a�l� �c�o�n�d�u�c�t�i�v�i�t�y� �(�E�C�)� �v�a�l�u�e�s� �o�f� �<� 

�0�.�2� �S�m�!� �a�r�e� �g�e�n�e�r�a�l�l�y� �t�h�o�u�g�h�t� �t�o� �i�n�d�i�c�a�t�e� �n�e�g�l�i�g�i�b�l�e� �s�a�l�t� 

�p�r�o�b�l�e�m�s�,� �h�o�w�e�v�e�r�,� �s�o�m�e� �o�f� �t�h�e� �p�l�a�n�t� �s�p�e�c�i�e�s�,� �s�u�c�h� �a�s� �w�h�i�t�e� 

�c�l�o�v�e�r�,� �u�s�e�d� �i�n� �r�e�c�l�a�m�a�t�i�o�n� �o�f� �t�h�e�s�e� �a�r�e�a�s� �s�h�o�w� �s�a�l�t� 

�s�e�n�s�i�t�i�v�i�t�y� �a�t� �E�C� �v�a�l�u�e�s� �o�f� �0�.�1�5� �S�m�'� �o�r� �g�r�e�a�t�e�r�.� 

�T�h�e� �s�a�t�u�r�a�t�e�d� �p�a�s�t�e� �e�x�t�r�a�c�t� �E�C� �v�a�l�u�e�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� 

�T�a�b�l�e� �1�0�.� �T�h�e� �s�a�m�p�l�e� �s�e�t� �m�e�a�n� �o�f� �0�.�0�9� �S�m�!� �i�s� �w�e�l�l� �b�e�l�o�w� �t�h�e� 

�0�.�2� �S�m �� �t�h�r�e�s�h�o�l�d� �l�e�v�e�l�.� �T�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �E�C� �d�a�t�a� �i�s� 

�p�r�e�s�e�n�t�e�d� �i�n� �a� �b�o�x�p�l�o�t� �(�F�i�g�u�r�e� �7�b�)�.� �S�a�m�p�l�e�s� �B�M�R�,� �J�S�R�,� �a�n�d� �R�R�A� 

�a�r�e� �a�l�l� �s�t�r�o�n�g� �o�u�t�l�i�e�r�s�.� �T�h�e�s�e� �a�r�e� �a�l�l� �a�c�t�i�v�e� �p�i�l�e�s�.� �T�h�i�s� 

�s�u�g�g�e�s�t�s� �t�h�a�t� �h�i�g�h� �s�a�l�t� �c�o�n�t�e�n�t�s� �a�r�e� �o�n�l�y� �a� �p�r�o�b�l�e�m� �i�n� �<� �1�0� 

�y�e�a�r� �o�l�d� �r�e�f�u�s�e�.� �T�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�e� �d�a�t�a� �i�s� �i�n� �a� �t�i�g�h�t� 

�c�l�u�s�t�e�r� �n�e�a�r� �t�h�e� �s�a�m�p�l�e� �s�e�t� �m�e�a�n�.� �T�h�e�r�e� �i�s� �a�n� �o�b�v�i�o�u�s� 

�a�s�s�o�c�i�a�t�i�o�n� �b�e�t�w�e�e�n� �E�C� �v�a�l�u�e�s� �a�n�d� �p�i�l�e� �a�g�e�.� �T�h�e� �m�e�a�n� �E�C� �v�a�l�u�e� 

�o�f� �t�h�e� �p�i�l�e�s� �<� �2�0� �y�e�a�r�s� �o�l�d� �i�s� �0�.�1�7� �S�m�'�,� �w�h�i�l�e� �t�h�e� �m�e�a�n� �E�C� �o�f� 

�t�h�e� �>�2�0� �y�e�a�r� �o�l�d� �p�i�l�e�s� �i�s� �0�.�0�3� �S�m ��.� �T�h�i�s� �d�i�f�f�e�r�e�n�c�e� �i�s� 

�S�i�g�n�i�f�i�c�a�n�t� �a�t� �t�h�e� �p� �=� �0�.�0�0�1� �l�e�v�e�l� �(�M�a�n�n�-�W�h�i�t�n�e�y� �t�e�s�t�)�.� 

�F�u�r�t�h�e�r� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �d�a�t�a� �r�e�v�e�a�l�s� �t�h�a�t� �t�h�e� �4� �a�c�t�i�v�e� 

�p�i�l�e�s� �h�a�v�e� �a� �m�e�a�n� �E�C� �v�a�l�u�e� �o�f� �0�.�4�4� �S�m�'�.� �S�a�l�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� 

�a�t� �t�h�i�s� �l�e�v�e�l� �m�a�y� �r�e�s�u�l�t� �i�n� �r�e�d�u�c�e�d� �p�l�a�n�t� �g�r�o�w�t�h�.� �T�h�e� �s�a�l�t� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �a�g�e� �a�s� �t�h�e� �s�a�l�t�s� �a�r�e� �l�e�a�c�h�e�d� 

�a�w�a�y�,� �a�n�d� �a�c�i�d�~�s�u�l�f�a�t�e� �w�e�a�t�h�e�r�i�n�g� �i�n� �t�h�e� �s�u�r�f�a�c�e� �i�s� �c�o�m�p�l�e�t�e�d�.� 

�E�v�e�n�t�u�a�l�l�y� �t�h�e� �s�a�l�t�s� �w�i�l�l� �b�e� �l�e�a�c�h�e�d� �o�u�t� �o�f� �t�h�e� �s�u�r�f�a�c�e� �l�a�y�e�r� 

�o�f� �a� �r�e�f�u�s�e� �p�i�l�e�,� �e�x�c�e�p�t� �t�h�o�s�e�.� �a�r�e�a�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �a�c�i�d� 

�l�e�a�c�h�a�t�e� �s�e�e�p�s�.� �T�h�e� �a�m�o�u�n�t� �o�f� �t�i�m�e� �n�e�e�d�e�d� �t�o� �l�e�a�c�h� �t�h�e� �s�a�l�t�s� 

�a�w�a�y� �w�i�l�l� �b�e� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �s�a�l�t� �p�r�o�d�u�c�i�n�g



�5�7� 

�T�a�b�l�e� �1�0�.� �T�h�e� �e�l�e�c�t�r�i�c�a�l� �c�o�n�d�u�c�t�i�v�i�t�y� �(�E�C�)� �v�a�l�u�e�s� �f�o�r� �t�h�e� �2�7� 
�p�i�l�e� �s�a�m�p�l�e� �s�e�t�.� 
� � 

� � 

� � 

�S�i�t�e� �E�C� �S�n ��!� 

�B�B�R� �0�.�1�4� 

�B�M�R� �0�.�5�5� 

�B�W�R� �0�.�2�2� 

�C�C�R� �0�.�0�4� 

�D�A�N�T�E� �0�.�0�2� 

�D�R�1� �0�.�0�4� 

�D�R�2� �Q�.�1�1� 

�D�R�P� �0�.�0�3� 

�J�S�R� �0�.�3�5� 

�K�R�P� �0�.�0�3� 

�L�D�R� �0�.�0�1� 

�L�T�R� �0�.�0�7� 

�M�R�P� �0�.�0�2� 

�N�R�P� �0�.�0�3� 

�P�B�R�U� �0�.�0�6� 

�P�B�R�V� �0�.�0�3� 

�P�T�H� �0�.�0�2� 

�R�D�H� �0�.�0�3� 

�R�R�A� �0�.�3�6� 

�R�R�P� �0�.�0�4� 

�R�R�R� �0�.�0�4� 

�S�G�R� �0�.�0�2� 

�W�C�R� �0�.�0�4� 

�3�1�H� �0�.�0�3� 

�3�5�P� �0�.�0�4� 

�6�7�0�A� �0�.�0�2� 

�6�7�0�B� �0�.�0�3� 

�M�E�A�N� �0�.�0�9� � � � � � 



�5�8� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �p�i�l�e�,� �t�h�e� �w�a�t�e�r� �i�n�f�i�l�t�r�a�t�i�o�n� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �a�n�d� �t�h�e� �a�m�o�u�n�t� �o�f� �p�r�e�c�i�p�i�t�a�t�i�o�n� �a� �p�i�l�e� 

�r�e�c�e�i�v�e�s�.� �N�o� �i�n�f�o�r�m�a�t�i�o�n� �i�s� �a�v�a�i�l�a�b�l�e� �a�b�o�u�t� �t�h�e� �t�i�m�e� �i�t� �t�a�k�e�s� 

�f�o�r� �t�h�e� �s�a�l�t�s� �t�o� �l�e�a�c�h� �f�r�o�m� �a� �p�i�l�e�.� �I�t� �a�p�p�e�a�r�s� �t�h�a�t� �a� 

�r�e�d�u�c�t�i�o�n� �i�n� �E�C� �t�o� �n�o�n�t�o�x�i�c� �l�e�v�e�l�s� �w�i�l�l� �o�c�c�u�r� �w�i�t�h�i�n� �1�0� �y�e�a�r�s� 

�i�n� �m�o�s�t� �r�e�f�u�s�e�,� �i�n� �t�h�e� �s�t�u�d�y� �a�r�e�a�.� 

�E�s�t�i�m�a�t�i�o�n� �o�f� �E�C� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �a� �s�t�u�d�y� �e�v�a�l�u�a�t�i�n�g� �w�a�t�e�r� �t�o� �s�o�i�l� �r�a�t�i�o�s� �i�n� 

�t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �E�C� �i�n� �c�o�a�l� �r�e�f�u�s�e� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�i�s� 

�s�e�c�t�i�o�n�.� �T�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�i�s� �s�t�u�d�y� �w�a�s� �t�o� �e�x�a�m�i�n�e� �t�h�e� 

�r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �E�C�s� �o�f� �s�a�t�u�r�a�t�i�o�n� �e�x�t�r�a�c�t�s� �a�n�d� �h�i�g�h�e�r� 

�w�a�t�e�r� �t�o� �s�o�i�l� �e�x�t�r�a�c�t�i�o�n� �r�a�t�i�o�s� �(�W�S�R�)� �o�n� �c�o�a�l� �r�e�f�u�s�e�.� 

�S�a�t�u�r�a�t�e�d� �p�a�s�t�e� �e�x�t�r�a�c�t�s� �a�r�e� �t�h�e� �s�t�a�n�d�a�r�d� �t�e�c�h�n�i�q�u�e�,� �b�u�t� �t�h�e�y� 

�r�e�q�u�i�r�e� �l�a�r�g�e� �a�m�o�u�n�t�s� �o�f� �s�a�m�p�l�e� �a�n�d� �a�r�e� �q�u�i�t�e� �l�a�b�o�r�i�o�u�s� �t�o� 

�p�r�e�p�a�r�e�.� �I�t� �t�a�k�e�s� �a� �d�a�y� �a�n�d� �a� �h�a�l�f� �t�o� �p�r�e�p�a�r�e�,� �e�x�t�r�a�c�t� �a�n�d� 

�a�n�a�l�y�z�e� �a� �b�a�t�c�h� �o�f� �s�a�t�u�r�a�t�e�d� �p�a�s�t�e� �e�x�t�r�a�c�t�s�,� �w�h�i�l�e� �i�t� �t�a�k�e�s� 

�l�e�s�s� �t�h�a�n� �3� �h�o�u�r�s� �t�o� �p�r�e�p�a�r�e� �a�n�d� �a�n�a�l�y�z�e� �s�a�m�p�l�e�s� �u�s�i�n�g� �W�S�R�s� �o�f� 

�1�:�1� �t�o� �1�:�5�.� 

�B�e�c�a�u�s�e� �o�f� �t�h�e� �f�r�e�s�h� �g�e�o�l�o�g�i�c� �n�a�t�u�r�e� �o�f� �t�h�e� �r�e�f�u�s�e� 

�m�a�t�e�r�i�a�l�s� �i�t� �w�a�s� �h�y�p�o�t�h�e�s�i�z�e�d� �t�h�a�t� �a� �r�e�g�r�e�s�s�i�o�n� �r�e�l�a�t�i�o�n�s�h�i�p� 

�c�o�u�l�d� �b�e� �d�e�v�e�l�o�p�e�d� �t�o� �r�e�l�a�t�e� �t�h�e� �E�C� �v�a�l�u�e�s� �o�f� �h�i�g�h�e�r� �W�S�R�s� �t�o� 

�t�h�e� �E�C� �v�a�l�u�e�s �� �o�f� �s�a�t�u�r�a�t�e�d� �p�a�s�t�e� �e�x�t�r�a�c�t�s�.� �T�h�e� 

�r�e�p�r�o�d�u�c�a�b�i�l�i�t�y� �o�f� �t�h�e� �E�C� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �t�h�e� �v�a�r�i�o�u�s� �W�S�R�s� �w�a�s� 

�a�l�s�o� �e�v�a�l�u�a�t�e�d�.� �T�h�e� �c�a�t�i�o�n� �(�C�a�*�*�,� �M�g�*�*�,� �K�*�,� �N�a�*�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�i�n� �t�h�e� �v�a�r�i�o�u�s� �e�x�t�r�a�c�t�s� �u�s�e�d� �w�a�s� �a�l�s�o� �e�v�a�l�u�a�t�e�d� �t�o� �s�e�e� �i�f� �a�n�y



�5�9� 

�d�i�l�u�t�i�o�n�/�s�o�l�u�t�i�o�n� �t�r�e�n�d�s� �c�o�u�l�d� �b�e� �o�b�s�e�r�v�e�d�,� �w�h�i�c�h� �m�i�g�h�t� 

�i�n�d�i�c�a�t�e� �t�h�e� �s�o�l�i�d� �p�h�a�s�e� �s�o�u�r�c�e� �o�f� �t�h�e� �s�a�l�t�s�.� 

�I�n� �a�l�l� �c�a�s�e�s� �t�h�e� �E�C� �w�a�s� �i�n�v�e�r�s�e�l�y� �r�e�l�a�t�e�d� �t�o� �w�a�t�e�r�:�s�o�i�l� 

�r�a�t�i�o� �a�s� �w�a�s� �e�x�p�e�c�t�e�d�.� �T�h�e� �m�e�a�n� �s�a�t�u�r�a�t�e�d� �p�a�s�t�e� �E�C� �v�a�l�u�e�s� �f�o�r� 

�t�h�e� �s�e�v�e�n� �s�a�m�p�l�e�s� �r�a�n�g�e�d� �f�r�o�m� �5�.�4�8� �t�o� �0�.�3�7� �d�S�/�m�,� �w�h�i�l�e� �t�h�e� �E�C� 

�f�o�r� �t�h�e� �5�:�1� �W�S�R� �r�a�n�g�e�d� �f�r�o�m� �1�.�2�5� �t�o� �0�.�1�0� �d�S�/�m�.� �T�h�e� 

�s�t�a�t�i�s�t�i�c�a�l� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �c�o�n�d�u�c�t�i�v�i�t�y� �d�a�t�a� �s�e�t� �i�s� �p�r�e�s�e�n�t�e�d� 

�i�n� �T�a�b�l�e� �1�1�.� �T�h�e� �5�:�1� �W�S�R� �h�a�d� �a� �l�o�w�e�r� �E�C� �v�a�l�u�e� �t�h�a�n� �t�h�e� �o�t�h�e�r� 

�W�S�R�s�.� �T�h�e� �W�S�R�s� �o�f� �1�:�1�,� �2�:�1� �a�n�d� �2�:�1� �b�y� �v�o�l�u�m�e� �s�h�o�w�e�d� �n�o� 

�d�i�f�f�e�r�e�n�c�e�s�.� �T�h�e�s�e� �d�a�t�a� �i�n�d�i�c�a�t�e� �t�h�a�t� �n�o� �d�i�r�e�c�t� �c�o�m�p�a�r�i�s�o�n� 

�c�a�n� �b�e� �m�a�d�e� �b�e�t�w�e�e�n� �t�h�e� �E�C� �v�a�l�u�e�s� �f�r�o�m� �a� �s�a�t�u�r�a�t�e�d� �p�a�s�t�e� 

�e�x�t�r�a�c�t� �a�n�d� �t�h�e� �v�a�r�i�o�u�s� �W�S�R�s�.� �T�h�i�s� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� 

�f�i�n�d�i�n�g�s� �o�f� �t�h�e� �U�.�S�.� �S�o�i�l� �S�a�l�i�n�i�t�y� �L�a�b� �(�1�9�5�4�)� �f�o�r� �s�o�i�l�s�.� 

�T�h�e� �r�e�p�r�o�d�u�c�a�b�i�l�i�t�y� �o�f� �t�h�e� �d�a�t�a� �w�a�s� �a�l�s�o� �e�v�a�l�u�a�t�e�d�.� �T�h�e� 

�c�o�e�f�f�i�c�i�e�n�t� �o�f� �v�a�r�i�a�t�i�o�n� �(�C�V�)� �f�o�r� �e�a�c�h� �r�e�p�l�i�c�a�t�e� �p�a�i�r� �w�a�s� 

�c�a�l�c�u�l�a�t�e�d� �b�y� �d�i�v�i�d�i�n�g� �t�h�e� �s�t�a�n�d�a�r�d� �e�r�r�o�r� �b�y� �t�h�e� �m�e�a�n� �a�n�d� 

�m�u�l�t�i�p�l�y�i�n�g� �b�y� �1�0�0�.� �T�h�e� �C�V� �w�a�s� �t�h�e�n� �a�n�a�l�y�z�e�d� �u�s�i�n�g� �a� 

�r�a�n�d�o�m�i�z�e�d� �c�o�m�p�l�e�t�e� �b�l�o�c�k� �d�e�s�i�g�n� �w�i�t�h�o�u�t� �r�e�p�l�i�c�a�t�i�o�n�.� �R�e�f�u�s�e� 

�t�y�p�e� �w�a�s� �t�h�e� �b�l�o�c�k�i�n�g� �v�a�r�i�a�b�l�e�.� �T�h�e� �m�e�a�n� �C�V� �v�a�l�u�e�s� �w�e�r�e� 

�c�o�m�p�a�r�e�d� �u�s�i�n�g� �t�h�e� �L�S�D� �p�r�o�c�e�d�u�r�e� �o�n� �S�A�S�.� �T�h�e�s�e� �v�a�l�u�e�s� �a�r�e� 

�p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �1�2�.� �T�h�e�r�e� �w�e�r�e� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� 

�i�n� �t�h�e� �m�e�a�n� �C�V� �v�a�l�u�e�s� �o�f� �5� �W�S�R�s� �u�s�e�d�.� �T�h�e� �s�a�t�u�r�a�t�e�d� �p�a�s�t�e� �h�a�d� 

�t�h�e� �h�i�g�h�e�s�t� �m�e�a�n� �C�V� �v�a�l�u�e�.� �T�h�i�s� �w�a�s� �e�x�p�e�c�t�e�d� �s�i�n�c�e� �t�h�e� 

�p�r�o�p�o�r�t�i�o�n�s� �o�f� �w�a�t�e�r� �t�o� �s�o�i�l� �u�s�e�d� �i�n� �t�h�i�s� �p�r�o�c�e�d�u�r�e� �a�r�e� �n�o�t� 

�c�o�n�s�t�a�n�t�.� �T�h�e� �p�r�o�c�e�d�u�r�e� �s�a�y�s� �t�o� �a�d�d� �w�a�t�e�r� �a�n�d� �m�i�x� �a�n�d� 

�c�o�n�t�i�n�u�e� �a�d�d�i�n�g� �w�a�t�e�r� �u�n�t�i�l� �t�h�e� �s�o�i�l� �j�u�s�t� �g�l�i�s�t�e�n�s�,� �b�u�t� �h�a�s� �n�o
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�T�a�b�l�e� �1�1�.� �T�h�e� �c�o�m�p�a�r�i�s�o�n� �o�f� �m�e�a�n� �E�C� �v�a�l�u�e�s� �f�o�r� �t�h�e� �5� �W�S�R� 

� � 

� � 

�t�r�e�a�t�m�e�n�t�s�.� �T�h�e� �m�e�a�n� �E�C� �v�a�l�u�e� �o�f� �e�a�c�h� �t�r�e�a�t�m�e�n�t� �i�s� �b�e�i�n�g� 
�c�o�m�p�a�r�e�d�.� 

�T�r�e�a�t�m�e�n�t� �M�e�a�n� �E�C� �v�a�l�u�e� 

�p�a�s�t�e� �2�.�4�7�3� 

�1�:�1� �1�.�7�3�°� 

�2�:�1� �1�.�3�4�5� 
�2�:�1� �v�o�l�u�m�e�  �� �1�.�1�7� 

�5�:�1� �0�.�6�9�%� � � � � 
� � 

 ��m�e�a�n�s� �w�i�t�h� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �a�t� 
�t�h�e� �a�l�p�h�a�=� �0�.�0�5� �l�e�v�e�l� �u�s�i�n�g� �t�h�e� �S�t�u�d�e�n�t�-�N�e�w�m�a�n�-�K�e�u�l�s� 
�p�r�o�c�e�d�u�r�e�.



�6�1� 

�T�a�b�l�e� �1�2�.� �T�h�e� �c�o�m�p�a�r�i�s�o�n� �o�f� �m�e�a�n� �C�V� �v�a�l�u�e�s� �f�o�r� �t�h�e� �5� �W�S�R� 
�t�r�e�a�t�m�e�n�t�s�.� �T�h�e� �v�a�r�i�a�b�i�l�i�t�y� �(�e�x�p�r�e�s�s�e�d� �a�s� �a� �C�V�)� �o�f� �e�a�c�h� �e�a�c�h� 
�t�r�e�a�t�m�e�n�t� �i�s� �b�e�i�n�g� �c�o�m�p�a�r�e�d�.� 
� � 

� � 

� � � � 

�T�r�e�a�t�m�e�n�t� �M�e�a�n� �C�V� �v�a�l�u�e�!� 

�P�a�s�t�e� �4�.�7�9�%� 

�1�:�1� �4�.�3�7�?� 

�2�:�1� �2�.�0�7�3� 

�2�:�1� �v�o�l�u�m�e� �2�.�9�6�?� 

�5�3�1� �4�.�6�0�%� 
� � 

 ��m�e�a�n�s� �w�i�t�h� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �a�t� 
�t�h�e� �a�l�p�h�a�=� �0�.�0�5� �l�e�v�e�l� �u�s�i�n�g� �t�h�e� �S�t�u�d�e�n�t�-�N�e�w�m�a�n�-�K�e�u�l�s� 
�p�r�o�c�e�d�u�r�e�.



�6�2� 

�f�r�e�e� �w�a�t�e�r� �(�R�h�o�a�d�e�s�,� �1�9�8�4�)�.� �T�h�e� �p�a�s�t�e� �a�l�s�o� �s�h�o�u�l�d� �n�o�t� �s�t�i�c�k� 

�t�o� �a� �s�p�a�t�u�l�a� �o�r�.� �s�t�i�r�r�i�n�g� �r�o�d�.� �T�h�i�s� �r�a�t�h�e�r� �s�u�b�j�e�c�t�i�v�e� 

�d�e�s�c�r�i�p�t�i�o�n� �s�h�o�u�l�d� �l�e�a�d� �t�o� �s�o�m�e� �v�a�r�i�a�b�i�l�i�t�y� �i�n� �w�a�t�e�r� �c�o�n�t�e�n�t� 

�a�n�d� �t�h�e�r�e�f�o�r�e� �E�C�.� �T�h�i�s� �v�a�r�i�a�b�i�l�i�t�y� �w�a�s� �n�o�t� �o�b�s�e�r�v�e�d� �i�n� �t�h�i�s� 

�e�x�p�e�r�i�m�e�n�t�,� �h�o�w�e�v�e�r�.� �T�h�e� �2�:�1� �b�y� �v�o�l�u�m�e� �W�S�R� �h�a�d� �a� �l�o�w�e�r� �C�V� 

�t�h�a�n� �w�a�s� �a�n�t�i�c�i�p�a�t�e�d�.� �D�i�f�f�e�r�e�n�c�e�s� �i�n� �p�a�c�k�i�n�g� �i�n� �t�h�e� �m�e�a�s�u�r�i�n�g� 

�o�f� �t�h�e� �s�o�i�l� �v�o�l�u�m�e� �c�o�u�l�d� �l�e�a�d� �t�o� �v�a�r�i�a�b�i�l�i�t�y� �i�n� �t�h�e� �W�S�R�.� �T�h�e� 

�C�V� �d�e�t�e�r�m�i�n�e�d� �h�e�r�e� �s�u�g�g�e�s�t�s� �t�h�a�t� �t�h�i�s� �i�s� �n�o�t� �a� �p�r�o�b�l�e�m�.� �B�a�s�e�d� 

�o�n� �t�h�e� �r�e�p�r�o�d�u�c�a�b�i�l�i�t�y� �d�e�m�o�n�s�t�r�a�t�e�d� �h�e�r�e�,� �t�h�e�r�e� �i�s� �n�o� �r�e�a�s�o�n� 

�n�o�t� �t�o� �u�s�e� �t�h�e� �s�a�t�u�r�a�t�e�d� �p�a�s�t�e� �e�x�t�r�a�c�t�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� 

�b�e�t�w�e�e�n� �W�S�R� �a�n�d� �E�C� �w�a�s� �e�v�a�l�u�a�t�e�d� �f�o�r� �e�a�c�h� �s�a�m�p�l�e�.� �T�h�e� �s�l�o�p�e�,� 

�i�n�t�e�r�c�e�p�t�,� �r�-�s�q�u�a�r�e�,� �a�n�d� �C�V� �v�a�l�u�e�s� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �s�a�m�p�l�e�s� �a�r�e� 

�p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �1�3�.� �T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �f�o�r� �a�l�l� �s�a�m�p�l�e�s� �i�s� 

�s�h�o�w�n� �g�r�a�p�h�i�c�a�l�l�y� �i�n� �F�i�g�u�r�e� �8�a�.� �E�a�c�h� �o�f� �t�h�e�s�e� �r�e�l�a�t�i�o�n�s�h�i�p�s� 

�h�a�s� �a� �n�e�g�a�t�i�v�e� �s�l�o�p�e� �a�s� �e�x�p�e�c�t�e�d�.� �S�a�m�p�l�e�s� �P�A�A�,� �W�C�R�,� �a�n�d� �C�C�R� 

�h�a�v�e� �s�l�o�p�e�s� �t�h�a�t� �a�r�e� �n�e�a�r�l�y� �z�e�r�o� �(�F�i�g�u�r�e� �8�c�)�.� �T�h�e�s�e� �s�a�m�p�l�e�s� 

�a�r�e� �w�e�a�t�h�e�r�e�d� �o�l�d�e�r� �s�a�m�p�l�e�s� �t�h�a�t� �h�a�v�e� �h�a�d� �m�o�s�t� �o�f� �t�h�e� �s�o�l�u�b�l�e� 

�s�a�l�t�s� �l�e�a�c�h�e�d� �f�r�o�m� �t�h�e�m� �a�n�d� �t�h�e�r�e�f�o�r�e� �h�a�v�e� �l�o�w� �E�C� �v�a�l�u�e�s� �a�t� 

�a�l�l� �W�S�R�s�.� �T�h�e� �d�a�t�a� �f�o�r� �t�h�e�s�e� �o�l�d�e�r� �w�e�a�t�h�e�r�e�d� �s�a�m�p�l�e�s� �s�h�o�w� 

�S�i�m�i�l�a�r� �s�l�o�p�e�s� �a�n�d� �c�o�u�l�d� �p�r�o�b�a�b�l�y� �b�e� �g�r�o�u�p�e�d� �t�o�g�e�t�h�e�r�.� 

�F�o�u�r� �s�a�m�p�l�e�s� �a�n�a�l�y�z�e�d� �h�a�d� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �s�o�l�u�b�l�e� �s�a�l�t� 

�l�e�v�e�l�s�.� �S�a�m�p�l�e�s� �N�P�B�,� �B�M�R�,� �a�n�d� �J�S�R� �a�r�e� �s�a�m�p�l�e�s� �f�r�o�m� �a�c�t�i�v�e� 

�r�e�f�u�s�e� �p�i�l�e�s� �t�h�a�t� �c�o�u�l�d� �s�t�i�l�l� �c�o�n�t�a�i�n�e�d� �s�a�l�t�s� �f�r�o�m� �t�h�e� �c�o�a�l� 

�c�l�e�a�n�i�n�g� �p�r�o�c�e�s�s� �a�n�d� �a�r�e� �s�t�i�l�l� �u�n�d�e�r�g�o�i�n�g� �p�y�r�i�t�e� �o�x�i�d�a�t�i�o�n�.� 

�S�a�m�p�l�e� �B�W�R� �i�s� �f�r�o�m� �a�n� �o�l�d�e�r� �r�e�f�u�s�e� �p�i�l�e� �t�h�a�t� �h�a�d� �a� �r�e�l�a�t�i�v�e�l�y



�6�3� 

�T�a�b�l�e� �1�3�.� �T�h�e� �s�l�o�p�e�,� �i�n�t�e�r�c�e�p�t�,� �r�-�s�q�u�a�r�e�,� �a�n�d� �C�V� �v�a�l�u�e�s� �o�f� 
�t�h�e� �E�C� �=� �W�S�R� �r�e�l�a�t�i�o�n�s�h�i�p� �f�o�r� �t�h�e� �7� �r�e�f�u�s�e� �m�a�t�e�r�i�a�l�s� �t�e�s�t�e�d�.� 
� � 

� � 

�s�i�t�e� �s�l�o�p�e� �I�n�t�e�r�c�e�p�t� �r�?� �C�V� 

�B�W�R� �~�0�.�2�9� �1�.�8�3� �0�.�7�3� �2�5�.�2� 

�J�S�R� �~�0�.�5�3� �3�.�1�3� �0�.�8�1� �2�2�.�3� 

�B�M�R� �~�0�.�7�6� �4�.�6�1� �0�.�7�3� �2�6�.�7� 

�C�C�R� �~�0�.�0�4� �0�.�2�9� �0�.�6�2� �3�1�.�0� 
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�h�i�g�h� �(�0�.�8�%�)� �s�u�l�f�u�r� �c�o�n�t�e�n�t� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �i�t� �s�t�i�l�l� �h�a�d� 

�r�e�a�c�t�i�v�e� �p�y�r�i�t�e� �r�e�m�a�i�n�i�n�g�.� �A�s� �t�h�i�s� �p�y�r�i�t�e� �o�x�i�d�i�z�e�s� �s�o�l�u�b�l�e� 

�s�a�l�t�s� �w�i�l�l� �b�e� �p�r�o�d�u�c�e�d�.� �E�a�c�h� �o�f� �t�h�e� �s�a�m�p�l�e�s� �w�i�t�h� �a� �h�i�g�h� �E�C� 

�h�a�s� �a� �u�n�i�q�u�e� �s�l�o�p�e� �(�F�i�g�u�r�e� �8�b�,� �T�a�b�l�e� �1�3�)� �a�n�d� �t�h�e�r�e�f�o�r�e� �i�t� �i�s� 

�a�n�d� �d�o�u�b�t�f�u�l� �t�h�a�t� �t�h�e�s�e� �d�a�t�a� �c�a�n� �b�e� �g�r�o�u�p�e�d� �t�o� �f�o�r�m� �a� �g�e�n�e�r�a�l� 

�c�o�n�c�l�u�s�i�o�n�.� �T�h�e� �r�*� �v�a�l�u�e�s� �f�o�r� �t�h�e�s�e� �l�i�n�e�a�r� �m�o�d�e�l�s� �a�r�e� �f�a�i�r�l�y� 

�h�i�g�h� �r�a�n�g�i�n�g� �f�r�o�m� �0�.�6�2� �t�o� �0�.�8�8�.� �I�t� �i�s� �n�o�t� �s�u�g�g�e�s�t�e�d� �t�o� �u�s�e� 

�t�h�e�s�e� �r�e�g�r�e�s�s�i�o�n�s� �a�s� �p�r�e�d�i�c�t�o�r�s�,� �b�u�t� �t�h�e�y� �d�o� �i�n�d�i�c�a�t�e� 

�s�i�g�n�i�f�i�c�a�n�t� �t�r�e�n�d�s� �i�n� �t�h�e� �d�a�t�a�.� �T�h�e� �C�V� �v�a�l�u�e�s� �a�r�e� �h�i�g�h�;� 

�h�o�w�e�v�e�r� �t�h�i�s� �i�s� �d�u�e� �t�o� �t�h�e� �s�m�a�l�l� �(�o�n�l�y� �2� �r�e�p�l�i�c�a�t�i�o�n�s�)� �s�a�m�p�l�e� 

�s�i�z�e�.� �I�f� �m�o�r�e� �r�e�p�l�i�c�a�t�i�o�n�s� �w�e�r�e� �i�n�c�l�u�d�e�d� �I� �b�e�l�i�e�v�e� �t�h�e� �C�V� 

�v�a�l�u�e�s� �w�o�u�l�d� �d�e�c�r�e�a�s�e� �s�i�g�n�i�f�i�c�a�n�t�l�y�.� 

�T�h�e�s�e� �d�a�t�a� �s�u�g�g�e�s�t� �t�h�a�t� �i�f� �t�h�e� �5�:�1� �W�S�R� �E�C� �v�a�l�u�e� �i�s� �l�e�s�s� 

�t�h�a�n� �0�.�5� �d�S�/�m� �t�h�e�n� �i�t� �i�s� �s�a�f�e� �t�o� �a�s�s�u�m�e� �t�h�a�t� �t�h�e� �p�a�s�t�e� 

�c�o�n�d�u�c�t�i�v�i�t�y� �w�i�l�l� �b�e� �l�e�s�s� �t�h�a�n� �2� �d�S�/�m�.� �M�o�r�e� �w�o�r�k� �n�e�e�d�s� �t�o� �b�e� 

�d�o�n�e� �t�o� �v�e�r�i�f�y� �t�h�i�s� �f�i�n�d�i�n�g�,� �h�o�w�e�v�e�r�.� �T�h�e� �5�:�1� �W�S�R� �e�x�t�r�a�c�t� 

�w�o�u�l�d� �b�e� �m�u�c�h� �e�a�s�i�e�r� �t�o� �p�e�r�f�o�r�m� �i�n� �t�h�e� �l�a�b�.� �I�n� �f�a�c�t�,� �t�h�e� �5�:�1� 

�e�x�t�r�a�c�t� �i�s� �f�l�u�i�d� �e�n�o�u�g�h� �t�h�a�t� �i�t� �c�a�n� �b�e� �f�i�l�t�e�r�e�d� �w�i�t�h�o�u�t� �t�h�e� 

�a�i�d� �o�f� �a� �v�a�c�u�u�m� �p�u�m�p�.� �T�h�e� �5�:�1� �e�x�t�r�a�c�t� �c�o�u�l�d� �t�h�e�r�e�f�o�r�e� �b�e� �u�s�e�d� 

�a�s� �a� �s�c�r�e�e�n�i�n�g� �t�e�s�t� �t�o� �s�e�e� �w�h�i�c�h� �s�a�m�p�l�e�s� �a�c�t�u�a�l�l�y� �n�e�e�d� �t�o� �h�a�v�e� 

�a� �s�a�t�u�r�a�t�e�d� �p�a�s�t�e� �e�x�t�r�a�c�t� �p�e�r�f�o�r�m�e�d�.� 

�T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �n�a�t�u�r�a�l� �l�o�g� �o�f� �t�h�e� �E�C� �a�n�d� 

�t�h�e� �W�S�R� �w�a�s� �a�l�s�o� �e�v�a�l�u�a�t�e�d� �f�o�r� �t�h�e� �4� �h�i�g�h� �E�C� �s�a�m�p�l�e�s�.� �T�h�i�s� 

�s�e�e�m�s� �t�o� �o�f�f�e�r� �a�n� �i�m�p�r�o�v�e�m�e�n�t� �o�v�e�r� �t�h�e� �s�t�r�a�i�g�h�t� �r�e�g�r�e�s�s�i�o�n� 

�2� �m�e�t�h�o�d�,� �s�i�n�c�e� �t�h�e� �r�°� �v�a�l�u�e�s� �a�r�e� �h�i�g�h�e�r� �a�n�d� �t�h�e� �C�V� �v�a�l�u�e�s� �a�r�e� 

�l�o�w�e�r�.� �O�n�e� �C�V� �v�a�l�u�e� �(�s�a�m�p�l�e� �B�W�R�)� �a�c�t�u�a�l�l�y� �i�n�c�r�e�a�s�e�d� �b�u�t� �t�h�i�s
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�w�a�s� �d�u�e� �t�o� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �m�e�a�n� �o�f� �t�h�e� �d�a�t�a� �w�h�e�n� �t�h�e� 

�n�a�t�u�r�a�l� �l�o�g� �w�a�s� �t�a�k�e�n� �(�T�a�b�l�e� �1�4�,� �F�i�g�u�r�e� �9�)�.� �I�t� �i�s� �a�l�s�o� 

�i�n�t�e�r�e�s�t�i�n�g� �t�o� �n�o�t�e� �t�h�a�t� �t�h�r�e�e� �o�f� �t�h�e� �s�a�m�p�l�e�s� �h�a�d� �s�i�m�i�l�a�r� 

�s�l�o�p�e�s�.� �W�i�t�h� �m�o�r�e� �t�e�s�t�i�n�g� �o�n� �h�i�g�h� �c�o�n�d�u�c�t�a�n�c�e� �s�a�m�p�l�e�s� �a� 

�p�r�e�d�i�c�t�i�v�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �5�:�1� �W�S�R� �a�n�d� �t�h�e� �p�a�s�t�e� 

�c�o�n�d�u�c�t�i�v�i�t�y� �m�i�g�h�t� �b�e� �d�e�v�e�l�o�p�e�d�.� 

�T�h�e� �f�r�e�s�h� �r�e�f�u�s�e� �s�a�m�p�l�e�s� �h�a�d� �c�o�n�d�u�c�t�i�v�i�t�i�e�s� �h�i�g�h� �e�n�o�u�g�h� 

�t�o� �c�a�u�s�e� �y�i�e�l�d� �r�e�d�u�c�t�i�o�n�s� �i�n� �r�e�c�l�a�m�a�t�i�o�n� �s�e�e�d�i�n�g�s�.� �T�h�i�s� 

�p�r�o�b�l�e�m� �c�a�n� �p�r�o�b�a�b�l�y� �b�e� �a�l�l�e�v�i�a�t�e�d� �w�i�t�h� �t�i�m�e�.� �I�f� �t�h�e� �r�e�f�u�s�e� 

�i�s� �a�l�l�o�w�e�d� �t�o� �w�e�a�t�h�e�r�,� �w�i�t�h�o�u�t� �e�f�f�o�r�t�s� �t�o� �m�i�t�i�g�a�t�e� �t�h�e� �l�o�w� �p�H�,� 

�t�h�e�n� �t�h�e� �p�y�r�i�t�e� �w�i�l�l� �o�x�i�d�i�z�e� �a�n�d� �t�h�e� �s�a�l�t�s� �w�i�l�l� �b�e� �g�e�n�e�r�a�t�e�d� 

�a�n�d� �t�h�e�n� �l�e�a�c�h�e�d� �a�w�a�y� �w�i�t�h� �t�i�m�e�.� �T�h�i�s� �m�a�y� �n�o�t� �b�e� �a� �s�o�l�u�t�i�o�n�,� 

�h�o�w�e�v�e�r�,� �b�e�c�a�u�s�e� �t�h�e�s�e� �a�r�e�a�s� �m�u�s�t� �h�a�v�e� �a� �p�l�a�n�t� �c�o�v�e�r� �t�o� 

�c�o�u�n�t�e�r� �e�r�o�s�i�o�n�,� �a�n�d� �r�u�n�o�f�f�.� �R�e�c�l�a�m�a�t�i�o�n�i�s�t�s� �m�u�s�t� �m�a�n�a�g�e� 

�t�h�e�s�e� �a�r�e�a�s� �w�i�t�h� �t�h�e� �l�e�v�e�l� �o�f� �s�o�l�u�b�l�e� �s�a�l�t�s� �i�n� �m�i�n�d�.� �T�h�e�s�e� 

�a�r�e�a�s� �a�l�s�o� �p�r�e�s�e�n�t� �a� �s�o�m�e�w�h�a�t� �u�n�i�q�u�e� �s�i�t�u�a�t�i�o�n� �b�e�c�a�u�s�e� �t�h�e�y� 

�a�r�e� �u�s�u�a�l�l�y� �h�i�g�h� �i�n� �s�o�l�u�b�l�e� �s�a�l�t�s� �a�n�d� �l�o�w� �i�n� �p�H�.� �S�a�m�p�l�e�s� �N�P�B� 

�a�n�d� �C�C�R� �w�o�u�l�d� �a�c�t�u�a�l�l�y� �c�l�a�s�s�i�f�y� �a�s� �s�o�d�i�c� �s�o�i�l�s�.� �T�h�i�s� �i�s� �m�u�c�h� 

�d�i�f�f�e�r�e�n�t� �t�h�a�n� �t�h�e� �a�r�i�d� �r�e�g�i�o�n�s� �o�f� �t�h�e� �w�o�r�l�d� �w�h�e�r�e� �h�i�g�h� �s�a�l�t� 

�a�r�e�a�s� �a�r�e� �a�l�s�o� �h�i�g�h� �i�n� �p�H�.� �R�e�c�l�a�m�a�t�i�o�n� �s�p�e�c�i�e�s� �s�e�l�e�c�t�i�o�n� �f�o�r� 

�r�e�f�u�s�e� �p�i�l�e�s� �m�u�s�t� �b�e� �m�a�d�e� �w�i�t�h� �s�a�l�t� �t�o�l�e�r�a�n�c�e� �i�n� �m�i�n�d�,� 

�e�s�p�e�c�i�a�l�l�y� �f�o�r� �t�h�e� �f�i�r�s�t� �s�e�v�e�r�a�l� �y�e�a�r�s� �a�f�t�e�r� �s�e�e�d�i�n�g�.� �A�f�t�e�r� 

�t�h�e� �i�n�i�t�i�a�l� �s�a�l�t� �l�o�a�d� �i�s� �l�e�a�c�h�e�d� �a�w�a�y� �l�o�n�g� �t�e�r�m� �t�o�l�e�r�a�n�c�e� �t�o� 

�a�c�i�d�i�t�y� �w�i�l�l� �b�e� �i�m�p�o�r�t�a�n�t�.
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�T�a�b�l�e� �1�4�.� �T�h�e� �s�l�o�p�e�,� �i�n�t�e�r�c�e�p�t�,� �r�-�s�q�u�a�r�e�,� �a�n�d� �C�V� �v�a�l�u�e�s� �o�f� 
�t�h�e� �l�n� �E�C� �=� �W�S�R� �r�e�l�a�t�i�o�n�s�h�i�p� �f�o�r� �t�h�e� �4� �r�e�f�u�s�e� �m�a�t�e�r�i�a�l�s� 
�t�e�s�t�e�d� �w�h�i�c�h� �h�a�d� �h�i�g�h� �c�o�n�d�u�c�t�i�v�i�t�i�e�s�.� 
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�s�i�t�e� �s�l�o�p�e� �I�n�t�e�r�c�e�p�t� �r�?� �C�V� 

�B�W�R� �-�0�.�2�9� �0�.�6�6� �0�.�9�0� �1�3�3�.�9� 

�J�S�R� �-�0�.�3�2� �1�.�2�3� �0�.�9�5� �2�2�.�0� 

�B�M�R� �-�0�.�2�9� �1�.�6�1� �0�.�9�2� �1�5�.�2� 

�N�P�B� �~�0�.�8�2� �1�.�4�8� �0�.�8�2� �1�5�.�6� 
� � � 
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�O�o�;� 
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�1�:� 
�O�F� 
�O�y� 

�9�.�0�0� �1�.�0�0� �2�.�0�0� �3�.�0�0� �4�.�0�0� �5�.�0�0� �6�.�0�0� 
�W�A�T�E�R� �/� �S�O�I�L� �g�/�g� 

�F�i�g�u�r�e� �9�.� �I�n� �E�C� �v�s� �W�S�R� �a�t� �t�h�e� �h�i�g�h� �c�o�n�d�u�c�t�a�n�c�e� �s�i�t�e�s



�7�1� 

�T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �W�S�R� �a�n�d� �c�a�t�i�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� 

�t�h�e� �v�a�r�i�o�u�s� �e�x�t�r�a�c�t�s� �f�o�r� �s�e�l�e�c�t�e�d� �s�a�m�p�l�e�s� �i�s� �p�r�e�s�e�n�t�e�d� 

�g�r�a�p�h�i�c�a�l�l�y� �i�n� �F�i�g�u�r�e�s� �1�0�a� �t�h�r�o�u�g�h� �d�a�d�.� �T�h�e� �r�e�a�d�e�r� �i�s� �a�d�v�i�s�e�d� 

�t�o� �n�o�t�e� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �s�c�a�l�e� �b�e�f�o�r�e� �i�n�t�e�r�p�r�e�t�i�n�g� �t�h�e�s�e� 

�f�i�g�u�r�e�s�.� �F�i�g�u�r�e� �1�0�a� �p�r�e�s�e�n�t�s� �t�h�e� �d�i�s�s�o�l�v�e�d� �C�a�,� �M�g�,� �N�a�,� �a�n�d� �K� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�t� �s�i�t�e� �B�M�R� �a�t� �1�:�1� �a�n�d� �5�:�1� �W�S�R�.� �T�h�e� �a�m�o�u�n�t� �o�f� 

�c�a�t�i�o�n�s� �e�x�t�r�a�c�t�e�d� �i�n�c�r�e�a�s�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �W�S�R�.� �T�h�e� �i�n�c�r�e�a�s�e�s� 

�i�n� �e�a�c�h� �e�l�e�m�e�n�t� �a�r�e� �s�l�i�g�h�t�,� �w�i�t�h� �t�h�e� �e�x�c�e�p�t�i�o�n� �o�f� �C�a�,� �w�h�i�c�h� 

�i�n�c�r�e�a�s�e�s� �t�w�o� �f�o�l�d�.� 

�S�a�m�p�l�e�s� �f�r�o�m� �B�M�R� �a�n�d� �N�P�B� �w�e�r�e� �t�e�s�t�e�d� �f�o�r� �t�h�e�i�r� �g�y�p�s�u�m� 

�c�o�n�t�e�n�t� �u�s�i�n�g� �t�h�e� �m�e�t�h�o�d� �o�f� �H�e�s�s�e�,� �(�1�9�7�2�)�.� �T�h�e� �s�a�m�p�l�e� �B�M�R� 

�c�o�n�t�a�i�n�e�d� �0�.�8� �m�E�Q� �o�f� �g�y�p�s�u�m�/�1�0�0�g� �w�h�i�l�e� �s�a�m�p�l�e� �N�P�B� �c�o�n�t�a�i�n�e�d� 

�o�n�l�y� �a� �t�r�a�c�e� �o�f� �g�y�p�s�u�m�.� �T�h�e� �N�H�,�O�A�c� �e�x�t�r�a�c�t�s� �w�e�r�e� �a�l�s�o� �t�e�s�t�e�d� 

�w�i�t�h� �t�h�e� �s�a�m�e� �m�e�t�h�o�d� �a�n�d� �n�e�i�t�h�e�r� �s�a�m�p�l�e� �s�h�o�w�e�d� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�g�y�p�s�u�m�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �e�i�t�h�e�r� �t�h�e� �N�H�,�O�A�c� �d�o�e�s� �n�o�t� 

�d�i�s�s�o�l�v�e� �a�p�p�r�e�c�i�a�b�l�e� �a�m�o�u�n�t�s� �o�f� �g�y�p�s�u�m� �o�r� �t�h�e� �t�e�s�t� �d�o�e�s� �n�o�t� 

�w�o�r�k� �i�n� �a� �s�a�l�t� �m�a�t�r�i�x�.� �D�i�s�s�o�l�v�e�d� �g�y�p�s�u�m� �w�a�s� �s�u�r�m�i�s�e�d� �t�o� �b�e� 

�t�h�e� �s�o�u�r�c�e� �o�f� �t�h�e� �h�i�g�h� �c�o�n�d�u�c�t�i�v�i�t�y� �i�n� �s�a�m�p�l�e� �B�M�R�.� �S�i�t�e� �N�P�B� 

�a�l�s�o� �h�a�d� �a� �h�i�g�h� �c�o�n�d�u�c�t�a�n�c�e�,� �b�u�t� �t�h�i�s� �w�a�s� �s�u�r�m�i�s�e�d� �t�o� �b�e� �t�h�e� 

�r�e�s�u�l�t� �o�f� �t�h�e� �h�i�g�h� �a�m�o�u�n�t� �t�o� �N�a� �s�a�l�t�s� �i�n� �t�h�i�s� �s�a�m�p�l�e� �(�F�i�g�.� 

�1�0�d�)�.� �T�h�e�s�e� �c�o�u�l�d� �b�e� �r�e�m�n�a�n�t�s� �o�f� �t�h�e� �c�l�e�a�n�i�n�g� �p�r�o�c�e�s�s�,� �o�r� 

�s�e�c�o�n�d�a�r�y� �m�i�n�e�r�a�l�s� �f�o�r�m�e�d� �f�r�o�m� �w�e�a�t�h�e�r�i�n�g�.
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�S�i�t�e�s� �B�W�R� �a�n�d� �C�C�R� �h�a�d� �m�o�d�e�r�a�t�e� �t�o� �l�o�w� �E�C� �v�a�l�u�e�s� �a�n�d� �h�a�d� 

�l�o�w�e�r� �v�a�l�u�e�s� �f�o�r� �s�o�l�u�b�l�e� �c�a�t�i�o�n�s� �(�F�i�g�.� �1�0�b� �a�n�d� �c�)�.� �S�i�t�e� �B�W�R� 

�d�i�d� �h�a�v�e� �a�n� �e�l�e�v�a�t�e�d� �l�e�v�e�l� �o�f� �M�g�,� �h�o�w�e�v�e�r�,� �a�n�d� �s�u�l�f�a�t�e� �s�a�l�t�s� 

�w�e�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �t�h�e� �s�o�u�r�c�e� �o�f� �t�h�e� �m�o�d�e�r�a�t�e� �E�C� �v�a�l�u�e� �f�o�r� 

�t�h�i�s� �s�a�m�p�l�e�.� �S�i�t�e� �C�C�R� �h�a�d� �t�h�e� �l�o�w�e�s�t� �E�C� �a�n�d� �a� �c�o�r�r�e�s�p�o�n�d�i�n�g�l�y� 

�l�o�w� �s�o�l�u�b�l�e� �c�a�t�i�o�n� �c�o�n�t�e�n�t�.� 

�T�h�e� �s�o�l�u�b�l�e� �c�a�t�i�o�n� �d�a�t�a� �s�u�g�g�e�s�t� �t�h�a�t� �i�n� �t�h�e� �l�o�w� �E�C� 

�s�a�m�p�l�e�s� �t�h�e� �s�o�l�u�b�l�e� �c�a�t�i�o�n�s� �a�r�e� �b�e�i�n�g� �l�i�b�e�r�a�t�e�d� �f�r�o�m� �s�p�a�r�i�n�g�l�y� 

�s�o�l�u�b�l�e� �c�a�r�b�o�n�a�t�e� �a�n�d� �s�u�l�f�a�t�e� �m�i�n�e�r�a�l�s�.� �T�h�e� �e�v�i�d�e�n�c�e� �f�o�r� �t�h�i�s� 

�i�s� �t�h�e� �l�a�r�g�e�,� �2� �f�o�l�d� �o�r� �g�r�e�a�t�e�r�,� �i�n�c�r�e�a�s�e� �i�n� �s�o�l�u�b�l�e� �c�a�t�i�o�n�s� 

�a�s� �t�h�e� �W�S�R� �i�n�c�r�e�a�s�e�s�.� �T�h�e� �h�i�g�h� �E�C� �s�a�m�p�l�e�s� �c�o�n�t�a�i�n� �t�r�u�e� 

�"�s�o�l�u�b�l�e�"� �s�a�l�t�s�.� �T�h�e� �a�m�o�u�n�t� �o�f� �s�o�l�u�b�l�e� �c�a�t�i�o�n�s� �i�n�c�r�e�a�s�e� �o�n�l�y� 

�s�l�i�g�h�t�l�y� �o�n� �d�i�l�u�t�i�o�n� �o�f� �t�h�e�s�e� �s�a�m�p�l�e�s�.� �I� �b�e�l�i�e�v�e� �t�h�a�t� �t�h�i�s� 

�i�n�d�i�c�a�t�e�s� �t�h�e�r�e� �c�o�u�l�d� �b�e� �a� �w�e�a�t�h�e�r�i�n�g� �s�e�q�u�e�n�c�e� �i�n� �t�h�e�s�e� 

�m�a�t�e�r�i�a�l�s�.� �T�h�e� �s�o�d�i�u�m� �s�a�l�t�s� �a�r�e� �t�h�e� �i�n�i�t�i�a�l� �s�o�u�r�c�e� �o�f� �h�i�g�h� 

�E�C�.� �T�h�e� �s�o�d�i�u�m� �s�a�l�t�s� �l�e�a�c�h� �a�n�d� �t�h�e� �p�H� �d�r�o�p�s� �a�s� �t�h�e� �p�y�r�i�t�e� 

�w�e�a�t�h�e�r�s�.� �G�y�p�s�u�m� �a�n�d� �M�g� �s�u�l�f�a�t�e� �p�r�e�c�i�p�i�t�a�t�e� �a�s� �t�h�e� �c�a�r�b�o�n�a�t�e� 

�M�i�n�e�r�a�l�s� �d�i�s�s�o�l�v�e� �a�n�d� �r�e�l�e�a�s�e� �C�a� �a�n�d� �M�g� �t�o� �t�h�e� �s�y�s�t�e�m�.� �I�n� 

�t�i�m�e� �t�h�e� �s�l�o�w�l�y� �s�o�l�u�b�l�e� �g�y�p�s�u�m� �i�s� �l�e�a�c�h�e�d� �a�n�d� �t�h�e� �E�C� �d�r�o�p�s� �t�o� 

�l�o�w� �l�e�v�e�l�s� �s�h�o�w�n� �i�n� �t�h�e� �o�l�d�e�r� �r�e�f�u�s�e� �s�a�m�p�l�e�s�.� 

�T�h�e� �p�a�s�t�e� �e�x�t�r�a�c�t� �p�r�o�v�e�d� �t�o� �h�a�v�e� �n�o� �d�i�s�a�d�v�a�n�t�a�g�e�s� �a�s� �f�a�r� 

�a�s� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �w�a�s� �c�o�n�c�e�r�n�e�d�.� �S�i�n�c�e� �m�o�s�t� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� 

�s�a�l�t� �t�o�l�e�r�a�n�c�e� �a�r�e� �b�a�s�e�d� �o�n� �p�a�s�t�e� �E�C� �i�t� �w�i�l�l� �c�o�n�t�i�n�u�e� �t�o� �b�e� 

�t�h�e� �s�t�a�n�d�a�r�d� �m�e�t�h�o�d�.� �A� �5�:�1� �W�S�R� �e�x�t�r�a�c�t� �m�a�y� �p�r�o�v�e� �e�f�f�e�c�t�i�v�e� �i�n� 

�t�h�e� �s�c�r�e�e�n�i�n�g� �o�f� �s�a�m�p�l�e�s� �w�h�i�c�h� �n�e�e�d� �t�o� �h�a�v�e� �p�a�s�t�e� �E�C�s� 

�p�e�r�f�o�r�m�e�d� �o�n� �t�h�e�m�.� �L�o�w� �c�o�n�d�u�c�t�a�n�c�e� �s�a�m�p�l�e�s� �h�a�d� �l�o�w� �s�l�o�p�e�s� �f�o�r
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�t�h�e� �E�C� �v�s� �W�S�R� �r�e�l�a�t�i�o�n�s�h�i�p�,� �a�n�d� �i�t� �w�a�s� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �i�f� �a� 

�s�a�m�p�l�e� �h�a�d� �a� �5�:�1� �E�C� �o�f� �<�0�.�5� �d�S�/�m� �i�t� �w�a�s� �u�n�l�i�k�e�l�y� �t�h�a�t� �t�h�e� 

�p�a�s�t�e� �e�x�t�r�a�c�t� �w�o�u�l�d� �h�a�v�e� �a�n� �E�C� �o�f� �>�2� �d�S�/�m�.� �M�o�r�e� �o�b�s�e�r�v�a�t�i�o�n�s� 

�a�r�e� �n�e�e�d�e�d� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �v�a�l�i�d�i�t�y� �o�f� �t�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p�.� 

�E�x�t�r�a�c�t�a�b�l�e� �C�a�t�i�o�n�s� 

�T�h�e� �c�a�t�i�o�n�s� �e�x�t�r�a�c�t�e�d� �f�r�o�m� �a� �s�o�i�l�,� �u�s�u�a�l�l�y� �w�i�t�h� �1�.�0�N� 

�N�H�,�O�A�c� �f�o�r� �C�a�,� �M�g�,� �K�,� �a�n�d� �s�o�m�e�t�i�m�e�s� �N�a�,� �a�n�d� �1� �N� �K�C�l� �f�o�r� �A�l�,� 

�a�r�e� �u�s�u�a�l�l�y� �r�e�f�e�r�r�e�d� �t�o� �a�s� �"�e�x�c�h�a�n�g�e�a�b�l�e� �c�a�t�i�o�n�s�"�.� �I�n� 

�w�e�a�t�h�e�r�e�d� �s�o�i�l�s� �i�n� �w�h�i�c�h� �t�h�e� �s�a�l�t� �c�o�n�t�e�n�t� �i�s� �n�e�g�l�i�g�i�b�l�e� �t�h�e�r�e� 

�i�s� �l�i�k�e�l�y� �t�o� �b�e� �v�e�r�y� �l�i�t�t�l�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �e�x�c�h�a�n�g�e�a�b�l�e� �a�n�d� 

�e�x�t�r�a�c�t�a�b�l�e� �c�a�t�i�o�n�s�.� �I�n� �s�a�m�p�l�e�s� �s�u�c�h� �a�s� �t�h�e�s�e�,� �w�h�i�c�h� �h�a�v�e� 

�a�p�p�r�e�c�i�a�b�l�e� �a�m�o�u�n�t�s� �o�f� �s�o�l�u�b�l�e� �s�a�l�t�s�,� �c�a�t�i�o�n�s� �a�r�e� �e�x�c�h�a�n�g�e�d� 

�f�r�o�m� �t�h�e� �e�x�c�h�a�n�g�e� �c�o�m�p�l�e�x�,� �b�u�t� �a�r�e� �a�l�s�o� �t�h�e� �p�r�o�d�u�c�t� �o�f� �s�a�l�t� 

�d�i�s�s�o�l�u�t�i�o�n� �d�u�r�i�n�g� �e�x�t�r�a�c�t�i�o�n�.� �T�h�e� �c�a�t�i�o�n�s� �e�x�t�r�a�c�t�e�d� �w�i�l�l� 

�h�e�r�e�t�o�f�o�r�e� �b�e� �r�e�f�e�r�r�e�d� �t�o� �a�s� �e�x�t�r�a�c�t�a�b�l�e� �c�a�t�i�o�n�s� �a�n�d� �n�o�t� �a�s� 

�e�x�c�h�a�n�g�e�a�b�l�e� �c�a�t�i�o�n�s�.� 

�E�x�t�r�a�c�t�a�b�l�e� �C�a�l�c�i�u�m� 

�T�h�e� �a�m�o�u�n�t� �o�f� �e�x�t�r�a�c�t�a�b�l�e� �C�a� �s�h�o�w�s� �a� �l�a�r�g�e� �a�m�o�u�n�t� �o�f� 

�v�a�r�i�a�b�i�l�i�t�y�.� �T�h�e� �v�a�l�u�e�s� �r�a�n�g�e� �f�r�o�m� �0�.�2�0� �t�o� �1�7�.�1� �c�m�o�l�*�/�k�g� 

�e�x�t�r�a�c�t�a�b�l�e� �C�a� �(�T�a�b�l�e� �1�5�)�.� �T�h�i�s� �v�a�r�i�a�b�i�l�i�t�y� �i�s� �d�u�e� �t�o� �t�h�e� 

�v�a�r�y�i�n�g� �C�a� �c�o�n�t�e�n�t� �i�n� �t�h�e� �p�a�r�e�n�t� �r�o�c�k�s� �o�f� �t�h�e� �r�e�f�u�s�e�.� �T�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �C�a� �d�a�t�a� �(�F�i�g�.� �l�l�a�)� �i�s� �s�k�e�w�e�d� �w�i�t�h� �a� �l�o�n�g� 

�t�a�i�l� �o�n� �t�h�e� �h�i�g�h� �e�n�d�.� �T�h�i�s� �e�x�t�e�n�d�s� �t�h�e� �m�e�a�n� �e�x�t�r�a�c�t�a�b�l�e� �C�a� 

�v�a�l�u�e� �o�f� �3�.�2�3� �c�m�o�l�*�/�k�g� �w�e�l�l� �a�b�o�v�e� �t�h�e� �m�e�d�i�a�n� �v�a�l�u�e� �o�f� �1�.�2�3
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�T�a�b�l�e� �1�5�.� �E�x�t�r�a�c�t�a�b�l�e� �c�a�t�i�o�n� �d�a�t�a� �f�o�r� �t�h�e� �2�7� �p�i�l�e� �s�a�m�p�l�e� �s�e�t�.� 
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� � 

�c�a� �M�g� �K� �A�l� 

�S�i�t�e� �|� �-�-�~�-�~�-�~�-�~�-�~�~�-�~�-�~�~�-�-�~�~�~�-�~�-�~�~�-�-�~� �c�m�o�]�+�/�k�g�~�-�-�-�-�-�-�-�~�-�~�~�~�~�~�-�~�~�-�~�~�-�~�~�-�-� 
�B�B�R� �0�.�5�2� �0�.�8�4� �0�.�0�7� �7�.�3�7� 

�B�M�R� �1�4�.�0�5� �1�.�7�8� �0�.�2�4� �1�.�3�6� 

�B�W�R� �0�.�9�8� �1�.�0�8� �0�.�0�5� �6�.�7�4� 

�C�C�R� �0�.�6�5� �0�.�6�0� �0�.�1�6� �6�.�5�5� 

�D�A�N�T�E� �6�.�3�6� �;� �1�.�7�8� �0�.�2�2� �0�.�1�2� 

�D�R�1� �0�.�7�2� �0�.�5�4� �0�.�1�3� �5�.�9�2� 

�D�R�2� �1�.�2�3� �0�.�8�2� �0�.�1�0� �5�.�2�4� 

�D�R�P� �2�.�4�2� �1�.�3�5� �0�.�2�8� �0�.�3�2� 

�J�S�R� �9�.�0�0� �1�.�3�9� �0�.�2�3� �0�.�1�5� 

�K�R�P� �0�.�5�4� �0�.�3�6� �0�.�1�7� �7�.�0�3� 

�L�D�R� �4�.�1�5� �1�.�8�3� �0�.�1�7� �0�.�0�5� 

�L�T�R� �0�.�6�4� �0�.�4�6� �0�.�0�9� �7�.�9�0� 

�M�R�P� �2�.�8�0� �1�.�8�4� �0�.�1�2� �0�.�3�4� 

�N�R�P� �0�.�7�5� �0�.�7�5� �0�.�1�8� �6�.�9�4� 

�P�B�R�U� �0�.�7�3� �0�.�8�7� �0�.�2�2� �6�.�5�5� 

�P�B�R�V� �0�.�7�8� �0�.�5�9� �0�.�1�2� �6�.�3�5� 

�P�T�H�R� �0�.�2�0� �0�.�0�8� �0�.�1�2� �6�.�4�0� 

�R�D�H� �0�.�8�8� �0�.�6�4� �0�.�1�8� �3�.�9�3� 

�R�R�A� �5�.�6�4� �1�.�7�5� �0�.�3�3� �0�.�1�7� 

�R�R�P� �6�.�4�9� �0�.�7�3� �0�.�1�0� �0�.�1�0� 

�R�R�R� �4�.�0�2� �1�.�7�7� �0�.�2�2� �1�.�1�4� 

�S�G�R� �1�.�3�4� �1�.�3�4� �0�.�1�7� �4�.�0�3� 

�W�C�R� �0�.�7�5� �0�.�3�1� �0�.�1�2� �5�.�7�2� 

�3�1�H� �0�.�4�5� �0�.�1�7� �0�.�0�9� �3�.�5�4� 

�3�5�P� �1�7�.�1�0� �1�.�1�8� �0�.�2�2� �0�.�0�5� 

�6�7�0�A� �2�.�6�5� �1�.�4�9� �0�.�2�1� �3�.�3�8� 

�6�7�0�B� �1�.�4�0� �0�.�8�5� �0�.�1�5� �1�.�9�9� 

�M�E�A�N� �_� �3�.�2�3� �1�.�0�1� �0�.�1�7� �3�.�5�8� � � � � � 
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 �� �*� �0� 

�t�  �� �+�  ��t� �+�  �� �c�A� 
�@�.�a� �3�.�5� �7�.�8� �1�8�.�5� �1�4�,�9�8� �1�7�.�5� 

�F�i�g�u�r�e� �l�l�a�.� �B�o�x�p�l�o�t� �o�f� �t�h�e� �e�x�t�r�a�c�t�a�b�l�e� �C�a� �d�a�t�a�.� �D�a�t�a� �i�s� 
�p�r�e�s�e�n�t�e�d� �i�n� �c�m�o�l�*�/�k�g�.� 

 � � ��< ��$� �_�_ ��_�_ ��_ ��_�_�_�_�_� �} ��_ ��_ ��_�_ � ��_� 

�2�.�9�0� �8�.�3�5� �8�.�7�8� �1�.�8�5� �1�.�4�¢� �1�.�7�5� 

�F�i�g�u�r�e� �1�1�b�.� �B�o�x�p�l�o�t� �o�f� �t�h�e� �e�x�t�r�a�c�t�a�b�l�e� �M�g� �d�a�t�a�.� �D�a�t�a� �i�s� 
�p�r�e�s�e�n�t�e�d� �i�n� �c�m�o�l ��/�k�g�.� 

 � �� �|� �+� �1� 

�|�  ��-� �+�  ��-� �+� �+� �K� 
�8�.�9�5�0� �@�.�1�8�8� �9�.�1�5�8� �8�.�2�8�0� �8�.�2�5�8� �8�.�3�8�8� 

�F�i�g�u�r�e� �l�i�c�.� �B�o�x�p�l�o�t� �o�f� �t�h�e� �e�x�t�r�a�c�t�a�b�l�e� �K� �d�a�t�a�.� �D�a�t�a� �i�s� 
�p�r�e�s�e�n�t�e�d� �i�n� �c�m�o�l ��/�k�g�.� 

 � ��  ��I� �_�_�}�+ ��_�_�_�_ ��_� 

 �� �+� �+� �+� �.� �t� �A�L� 
�@�.�@� �1�.�5� �3�.�9� �4�.�5� �6�.�9� �7�.�5� 

�F�i�g�u�r�e� �1�1�d�.� �B�o�x�p�l�o�t� �o�f� �t�h�e� �e�x�t�r�a�c�t�a�b�l�e� �A�l� �d�a�t�a�.� �D�a�t�a� �i�s� 
�p�r�e�s�e�n�t�e�d� �i�n� �c�m�o�l ��/�k�g�.� 
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�c�m�o�l�*�/�k�g�.� �T�h�i�r�t�e�e�n� �o�f� �t�h�e� �s�a�m�p�l�e�s� �h�a�v�e� �l�e�s�s� �t�h�a�n� �1� �c�m�o�l ��*�/�k�g� 

�e�x�t�r�a�c�t�a�b�l�e� �C�a�.� �T�h�e�r�e� �i�s� �s�o�m�e� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �p�H� �a�n�d� 

�e�x�t�r�a�c�t�a�b�l�e� �C�a� �(�r� �=� �0�.�6�9�)�.� �T�h�e� �s�a�m�p�l�e�s� �w�i�t�h� �h�i�g�h� �p�H� �v�a�l�u�e�s� 

�t�e�n�d� �t�o� �h�a�v�e� �h�i�g�h� �C�a� �v�a�l�u�e�s�,� �h�o�w�e�v�e�r� �t�h�e�r�e� �a�r�e� �e�x�c�e�p�t�i�o�n�s� �s�u�c�h� 

�a�s� �s�i�t�e� �B�M�R� �w�h�i�c�h� �h�a�s� �a� �p�H� �o�f� �4�.�2� �a�n�d� �a� �h�i�g�h� �e�x�t�r�a�c�t�a�b�l�e� �C�a� 

�c�o�n�t�e�n�t�.� 

�L�i�t�t�l�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �e�x�t�r�a�c�t�a�b�l�e� �C�a� �w�a�s� �f�o�u�n�d� �i�n� �t�h�e� �<� 

�2�0� �y�e�a�r� �o�l�d� �m�a�t�e�r�i�a�l�s� �a�n�d� �t�h�e� �>� �2�0� �y�e�a�r� �o�l�d� �m�a�t�e�r�i�a�l�s�.� �T�h�i�s� 

�a�l�s�o� �s�u�g�g�e�s�t�s� �t�h�a�t� �e�x�t�r�a�c�t�a�b�l�e� �C�a� �c�o�n�t�e�n�t� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �C�a� 

�c�o�n�t�e�n�t� �i�n� �t�h�e� �p�a�r�e�n�t� �r�o�c�k�s� �a�n�d� �c�h�a�n�g�e�s� �l�i�t�t�l�e� �i�n� �a� �2�0� �y�e�a�r� 

�t�i�m�e� �p�e�r�i�o�d�.� �T�h�e� �s�o�u�r�c�e�s� �o�f� �t�h�e� �C�a� �i�n� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �a�r�e� �C�a�-� 

�c�a�r�b�o�n�a�t�e�s� �a�n�d� �s�e�c�o�n�d�a�r�y� �g�y�p�s�u�m�.� �T�h�o�s�e� �s�a�m�p�l�e�s� �t�h�a�t� �h�a�v�e� �a� �p�H� 

�a�b�o�v�e� �6� �a�n�d� �h�i�g�h� �l�e�v�e�l�s� �o�f� �C�a� �a�r�e� �l�i�k�e�l�y� �t�o� �c�o�n�t�a�i�n� �C�a�-� 

�c�a�r�b�o�n�a�t�e� �c�e�m�e�n�t�s� �e�s�p�e�c�i�a�l�l�y� �i�n� �t�h�e�i�r� �s�a�n�d�s�t�o�n�e� �c�o�m�p�o�n�e�n�t�.� 

�T�h�o�s�e� �s�a�m�p�l�e�s� �w�i�t�h� �p�H� �v�a�l�u�e�s� �<� �6� �a�n�d� �l�a�r�g�e� �a�m�o�u�n�t�s� �o�f� 

�e�x�t�r�a�c�t�a�b�l�e� �C�a� �a�r�e� �t�o� �l�i�k�e�l�y� �t�o� �c�o�n�t�a�i�n� �g�y�p�s�u�m�.� �T�h�e� �g�y�p�s�u�m� �i�s� 

�a� �s�e�c�o�n�d�a�r�y� �p�r�e�c�i�p�i�t�a�t�e� �f�o�r�m�e�d� �a�s� �t�h�e� �C�a�-�c�a�r�b�o�n�a�t�e�s� �r�e�a�c�t� �w�i�t�h� 

�t�h�e� �s�u�l�f�a�t�e� �w�e�a�t�h�e�r�i�n�g� �p�r�o�d�u�c�t�s� �o�f� �i�r�o�n� �p�y�r�i�t�e�.� 

�S�i�n�c�e� �l�i�m�e� �w�i�l�l� �b�e� �a�d�d�e�d� �t�o� �m�o�s�t� �o�f� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� 

�d�u�r�i�n�g� �r�e�c�l�a�m�a�t�i�o�n�,� �a�d�e�q�u�a�t�e� �C�a� �f�o�r� �n�o�r�m�a�l� �p�l�a�n�t� �g�r�o�w�t�h� �s�h�o�u�l�d� 

�b�e� �a�v�a�i�l�a�b�l�e� �i�n� �m�o�s�t� �s�i�t�u�a�t�i�o�n�s�.� 

�E�x�t�r�a�c�t�a�b�l�e� �M�a�g�n�e�s�i�u�m� 

�T�h�e� �a�m�o�u�n�t� �o�f� �e�x�t�r�a�c�t�a�b�l�e� �M�g� �s�h�o�w�s� �l�e�s�s� �v�a�r�i�a�b�i�l�i�t�y� �t�h�a�n� 

�d�o�e�s� �C�a�.� �T�h�e� �e�x�t�r�a�c�t�a�b�l�e� �M�g� �v�a�l�u�e�s� �r�a�n�g�e�d� �f�r�o�m� �0�.�0�8� �t�o� �1�.�8�4� 

�c�m�o�l�*�/�k�g� �(�T�a�b�l�e� �1�5�)�.� �T�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �d�a�t�a� �a�p�p�e�a�r�s� �t�o



�8�1� 

�b�e� �f�a�i�r�l�y� �n�o�r�m�a�l� �(�F�i�g�.� �1�1�b�)�.� �T�h�e� �m�e�a�n� �v�a�l�u�e� �o�f� �1�.�0�1� �c�m�o�l ��/�k�g� 

�i�s� �s�k�e�w�e�d� �s�l�i�g�h�t�l�y� �a�b�o�v�e� �t�h�e� �m�e�d�i�a�n� �o�f� �0�.�8�5� �c�m�o�l�*�/�k�g�.� 

�T�h�e�r�e� �i�s� �a� �c�l�u�s�t�e�r� �o�f� �s�i�x� �s�a�m�p�l�e�s� �w�i�t�h� �e�x�t�r�a�c�t�a�b�l�e� �M�g� �v�a�l�u�e�s� 

�>� �1�.�7� �c�m�o�l�*�/�k�g� �w�h�i�c�h� �c�a�u�s�e�s� �t�h�i�s� �s�k�e�w�.� �T�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� 

�e�x�t�r�a�c�t�a�b�l�e� �M�g� �c�o�u�l�d� �b�e� �b�i�m�o�d�a�l�,� �b�u�t� �r�e�q�u�i�r�e�s� �a� �l�a�r�g�e�r� �s�a�m�p�l�e� 

�s�e�t� �f�o�r� �c�o�m�p�l�e�t�e� �e�v�a�l�u�a�t�i�o�n�.� �E�x�t�r�a�c�t�a�b�l�e� �M�g� �i�s� �l�e�s�s� �s�t�r�o�n�g�l�y� 

�c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �p�H� �(�r� �=� �0�.�5�2�)� �t�h�a�n� �i�s� �C�a�.� �T�h�i�s� �c�o�r�r�e�l�a�t�i�o�n� 

�r�e�f�l�e�c�t�s� �t�h�e� �f�a�c�t� �t�h�a�t� �M�g� �l�e�v�e�l�s� �a�r�e� �u�s�u�a�l�l�y� �l�o�w�e�r� �t�h�a�n� �C�a� 

�l�e�v�e�l�s�.� �T�h�e� �s�o�u�r�c�e�s� �o�f� �M�g� �a�r�e� �c�a�r�b�o�n�a�t�e� �m�i�n�e�r�a�l�s�,� �s�e�c�o�n�d�a�r�y� 

�s�u�l�f�a�t�e� �p�r�e�c�i�p�i�t�a�t�e�s�,� �a�n�d� �b�i�o�t�i�t�e� �m�i�c�a�s�.� �I�f� �d�o�l�o�m�i�t�i�c� 

�l�i�m�e�s�t�o�n�e� �i�s� �u�s�e�d� �i�n� �t�h�e� �r�e�c�l�a�m�a�t�i�o�n� �o�f� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �n�o� 

�p�l�a�n�t� �d�e�f�i�c�i�e�n�c�i�e�s� �o�f� �M�g� �s�h�o�u�l�d� �o�c�c�u�r�.� 

�E�x�t�r�a�c�t�a�b�l�e� �P�o�t�a�s�s�i�u�m� 

�T�h�e� �a�m�o�u�n�t� �o�f� �e�x�t�r�a�c�t�a�b�l�e� �K� �s�h�o�w�s� �v�e�r�y� �l�i�t�t�l�e� �v�a�r�i�a�t�i�o�n� 

�a�n�d� �f�e�l�l� �i�n�t�o� �a� �r�e�l�a�t�i�v�e�l�y� �n�a�r�r�o�w� �r�a�n�g�e�.� �T�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� 

�e�x�t�r�a�c�t�a�b�l�e� �K� �(�F�i�g�.� �1�1�c�)� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �o�f� �t�o�t�a�l� �K� �w�h�i�c�h� 

�w�i�l�l� �b�e� �p�r�e�s�e�n�t�e�d� �l�a�t�e�r�.� �E�x�t�r�a�c�t�a�b�l�e� �K� �r�a�n�g�e�d� �f�r�o�m� �0�.�0�5� �t�o� 

�0�.�3�3� �c�m�o�l�*�/�k�g� �(�T�a�b�l�e� �1�5�)�.� �T�h�e� �d�a�t�a� �i�s� �e�v�e�n�l�y� �d�i�s�t�r�i�b�u�t�e�d� 

�t�h�r�o�u�g�h�o�u�t� �t�h�e� �r�a�n�g�e�.� �T�h�e� �e�x�t�r�a�c�t�a�b�l�e� �K� �d�a�t�a� �i�s� �n�o�r�m�a�l�l�y� 

�d�i�s�t�r�i�b�u�t�e�d� �a�n�d� �t�h�e� �m�e�a�n� �a�n�d� �m�e�d�i�a�n� �a�r�e� �b�o�t�h� �0�.�1�7� �c�m�o�l�*�/�k�g�.� 

�T�h�e� �m�e�a�n� �e�x�t�r�a�c�t�a�b�l�e� �K� �o�f� �t�h�e� �<� �2�0� �y�e�a�r� �o�l�d� �p�i�l�e�s� �w�a�s� �0�.�1�6� 

�c�m�o�l�*�/�k�g�,� �w�h�i�l�e� �t�h�e� �>� �2�0� �y�e�a�r� �o�l�d� �p�i�l�e� �m�e�a�n� �w�a�s� �0�.�1�7� �c�m�o�l�*�/�k�g�.� 

�T�h�e�s�e� �v�a�l�u�e�s� �a�r�e� �o�b�v�i�o�u�s�l�y� �n�o�t� �s�t�a�t�i�s�t�i�c�a�l�l�y� �d�i�f�f�e�r�e�n�t�.� �T�h�e� 

�s�o�u�r�c�e�s� �o�f� �K� �i�n� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �a�r�e� �m�i�c�a�s�,� �m�a�i�n�l�y� �m�u�s�c�o�v�i�t�e�,� 

�a�n�d� �f�e�l�d�s�p�a�r�s�.� �A�s� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �w�e�a�t�h�e�r�,� �K� �i�s� �r�e�l�e�a�s�e�d�.
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�U�n�d�e�r� �a�c�i�d� �c�o�n�d�i�t�i�o�n�s� �t�h�e� �w�e�a�t�h�e�r�i�n�g� �o�f� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �c�a�n� �b�e� 

�v�e�r�y� �r�a�p�i�d�.� �T�h�e� �m�i�c�a�s� �p�r�o�b�a�b�l�y� �w�e�a�t�h�e�r� �t�o� �k�a�o�l�i�n�i�t�e�.� 

�P�o�t�a�s�s�i�u�m� �f�e�r�t�i�l�i�z�a�t�i�o�n� �i�s� �n�o�t� �l�i�k�e�l�y� �t�o� �h�e� �n�e�e�d�e�d� �o�n� 

�t�h�e�s�e� �m�a�t�e�r�i�a�l�s�.� �T�h�e� �s�a�m�p�l�e� �w�i�t�h� �t�h�e� �l�o�w�e�s�t� �e�x�t�r�a�c�t�a�b�l�e� �K� 

�v�a�l�u�e� �w�o�u�l�d� �s�t�i�l�l� �s�u�p�p�l�y� �a�b�o�u�t� �4�2� �k�g� �K�/�h�a�.� �T�h�i�s� �i�s� �a� 

�m�o�d�e�r�a�t�e�l�y� �l�o�w� �a�m�o�u�n�t�,� �b�u�t� �i�t� �s�h�o�u�l�d� �b�e� �s�u�f�f�i�c�i�e�n�t� �s�i�n�c�e� �m�o�s�t� 

�o�f� �t�h�e� �s�y�s�t�e�m�s� �e�s�t�a�b�l�i�s�h�e�d� �w�i�l�l� �b�e� �c�l�o�s�e�d� �s�y�s�t�e�m�s� �i�n� �w�h�i�c�h� �n�o� 

�f�o�d�d�e�r� �i�s� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �s�i�t�e�.� �I�n� �a� �s�t�u�d�y� �o�f� �m�i�n�e�s�o�i�l�s�,� 

�R�o�b�e�r�t�s� �(�1�9�8�6�)� �n�o�t�e�d� �t�h�a�t� �e�x�c�h�a�n�g�e�a�b�l�e� �K� �i�n�c�r�e�a�s�e�d� �a�n�n�u�a�l�l�y� 

�f�o�r� �t�h�e� �f�i�r�s�t� �t�h�r�e�e� �y�e�a�r�s� �a�f�t�e�r� �p�l�a�n�t� �e�s�t�a�b�l�i�s�h�m�e�n�t� �d�u�e� �t�o� 

�b�i�o�l�o�g�i�c�a�l� �w�e�a�t�h�e�r�i�n�g�.� �O�n� �s�i�t�e�s�,� �w�i�t�h� �l�o�w� �e�x�t�r�a�c�t�a�b�l�e� �K� 

�f�e�r�t�i�l�i�z�a�t�i�o�n� �m�a�y� �i�m�p�r�o�v�e� �s�t�a�n�d� �v�i�g�o�r� �a�n�d� �w�i�n�t�e�r� �h�a�r�d�i�n�e�s�s� 

�e�s�p�e�c�i�a�l�l�y� �i�n� �t�h�e� �l�e�g�u�m�e� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �s�t�a�n�d�.� 

�E�x�t�r�a�c�t�a�b�l�e� �A�l�u�m�i�n�u�m� 

�T�h�e� �a�m�o�u�n�t� �o�f� �e�x�t�r�a�c�t�a�b�l�e� �A�l�,� �l�i�k�e� �C�a� �i�s� �q�u�i�t�e� �v�a�r�i�a�b�l�e�.� 

�T�h�e� �v�a�l�u�e�s� �r�a�n�g�e�d� �f�r�o�m� �0�.�0�5� �t�o� �7�.�9�0� �c�m�o�l�*�/�k�g� �(�T�a�b�l�e� �1�5�)�.� �T�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �e�x�t�r�a�c�t�a�b�l�e� �A�l� �d�a�t�a� �a�p�p�e�a�r�s� �t�o� �b�e� �b�i�m�o�d�a�l� 

�(�F�i�g�u�r�e� �1�1�d�)�.� �T�h�e� �m�e�a�n� �e�x�t�r�a�c�t�a�b�l�e� �A�l� �v�a�l�u�e� �i�s� �3�.�6� �c�m�o�l ��/�k�g�,� 

�w�h�i�c�h� �i�s� �s�l�i�g�h�t�l�y� �l�o�w�e�r� �t�h�a�n� �t�h�e� �m�e�d�i�a�n� �v�a�l�u�e� �o�f� �3�.�9� �c�m�o�l�*�/�k�g�.� 

�N�i�n�e� �o�f� �t�h�e� �e�x�t�r�a�c�t�a�b�l�e� �A�l� �v�a�l�u�e�s� �a�r�e� �<� �1�.�0� �c�m�o�l ��/�k�g�,� �w�h�i�l�e� �1�2� 

�s�a�m�p�l�e�s� �h�a�v�e� �v�a�l�u�e�s� �>� �5� �c�m�o�l�*�/�k�g�.� �T�h�e� �m�a�j�o�r� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n�s� �o�f� �A�l� �a�n�d� �C�a� �i�s� �t�h�a�t� �h�i�g�h� �l�e�v�e�l�s� �o�f� �C�a� �c�a�n� �o�c�c�u�r� 

�t�h�r�o�u�g�h�o�u�t� �t�h�e� �r�a�n�g�e� �o�f� �p�H� �v�a�l�u�e�s�,� �w�h�i�l�e� �h�i�g�h� �l�e�v�e�l�s� �o�f� �A�l� �a�r�e� 

�o�n�l�y� �e�n�c�o�u�n�t�e�r�e�d� �a�t� �l�o�w� �p�H� �v�a�l�u�e�s�.� �A�l�l� �s�a�m�p�l�e�s� �(�1�2�)�,� �w�i�t�h� �t�h�e� 

�e�x�c�e�p�t�i�o�n� �o�f� �s�a�m�p�l�e� �W�C�R�,� �t�h�a�t� �h�a�v�e� �a� �p�H� �v�a�l�u�e� �o�f� �<� �4� �h�a�v�e
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�e�x�t�r�a�c�t�a�b�l�e� �A�l� �c�o�n�t�e�n�t�s� �o�f� �>� �5�.�5� �c�m�o�l ��/�k�g�.� �H�a�y�n�e�s� �a�n�d� 

�K�l�i�m�s�t�r�a� �(�1�9�7�5�)� �u�s�e�d� �t�h�e� �c�r�i�t�e�r�i�a� �o�f� �L�i�n�d�s�t�r�o�m� �(�1�9�4�8�)� �t�o� 

�c�l�a�s�s�i�f�y� �s�p�o�i�l� �b�a�n�k�s� �i�n� �I�l�l�i�n�o�i�s� �a�s� �t�o�x�i�c� �i�f� �t�h�e�y� �h�a�d� �a� �p�H� �o�f� 

�<�4�.�0� �o�v�e�r� �7�5�%� �o�f� �t�h�e�i�r� �s�u�r�f�a�c�e� �a�r�e�a�s�.� �I�f� �t�h�i�s� �c�r�i�t�e�r�i�a� �i�s� 

�c�o�r�r�e�c�t� �t�h�e�n� �5� �c�m�o�l�*�/�k�g� �o�f� �A�l� �p�r�o�b�a�b�l�y� �i�s� �a� �t�o�x�i�c� �l�e�v�e�l� �o�f� �A�l�.� 

�T�h�e� �t�h�r�e�s�h�o�l�d� �l�e�v�e�l� �o�f� �A�l� �t�o�x�i�c�i�t�y� �m�a�y� �b�e� �l�o�w�e�r� �t�h�a�n� �t�h�i�s�.� 

�A�l�l� �s�a�m�p�l�e�s� �w�i�t�h� �p�H� �v�a�l�u�e�s� �o�f� �<� �5� �h�a�d� �1�.�1�4� �c�m�o�l ��/�k�g� �o�r� �m�o�r�e� �o�f� 

�e�x�t�r�a�c�t�a�b�l�e� �A�l�.� �C�o�n�v�e�r�s�e�l�y� �a�l�l� �s�a�m�p�l�e�s� �w�h�i�c�h� �h�a�d� �p�H� �v�a�l�u�e�s� �o�f� 

�>� �5� �h�a�d� �<� �1�.�0� �c�m�o�l�*�/�k�g� �e�x�t�r�a�c�t�a�b�l�e� �A�l�.� 

�T�h�e� �<� �2�0� �y�e�a�r� �o�l�d� �p�i�l�e�s� �h�a�v�e� �a� �m�e�d�i�a�n� �e�x�t�r�a�c�t�a�b�l�e� �A�l� 

�c�o�n�t�e�n�t� �o�f� �6�.�1�4� �c�m�o�l�*�/�k�g�,� �w�h�i�l�e� �t�h�e� �>� �2�0� �y�e�a�r� �o�l�d� �p�i�l�e�s� �h�a�v�e� 

�a� �m�e�d�i�a�n� �o�f� �1�.�9�9�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e�s�e� �v�a�l�u�e�s� �i�s� 

�s�i�g�n�i�f�i�c�a�n�t� �a�t� �t�h�e� �p� �=� �0�.�2�0� �l�e�v�e�l� �(�M�a�n�n�-�W�h�i�t�n�e�y� �t�e�s�t�)�.� �T�h�i�s� 

�i�s� �a� �w�e�a�k�l�y� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�,� �h�o�w�e�v�e�r� �i�t� �b�r�i�n�g�s� �u�p� �a� 

�p�o�i�n�t�.� �A�s� �p�y�r�i�t�e� �w�e�a�t�h�e�r�s�,� �F�e�*�*� �a�n�d� �s�u�l�f�u�r�i�c� �a�c�i�d�,� �c�o�n�t�r�o�l� �t�h�e� 

�P�H� �o�f� �t�h�e� �s�y�s�t�e�m�.� �A�f�t�e�r� �t�h�e� �p�y�r�i�t�e� �h�a�s� �w�e�a�t�h�e�r�e�d� �o�u�t�,� �A�l� 

�c�o�n�t�r�o�l�s� �t�h�e� �p�H� �o�f� �t�h�e� �s�y�s�t�e�m� �a�n�d� �i�t� �i�s� �b�u�f�f�e�r�e�d� �u�p� �t�o� �a�r�o�u�n�d� 

�P�H� �5�.� �T�h�e� �p�H� �v�a�l�u�e�s� �e�n�c�o�u�n�t�e�r�e�d� �i�n� �a�c�t�i�v�e� �p�y�r�i�t�e� �w�e�a�t�h�e�r�i�n�g� 

�a�r�e� �g�e�n�e�r�a�l�l�y� �l�e�s�s� �t�h�a�n� �4�.�5�.� �U�n�d�e�r� �t�h�e�s�e� �c�o�n�d�i�t�i�o�n�s� �A�l� �i�s� 

�p�r�e�s�e�n�t� �m�a�i�n�l�y� �a�s� �t�h�e� �A�l�*�*� �f�o�r�m�.� �T�h�i�s� �s�p�e�c�i�e�s� �i�s� �f�r�e�e� �t�o� �f�o�r�m� 

�s�a�l�t�s� �w�i�t�h� �t�h�e� �o�t�h�e�r� �w�e�a�t�h�e�r�i�n�g� �p�r�o�d�u�c�t�s� �o�f� �p�y�r�i�t�e�.� �T�h�e�s�e� 

�s�a�l�t�s� �t�h�e�n� �d�i�s�s�o�l�v�e� �i�n� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �p�r�o�c�e�s�s� �a�n�d� �g�i�v�e� �h�i�g�h� �A�l� 

�v�a�l�u�e�s�.� �W�i�t�h� �t�i�m�e� �t�h�e�s�e� �s�a�l�t�s� �a�r�e� �l�e�a�c�h�e�d� �o�r� �e�r�o�d�e�d� �f�r�o�m� �t�h�e� 

�s�u�r�f�a�c�e� �l�a�y�e�r�s� �o�f� �a� �r�e�f�u�s�e� �p�i�l�e� �a�n�d� �t�h�e� �a�m�o�u�n�t� �o�f� �e�x�t�r�a�c�t�a�b�l�e� 

�A�l� �d�e�c�r�e�a�s�e�s�.� �A�c�i�d�i�t�y� �a�n�d� �t�h�e� �a�s�s�o�c�i�a�t�e�d� �A�l� �a�n�d� �F�e� �t�o�x�i�c�i�t�i�e�s� 

�a�r�e� �t�h�e� �m�a�j�o�r� �c�h�e�m�i�c�a�l� �f�a�c�t�o�r�s� �t�h�a�t� �l�i�m�i�t� �p�l�a�n�t� �g�r�o�w�t�h� �i�n� �t�h�e
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�r�e�c�l�a�m�a�t�i�o�n� �o�f� �c�o�a�l� �r�e�f�u�s�e�.� �L�o�w� �n�i�t�r�o�g�e�n� �l�e�v�e�l� �a�r�e� �a�s�s�u�m�e�d�,� 

�b�u�t� �i�t� �i�s� �a�l�s�o� �c�o�r�r�e�c�t� �t�o� �a�s�s�u�m�e� �t�h�a�t� �n�i�t�r�o�g�e�n� �f�e�r�t�i�l�i�z�a�t�i�o�n� 

�w�i�l�l� �b�e� �p�a�r�t� �o�f� �t�h�e� �r�e�c�l�a�m�a�t�i�o�n� �s�o�i�l� �a�m�e�n�d�m�e�n�t�s�.� �I�f� �t�h�e�s�e� 

�m�a�t�e�r�i�a�l�s� �a�r�e� �l�i�m�e�d� �t�o� �a� �p�H� �o�f� �5�.�5�,� �a�n�d� �t�h�a�t� �p�H� �i�s� �m�a�i�n�t�a�i�n�e�d�,� 

�m�a�n�y� �o�f� �t�h�e� �p�r�o�b�l�e�m�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �a�c�i�d�i�t�y� �a�r�e� �c�o�r�r�e�c�t�e�d�.� 

�T�h�e� �q�u�e�s�t�i�o�n� �i�s� �w�h�a�t� �i�s� �t�h�e� �b�e�s�t� �w�a�y� �t�o� �c�o�n�t�r�o�l� �t�h�e� �p�H� �i�n� 

�t�h�e�s�e� �m�a�t�e�r�i�a�l�s�.� �D�o�e�s� �o�n�e� �t�r�y� �t�o� �c�o�n�t�r�o�l� �t�h�e� �p�H� �f�r�o�m� �t�h�e� 

�o�u�t�s�e�t� �a�n�d� �t�h�e�r�e�f�o�r�e� �a�l�s�o� �c�o�n�t�r�o�l� �p�y�r�i�t�e� �o�x�i�d�a�t�i�o�n�,� �o�r� �d�o�e�s� 

�o�n�e� �l�e�t� �t�h�e� �p�y�r�i�t�e� �w�e�a�t�h�e�r� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �p�i�l�e� �a�n�d� 

�t�h�e�n� �a�t�t�e�m�p�t� �t�o� �a�d�j�u�s�t� �t�h�e� �p�H�?� 

�C�a�t�i�o�n� �E�x�c�h�a�n�g�e� �C�a�p�a�c�i�t�y� 

�B�y� �e�v�a�l�u�a�t�i�n�g� �t�h�e� �C�E�C� �o�f� �a� �s�o�i�l�,� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� 

�a�s�c�e�r�t�a�i�n� �i�t�s� �a�b�i�l�i�t�y� �t�o� �b�u�f�f�e�r� �a� �s�y�s�t�e�m� �a�g�a�i�n�s�t� �c�h�a�n�g�e�s� �i�n� 

�t�h�e� �c�a�t�i�o�n� �m�a�k�e�u�p� �o�f� �s�o�i�l� �s�o�l�u�t�i�o�n�.� �I�f� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� 

�c�a�t�i�o�n�s� �o�c�c�u�p�y�i�n�g� �t�h�e� �e�x�c�h�a�n�g�e� �c�o�m�p�l�e�x� �c�a�n� �b�e� �d�e�t�e�r�m�i�n�e�d�,� �i�t� 

�i�s� �a�l�s�o� �p�o�s�s�i�b�l�e� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�a�s�e� �w�i�t�h� �w�h�i�c�h� �t�h�e� �b�a�s�e� 

�s�a�t�u�r�a�t�i�o�n� �a�n�d� �p�H� �o�f� �s�o�i�l� �c�o�u�l�d� �b�e� �c�h�a�n�g�e�d�.� �T�h�e�r�e� �a�r�e� �m�a�n�y� 

�m�e�t�h�o�d�s� �b�y� �w�h�i�c�h� �C�E�C� �c�a�n� �b�e� �d�e�t�e�r�m�i�n�e�d�.� �T�h�e� �p�r�o�b�l�e�m� �i�s� �t�h�a�t� 

�f�e�w� �m�e�t�h�o�d�s� �g�i�v�e� �t�h�e� �s�a�m�e� �r�e�s�u�l�t� �f�o�r� �a� �g�i�v�e�n� �s�a�m�p�l�e�.� 

�I�n� �t�h�i�s� �s�t�u�d�y� �C�E�C� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �2� �m�e�t�h�o�d�s�.� �T�h�e� �f�i�r�s�t� 

�m�e�t�h�o�d� �u�s�e�d� �w�a�s� �t�o� �s�u�m� �t�h�e� �1�N� �N�H�,�O�A�c� �(�p�H� �7�)� �e�x�t�r�a�c�t�a�b�l�e� �C�a�,� 

�M�g�,� �a�n�d� �K�,� �a�n�d� �1�N� �K�C�l� �(�p�H� �7�)� �e�x�t�r�a�c�t�a�b�l�e� �A�l�.� �T�h�i�s� �m�e�t�h�o�d� �w�i�l�l� 

�o�v�e�r�e�s�t�i�m�a�t�e� �t�h�e� �C�E�C� �i�n� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �d�u�e� �t�o� �d�i�s�s�o�l�v�e�d� �s�a�l�t� 

�e�r�r�o�r�s�,� �h�y�d�r�o�l�y�s�i�s� �e�r�r�o�r�s�,� �a�n�d� �e�r�r�o�r�s� �d�u�e� �t�o� �t�h�e� �h�i�g�h� �i�o�n�i�c� 

�s�t�r�e�n�g�t�h� �o�f� �t�h�e� �s�o�l�u�t�i�o�n�s�.� �A� �d�o�u�b�l�e� �w�a�s�h� �l�o�w� �s�a�l�t� �c�o�n�t�e�n�t
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�m�e�t�h�o�d� �w�a�s� �a�l�s�o� �u�s�e�d�.� �T�h�i�s� �m�e�t�h�o�d� �w�i�l�l� �s�l�i�g�h�t�l�y� �o�v�e�r�e�s�t�i�m�a�t�e� 

�C�E�C� �d�u�e� �t�o� �h�y�d�r�o�l�y�s�i�s� �e�r�r�o�r�s� �i�n�v�o�l�v�e�d� �w�i�t�h� �t�h�e� �d�i�v�a�l�e�n�t�-� 

�d�i�v�a�l�e�n�t� �e�x�c�h�a�n�g�e� �u�s�e�d�.� �T�h�i�s� �m�e�t�h�o�d� �d�i�d� �c�o�r�r�e�c�t� �f�o�r� �e�n�t�r�a�i�n�e�d� 

�s�a�l�t� �e�r�r�o�r�s� �a�n�d� �f�o�r� �s�a�l�t� �d�i�s�s�o�l�u�t�i�o�n� �e�r�r�o�r�s�,� �h�o�w�e�v�e�r�,� �a�n�d� 

�g�a�v�e� �l�o�w�e�r� �C�E�C� �v�a�l�u�e�s� �f�o�r� �a�l�l� �s�a�m�p�l�e�s� �a�n�d� �i�n� �s�o�m�e� �s�a�m�p�l�e�s� �g�a�v�e� 

�c�o�n�s�i�d�e�r�a�b�l�y� �l�o�w�e�r� �v�a�l�u�e�s�.� �T�h�e� �s�u�m�m�a�t�i�o�n� �m�e�t�h�o�d� �w�i�l�l� �b�e� 

�r�e�f�e�r�r�e�d� �t�o� �a�s� �C�E�C�1�l� �a�n�d� �t�h�e� �d�o�u�b�l�e� �w�a�s�h� �m�e�t�h�o�d� �w�i�l�l� �b�e� 

�r�e�f�e�r�r�e�d� �t�o� �a�s� �C�E�C�2�.� 

�T�h�e� �C�E�C�1� �v�a�l�u�e�s� �r�a�n�g�e�d� �f�r�o�m� �4�.�7�5� �t�o� �1�8�.�6� �c�m�o�l�*�/�k�g� �(�T�a�b�l�e� 

�1�6�)�.� �T�h�e� �m�e�a�n� �v�a�l�u�e� �w�a�s� �8�.�0� �c�m�o�l�*�/�k�g�,� �w�h�i�c�h� �w�a�s� �s�l�i�g�h�t�l�y� 

�h�i�g�h�e�r� �t�h�a�n� �t�h�e� �m�e�d�i�a�n� �o�f� �7�.�4�.� �T�h�e� �m�e�a�n� �i�s� �s�k�e�w�e�d� �u�p�w�a�r�d� �d�u�e� 

�t�h�e� �p�r�e�s�e�n�c�e� �o�f� �2� �e�x�t�r�e�m�e� �o�u�t�l�i�e�r�s� �o�n� �t�h�e� �h�i�g�h� �e�n�d� �(�F�i�g�.� �1�2�a�)�,� 

�i�.� �e�.� �s�a�m�p�l�e�s� �B�M�R� �a�n�d� �3�5�P�.� �T�h�e�s�e� �s�a�m�p�l�e�s� �h�a�v�e� �h�i�g�h� �l�e�v�e�l�s� �o�f� 

�e�x�t�r�a�c�t�a�b�l�e� �C�a�,� �w�h�i�c�h� �o�c�c�u�r�s� �d�u�e� �t�o� �t�h�e� �d�i�s�s�o�l�u�t�i�o�n� 

�o�f� �C�a� �s�a�l�t�s� �a�n�d� �c�a�r�b�o�n�a�t�e�s� �c�o�n�t�a�i�n�e�d� �i�n� �t�h�e�s�e� �s�a�m�p�l�e�s�.� �W�i�t�h� 

�t�h�e� �e�x�c�e�p�t�i�o�n� �o�f� �t�h�e� �2� �e�x�t�r�e�m�e� �o�u�t�l�i�e�r�s�,� �t�h�e� �d�a�t�a� �a�p�p�e�a�r�s� �t�o� 

�b�e� �n�o�r�m�a�l�l�y� �d�i�s�t�r�i�b�u�t�e�d�.� 

�T�h�e� �C�E�C�2� �v�a�l�u�e�s� �r�a�n�g�e� �f�r�o�m� �1�.�9�2� �t�o� �6�.�3�2� �c�m�o�l ��/�k�g� �(�T�a�b�l�e� 

�1�6�)�.� �T�h�e� �m�e�a�n� �v�a�l�u�e� �o�f� �3�.�8�4� �c�m�o�l ��/�k�g� �i�s� �o�n�l�y� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� 

�t�h�a�n� �t�h�e� �m�e�d�i�a�n� �3�.�6�5� �c�m�o�l�*�/�k�g�.� �T�h�e� �C�E�C�2� �v�a�l�u�e�s� �a�p�p�e�a�r� �t�o� �b�e� 

�n�o�r�m�a�l�l�y� �d�i�s�t�r�i�b�u�t�e�d� �w�i�t�h� �n�o� �o�u�t�l�i�e�r�s� �a�n�d� �l�i�t�t�l�e� �s�k�e�w� �(�F�i�g�.� 

�1�2�b�)�.� �T�h�e�r�e� �i�s� �l�i�t�t�l�e� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �v�a�l�u�e�s� �o�b�t�a�i�n�e�d� 

�f�r�o�m� �t�h�e� �2� �m�e�t�h�o�d�s� �r� �=� �0�.�0�6�.� �T�h�i�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �w�e� �a�r�e� �n�o�t� 

�m�e�a�s�u�r�i�n�g� �t�h�e� �s�a�m�e� �q�u�a�n�t�i�t�y� �w�i�t�h� �t�h�e� �t�w�o� �m�e�t�h�o�d�s�.� �T�h�e� �C�E�C�2� 

�m�e�t�h�o�d� �p�r�o�v�i�d�e�s� �a� �b�e�t�t�e�r� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� �a�c�t�u�a�l� �m�a�g�n�i�t�u�d�e� �o�f
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�T�a�b�l�e� �1�6�.� �R�e�s�u�l�t�s� �o�f� �t�w�o� �m�e�t�h�o�d�s� �f�o�r� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t� �o�f� 
�c�a�t�i�o�n� �e�x�h�a�n�g�e� �c�a�p�a�c�i�t�y� �(�C�E�C�)�.� �C�E�C�1� �=� �s�u�m� �o�f� �c�a�t�i�o�n�s� �m�e�t�h�o�d�;� 
�C�E�C�2� �=� �d�o�u�b�l�e� �w�a�s�h� �m�e�t�h�o�d� 
� � 

� � 

� � 

�_�S�i�t�e� �C�E�C�1� �c�m�o�l ��*�/�k�g� �C�E�C�2�_� �c�m�o�l�*�/�k�g� 
�B�B�R� �8�.�8�0� �4�.�9�5� 

�B�M�R� �1�7�.�4�3� �3�.�9�7� 

�B�W�R� �8�.�8�5� �2�.�9�6� 

�C�C�R� �7�.�9�6� �4�.�9�5� 

�D�A�N�T�E� �8�.�4�8� �2�.�6�2� 
�D�R�1� �7�.�3�1� �4�.�6�9� 
�D�R�2� �7�.�3�9� �4�.�5�9� 

�D�R�P� �,� �4�.�3�7� �1�.�9�2� 

�J�S�R� �1�0�.�7�7� �2�.�8�2� 

�K�R�P� �8�.�1�0� �3�.�6�5� 
�L�D�R� �6�.�2�0� �3�.�6�0� 

�L�T�R� �9�.�0�9� �3�.�6�5� 

�M�R�P� �5�.�1�0� �4�.�4�1� 

�N�R�P� �8�.�6�2� �6�.�3�2� 
�P�B�R�U� �8�.�3�7� �5�.�3�4� 
�P�B�R�V� �7�.�8�4� �5�.�2�1� 

�P�T�H� �6�.�8�0� �3�.�5�6� 

�R�D�H� �5�.�6�3� �2�.�2�6� 

�R�R�A� �7�.�8�9� �4�.�3�9� 

�R�R�P� �7�.�4�2� �4�.�6�0� 

�R�R�R� �7�.�1�5� �4�.�7�5� 

�S�G�R� �6�.�8�8� �3�.�0�2� 

�W�C�R� �6�.�9�0� �4�.�2�9� 

�3�1�H� �4�.�2�5� �2�.�3�6� 

�3�5�P� �1�8�.�5�5� �2�.�6�1� 

�6�7�0�A� �4�.�8�8� �3�.�2�4� 

�6�7�0�B� �}� �4�.�3�9� �2�.�9�2� 
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�t�h�e� �C�E�C�,� �a�t� �a�n� �i�o�n�i�c� �s�t�r�e�n�g�t�h�,� �a�n�d� �a�t� �a� �p�H� �t�h�a�t� �s�o�m�e�w�h�a�t� 

�r�e�s�e�m�b�l�e� �f�i�e�l�d� �c�o�n�d�i�t�i�o�n�s�.� 

�I�n� �e�x�a�m�i�n�i�n�g� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �d�a�t�a� �f�r�o�m� �C�E�C�1� �a�n�d� 

�C�E�C�2� �w�e� �f�i�n�d� �t�h�a�t� �C�E�C�1�l� �i�s� �a�l�w�a�y�s� �l�a�r�g�e�r� �t�h�a�n� �C�E�C�2�.� �T�h�e� 

�d�i�f�f�e�r�e�n�c�e� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �s�t�r�o�n�g�l�y� �c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �t�h�e� �s�u�m� �o�f� 

�e�x�t�r�a�c�t�a�b�l�e� �C�a� �a�n�d� �A�l� �(�r�=� �0�.�9�6�)�.� �T�h�i�s� �h�i�g�h� �c�o�r�r�e�l�a�t�i�o�n� �i�s� 

�s�o�m�e�w�h�a�t� �d�u�e� �t�o� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �s�a�m�p�l�e�s� �B�M�R� �a�n�d� �3�5�P�,� �w�h�i�c�h� 

�a�r�e� �e�x�t�r�e�m�e� �o�u�t�l�i�e�r�s� �i�n� �t�h�e� �C�E�C�1� �d�a�t�a� �s�e�t� �a�n�d� �e�x�e�r�t� �a� �l�a�r�g�e� 

�i�n�f�l�u�e�n�c�e� �o�n� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�.� �I�f� �t�h�e�s�e� �d�a�t�a� �a�r�e� 

�r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �s�e�t� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� �i�s� �s�t�i�l�l� �f�a�i�r�l�y� �s�t�r�o�n�g� 

�(�r�=� �0�.�7�0�)�.� �T�h�i�s� �i�s� �a� �f�u�r�t�h�e�r� �i�n�d�i�c�a�t�i�o�n� �t�h�a�t� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� 

�c�o�n�t�a�i�n� �C�a� �a�n�d� �A�l� �s�a�l�t�s� �w�h�i�c�h� �a�r�e� �d�i�s�s�o�l�v�i�n�g� �d�u�r�i�n�g� �t�h�e� �C�E�C�1� 

�p�r�o�c�e�d�u�r�e�.� 

�T�h�e�s�e� �m�a�t�e�r�i�a�l�s� �h�a�v�e� �l�o�w� �C�E�C� �v�a�l�u�e�s�.� �T�h�i�s� �i�s� �d�u�e� �t�o� �t�h�e� 

�g�e�n�e�r�a�l� �l�a�c�k� �o�f� �o�r�g�a�n�i�c� �m�a�t�t�e�r�,� �a�n�d� �t�h�e� �c�l�a�y� �m�i�n�e�r�a�l�o�g�y� 

�d�o�m�i�n�a�t�e�d� �b�y� �m�u�s�c�o�v�i�t�e� �a�n�d� �k�a�o�l�i�n�i�t�e�,� �w�h�i�c�h� �a�r�e� �l�o�w� �C�E�C� 

�m�i�n�e�r�a�l�s�.� �I�t� �a�l�s�o� �s�h�o�u�l�d� �b�e� �c�o�n�s�i�d�e�r�e�d� �t�h�a�t� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� 

�a�r�e� �r�o�u�g�h�l�y� �6�0�%� �c�o�a�r�s�e� �f�r�a�g�m�e�n�t�s� �b�y� �w�e�i�g�h�t�,� �s�o� �t�h�e� �a�c�t�u�a�l� �C�E�C� 

�v�a�l�u�e�s� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�s� �i�n� �t�h�e� �p�i�l�e� �w�o�u�l�d� �b�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�.�5� 

�c�m�o�l�*�/�k�g�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e�s�e� �s�y�s�t�e�m�s� �a�r�e� �n�o�t� �h�i�g�h�l�y� 

�b�u�f�f�e�r�e�d� �a�n�d� �t�h�a�t� �t�h�e�y� �s�h�o�u�l�d� �b�e� �r�e�s�p�o�n�s�i�v�e� �t�o� �l�i�m�i�n�g�.� �o�f� 

�c�o�u�r�s�e� �t�h�i�s� �a�s�s�u�m�e�s� �t�h�a�t� �t�h�e� �p�o�t�e�n�t�i�a�l� �a�c�i�d�i�t�y� �g�e�n�e�r�a�t�e�d� �b�y� 

�t�h�e� �w�e�a�t�h�e�r�i�n�g� �o�f� �p�y�r�i�t�e� �i�s� �n�e�u�t�r�a�l�i�z�e�d�.� �T�h�e� �a�d�d�i�t�i�o�n� �o�f� 

�o�r�g�a�n�i�c� �a�m�e�n�d�m�e�n�t�s� �s�u�c�h� �a�s� �s�e�w�a�g�e� �s�l�u�d�g�e� �w�i�l�l� �i�n�c�r�e�a�s�e� �t�h�e� �C�E�C� 

�o�f� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s�.� �T�h�i�s� �w�o�u�l�d� �b�e� �b�e�n�e�f�i�c�i�a�l� �i�f� �t�h�e� �p�H� �w�a�s� 

�m�a�i�n�t�a�i�n�e�d� �a�t� �o�r� �a�b�o�v�e� �p�H� �5� �a�n�d� �a� �f�a�v�o�r�a�b�l�e� �b�a�s�e� �s�t�a�t�u�s� �w�a�s



�8�9� 

�a�l�s�o� �m�a�i�n�t�a�i�n�e�d�.� 

�A�v�a�l�l�a�b�l�e� �P�h�o�s�p�h�o�r�u�s� 

�T�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �P� �l�i�e�s� �i�n� �t�h�e� �f�a�c�t� �t�h�a�t� �i�t� �i�s� �t�h�e� 

�u�n�i�v�e�r�s�a�l� �e�n�e�r�g�y� �c�a�r�r�i�e�r� �f�o�r� �m�e�t�a�b�o�l�i�c� �p�r�o�c�e�s�s�e�s� �i�n� �c�e�l�l�s�.� 

�T�h�e� �e�n�e�r�g�y� �i�s� �s�t�o�r�e�d� �i�n� �t�h�e� �h�i�g�h� �e�n�e�r�g�y� �P� �b�o�n�d�s� �i�n� �A�T�P�,� �a�n�d� 

�e�n�e�r�g�y� �i�s� �r�e�l�e�a�s�e�d� �w�h�e�n� �t�h�i�s� �b�o�n�d� �i�s� �b�r�o�k�e�n�.� �P�h�o�s�p�h�o�r�u�s� �i�s� 

�i�n�a�d�e�q�u�a�t�e� �t�o� �s�u�p�p�o�r�t� �p�l�a�n�t� �g�r�o�w�t�h� �o�n� �m�a�n�y� �m�i�n�e�w�a�s�t�e�s�.� 

�A�d�d�i�t�i�o�n� �o�f� �P� �f�e�r�t�i�l�i�z�e�r�s� �i�s� �n�e�e�d�e�d� �t�o� �e�s�t�a�b�l�i�s�h� �v�e�g�e�t�a�t�i�o�n� �o�n� 

�m�o�s�t� �m�i�n�e�s�p�o�i�l�s� �a�n�d� �c�o�a�l� �r�e�f�u�s�e�.� �A�d�d�i�t�i�o�n�s� �o�f� �P� �m�a�y� �a�l�s�o� �b�e� 

�e�f�f�e�c�t�i�v�e� �i�n� �s�l�o�w�i�n�g� �p�y�r�i�t�e� �o�x�i�d�a�t�i�o�n� �b�y� �r�e�m�o�v�i�n�g� �F�e�*� �f�r�o�m� 

�s�o�l�u�t�i�o�n�.� 

�T�h�e� �a�m�o�u�n�t� �o�f� �p�l�a�n�t� �a�v�a�i�l�a�b�l�e� �P� �w�a�s� �a�n�a�l�y�z�e�d� �u�s�i�n�g� �t�h�e� 

�G�i�l�u�t�e� �d�o�u�b�l�e� �a�c�i�d� �p�r�o�c�e�d�u�r�e� �o�f� �O�l�s�e�n� �a�n�d� �D�e�a�n� �(�1�9�6�5�)�.� �T�h�i�s� 

�m�e�t�h�o�d� �w�a�s� �u�s�e�d� �b�e�c�a�u�s�e� �t�h�e� �d�o�u�b�l�e� �a�c�i�d� �e�x�t�r�a�c�t�a�n�t� �e�x�t�r�a�c�t�s� 

�s�o�m�e� �P� �f�r�o�m� �A�l� �a�n�d� �F�e� �p�h�o�s�p�h�a�t�e�s�.� �T�h�i�s� �e�x�t�r�a�c�t�a�n�t� �h�a�s� �b�e�e�n� 

�f�o�u�n�d� �t�o� �b�e� �w�e�l�l� �c�o�r�r�e�l�a�t�e�d� �t�o� �p�l�a�n�t� �r�e�s�p�o�n�s�e� �i�n� �l�o�w� �p�H� 

�s�y�s�t�e�m�s�,� �w�h�e�r�e� �P� �i�s� �b�o�u�n�d� �b�y� �A�l� �a�n�d� �F�e�.� �T�h�e� �a�m�o�u�n�t� �o�f� �d�o�u�b�l�e�-� 

�a�c�i�d�-�e�x�t�r�a�c�t�a�b�l�e� �P� �(�A�P�)� �i�s� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �1�7�.� �O�f� �t�h�e� �2�6� 

�s�a�m�p�l�e�s� �a�n�a�l�y�z�e�d�,� �1�5� �f�e�l�l� �i�n�t�o� �t�h�e� �l�o�w� �(�<�1�0� �m�g� �_� �k�g ��)� 

�c�l�a�s�s�i�f�i�c�a�t�i�o�n� �(�O�l�s�e�n� �a�n�d� �D�e�a�n�,� �1�9�6�5�)�.� �T�h�r�e�e� �o�f� �t�h�e� �s�a�m�p�l�e�s�,� 

�6�7�0�A�,� �6�7�0�B�,� �a�n�d� �L�D�R� �a�r�e� �i�n� �t�h�e� �v�e�r�y� �h�i�g�h� �(�>� �5�6� �m�g� �k�g ��)� 

�c�a�t�e�g�o�r�y�.� �T�h�e� �r�e�s�t� �o�f� �t�h�e� �s�a�m�p�l�e�s� �f�a�l�l� �i�n� �t�h�e� �m�e�d�i�u�m� �(�1�1�-�3�1� 

�m�g� �k�g�!�)� �c�a�t�e�g�o�r�y� �o�f� �P� �a�v�a�i�l�a�b�i�l�i�t�y�.� �T�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� 

�A�P� �d�a�t�a� �i�s� �d�i�s�p�l�a�y�e�d� �i�n� �a� �b�o�x�p�l�o�t� �F�i�g�u�r�e� �1�3�a�.� �T�h�e�r�e� �a�r�e� �t�w�o� 

�m�i�l�d� �o�u�t�l�i�e�r�s� �o�n� �t�h�e� �h�i�g�h� �e�n�d� �o�f� �t�h�e� �d�a�t�a�.� �T�h�e�s�e� �a�r�e� �s�a�m�p�l�e�s
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�T�a�b�l�e� �1�7�.� �D�o�u�b�l�e�-�a�c�i�d�-�e�x�t�r�a�c�t�a�b�l�e� �P� �a�n�d� �t�o�t�a�l� �P� �d�a�t�a�.� 
� � 

� � 

� � 

�S�i�t�e� �A�P� �m�g� �k�g�"�!� �T�o�t�a�l� �m�g� �k�g ��!� 

�B�B�R� �3�.�4� �6�9�2� 

�B�M�R� �2�4�.�0� �6�0�4� 

�B�W�R� �3�.�1� �7�7�5� 

�C�C�R� �4�.�2� �6�0�5� 

�D�A�N�T�E� �1�1�.�7� �2�8�0� 

�D�R�1� �7�.�6� �6�5�7� 

�D�R�2� �6�.�0� �6�2�7� 

�D�R�P� �3�2�.�0� �n�o�t� �r�u�n� 

�J�S�R� �2�5�.�4� �6�5�3� 

�K�R�P� �5�.�0� �9�8�4� 

�L�D�R� �6�4�.�5� �6�6�8� 

�L�T�R� �2�.�3� �8�3�7� 

�M�R�P� �2�4�.�8� �4�4�5� 

�N�P�B� �n�o�t� �r�u�n� �6�5�5� 

�N�R�P� �2�.�5� �6�4�2� 

�P�B�R�U� �2�.�5� �7�2�4� 

�P�B�R�V� �7�.�6� �7�4�1� 

�P�T�H� �5�.�2� �3�2�5� 

�R�D�H� �1�1�.�7� �5�3�5� 

�R�R�A� �2�6�.�8� �4�0�5� 

�R�R�P� �2�.�7� �3�5�2� 

�R�R�R� �1�4�.�8� �5�5�3� 

�S�G�R� �1�7�.�0� �6�2�9� 

�W�C�R� �1�0�.�0� �6�2�6� 

�3�1�H� �2�.�2� �6�2�0� 

�3�5�P� �1�.�8� �5�7�9� 

�6�7�0�A� �8�2�.�8� �7�2�9� 

�6�7�0�B� �5�5�.�0� �8�1�1� 

�M�e�a�n� �_�_� �1�7�.�0� �6�0�9� � � � � � 
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�i� �t� �'� �p�y�m� �P� 
�@� �1�5� �3�8� �4�5� �6�a� �7�5� 

�F�i�g�u�r�e� �1�3�a�.� �B�o�x�p�l�o�t� �o�f� �t�h�e� �A�P� �d�a�t�a�.� 

 � � ��_� �o�r� �*� 

 ��t� �+� �+� �t� �|� �D�C�F�e� �p�p�m� 

�@�.�8�0� �1�.�6�8� �2�.�4�0� �3�.�2�0� �4�.�8�0� 

� � � � 
� � 

�F�i�g�u�r�e� �1�3�b�.� �B�o�x�p�l�o�t� �o�f� �t�h�e� �D�C�B�-�F�e� �d�a�t�a�.� �S�i�t�e� �K�R�P� �i�s� �t�h�e� 
�m�i�l�d� �o�u�t�l�i�e�r�.� 

� � 

� � 

�O�t� �*� 

�+�  �� �H�2�0�B� 
�@�.�3�5� �@�.�7�@� �1�.�0�5� �1�.�4�6� �1�.�7�5� �2�.�1�8� 

� � � � 
� � 

�F�i�g�u�r�e� �1�3�c�.� �T�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �H�W�S�-�B� �d�a�t�a�.
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�6�7�0�A� �a�n�d� �L�D�R�.� �S�a�m�p�l�e� �6�7�0�B� �i�s� �a�l�s�o� �a� �m�i�l�d� �o�u�t�l�i�e�r�.� �T�h�e� 

�f�a�c�t�o�r� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �h�i�g�h� �l�e�v�e�l�s� �o�f� �P� �i�n� �t�h�e�s�e� �s�a�m�p�l�e�s� 

�i�s� �n�o�t� �k�n�o�w�n�,� �b�u�t� �i�s� �s�p�e�c�u�l�a�t�e�d� �t�o� �b�e� �g�e�o�l�o�g�i�c� �i�n� �n�a�t�u�r�e�.� 

�S�a�m�p�l�e�s� �6�7�0�A� �a�n�d� �6�7�0�B� �d�o� �h�a�v�e� �h�i�g�h�e�r� �t�h�a�n� �a�v�e�r�a�g�e� �t�o�t�a�l� �P� 

�v�a�l�u�e�s�.� �T�h�e� �s�a�m�p�l�e� �s�e�t� �m�e�a�n�,� �1�7�.�0� �p�p�m�,� �i�s� �s�k�e�w�e�d� �u�p�w�a�r�d� �f�r�o�m� 

�t�h�e� �m�e�d�i�a�n� �v�a�l�u�e� �o�f�,� �7�.�6� �p�p�m� �t�h�i�s� �r�e�f�l�e�c�t�s� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� 

�t�h�e� �o�u�t�l�i�e�r�s� �o�n� �t�h�e� �h�i�g�h� �e�n�d�.� �T�h�e� �e�x�t�r�a�c�t�a�b�l�e� �P� �l�e�v�e�l�s� �i�n� 

�t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �u�n�d�e�r�s�c�o�r�e�s� �t�h�e� �n�e�e�d� �f�o�r� �P� �f�e�r�t�i�l�i�z�a�t�i�o�n� �i�n� 

�m�o�s�t� �s�i�t�u�a�t�i�o�n�s�.� �C�a�r�e� �s�h�o�u�l�d� �b�e� �t�a�k�e�n� �i�n� �P� �a�p�p�l�i�c�a�t�i�o�n�,� 

�h�o�w�e�v�e�r�,� �d�u�e� �t�o� �t�h�e� �h�i�g�h� �r�u�n�o�f�f� �p�o�t�e�n�t�i�a�l� �a�n�d� �c�l�o�s�e� �p�r�o�x�i�m�i�t�y� 

�t�o� �s�t�r�e�a�m�s� �o�f� �m�o�s�t� �r�e�f�u�s�e� �p�i�l�e�s�.� �T�o�t�a�l� �P� �i�s� �a�l�s�o� �p�r�e�s�e�n�t�e�d� �i�n� 

�T�a�b�l�e� �1�7�.� �T�h�e�r�e� �i�s� �l�i�t�t�l�e� �c�o�r�r�e�l�a�t�i�o�n�,� �r� �=� �0�.�0�5�,� �b�e�t�w�e�e�n� 

�t�o�t�a�l� �P� �a�n�d� �A�P�.� �A�s� �w�i�t�h� �m�a�n�y� �n�u�t�r�i�e�n�t�s� �o�n�l�y� �a� �s�m�a�l�l� �p�o�r�t�i�o�n� 

�o�f� �t�h�e� �P� �t�h�a�t� �i�s� �p�r�e�s�e�n�t� �i�s� �i�n� �a� �p�l�a�n�t� �a�v�a�i�l�a�b�l�e� �f�o�r�m�.� 

�E�x�t�r�a�c�t�a�b�l�e� �a�n�d� �T�o�t�a�l� �I�r�o�n� 

�T�h�e� �a�m�o�u�n�t� �o�f� �f�r�e�e� �F�e� �a�n�d� �i�t�s� �o�x�i�d�a�t�i�o�n� �s�t�a�t�e� �i�s� �o�f�t�e�n� 

�u�s�e�d� �a�s� �a� �w�e�a�t�h�e�r�i�n�g� �i�n�d�e�x� �i�n� �s�o�i�l� �g�e�n�e�s�i�s� �s�t�u�d�i�e�s�.� �I�r�o�n� 

�e�x�t�r�a�c�t�e�d� �b�y� �d�i�t�h�i�o�n�i�t�e�-�c�i�t�r�a�t�e�-�b�i�c�a�r�b�o�n�a�t�e� �(�D�C�B�-�F�e�)� �i�s� 

�m�a�i�n�l�y� �i�n� �t�h�e� �f�o�r�m� �o�f� �F�e�-�o�x�i�d�e� �c�o�a�t�i�n�g�s� �o�n� �m�i�n�e�r�a�l� �s�u�r�f�a�c�e�s�.� 

�T�h�e�s�e� �c�o�a�t�i�n�g�s� �a�r�e� �p�r�e�c�i�p�i�t�a�t�e�s� �t�h�a�t� �a�r�e� �g�e�n�e�r�a�t�e�d� �a�s� �F�e� �i�s� 

�w�e�a�t�h�e�r�e�d� �o�u�t� �o�f� �p�r�i�m�a�r�y� �m�i�n�e�r�a�l�s� �s�u�c�h� �a�s� �p�y�r�i�t�e� �a�n�d� �b�i�o�t�i�t�e�.� 

�S�o�i�l�s� �h�i�g�h� �i�n� �D�C�B�-�F�e� �a�r�e� �a�n�t�i�c�i�p�a�t�e�d� �t�o� �h�a�v�e� �l�o�w� �P� 

�a�v�a�i�l�a�b�i�l�i�t�y� �d�u�e� �t�o� �P� �f�i�x�a�t�i�o�n� �b�y� �F�e�-�o�x�i�d�e�s�.� �T�h�e�s�e� �o�x�i�d�e�s� �a�n�d� 

�o�x�y�h�y�d�r�o�x�i�d�e�s� �a�r�e� �a�l�s�o� �i�m�p�o�r�t�a�n�t� �i�n� �t�h�e� �b�i�n�d�i�n�g� �o�f� �s�o�m�e� �h�e�a�v�y� 

�m�e�t�a�l�s� �s�u�c�h� �a�s� �M�n� �a�n�d� �A�s� �w�h�i�c�h� �c�a�n� �o�c�c�u�r� �a�s� �a�n�i�o�n�i�c� �s�p�e�c�i�e�s�.
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�A�s� �F�e� �o�x�i�d�a�t�i�o�n� �t�a�k�e�s� �p�l�a�c�e�,� �p�r�e�c�i�p�i�t�a�t�e�s� �o�f� �F�e� �h�y�d�r�o�x�i�d�e�s� �a�n�d� 

�o�x�y�h�y�d�r�o�x�i�d�e�s�,� �s�u�c�h� �a�s� �g�e�o�t�h�i�t�e� �a�n�d� �f�e�r�r�i�h�y�d�r�i�t�e�,� �f�o�r�m�.� �T�h�e�s�e� 

�a�r�e� �t�h�e� �m�a�i�n� �c�o�n�s�t�i�t�u�e�n�t�s� �o�f� �t�h�e� �o�r�a�n�g�e� �a�n�d� �y�e�l�l�o�w� �s�l�i�m�e�s�,� 

�k�n�o�w�n� �a�s� �"�y�e�l�l�o�w� �d�o�g�"� �o�r�  ��y�e�l�l�o�w� �b�o�y�"�,� �f�o�u�n�d� �i�n� �t�h�e� �d�r�a�i�n�a�g�e� 

�s�t�r�e�a�m�s� �o�f� �r�e�f�u�s�e� �p�i�l�e�s�.� �T�h�e�s�e� �p�r�e�c�i�p�i�t�a�t�e�s� �a�l�s�o� �f�o�r�m� �r�a�p�i�d�l�y� 

�w�h�e�n� �t�h�e� �p�H� �o�f� �t�h�e� �d�r�a�i�n�a�g�e� �i�s� �r�a�i�s�e�d� �u�s�i�n�g� �s�t�r�o�n�g� �c�a�u�s�t�i�c�s�.� 

�A�n� �e�x�a�m�p�l�e� �o�f� �t�h�e�s�e� �p�r�e�c�i�p�i�t�a�t�e�s� �c�a�n� �b�e� �o�b�s�e�r�v�e�d� �i�n� �F�i�g�u�r�e� �1�5�.� 

�E�x�t�r�a�c�t�a�b�l�e� �i�r�o�n� �(�D�C�B�-�F�e�)� �r�a�n�g�e�d� �f�r�o�m� �0�.�4� �t�o� �4�.�5�%� �w�i�t�h� �a� 

�m�e�a�n� �o�f� �1�.�4�5�%� �i�n� �t�h�i�s� �s�a�m�p�l�e� �s�e�t�.� �T�h�e� �p�e�r� �c�e�n�t� �D�C�B�-�F�e� �d�a�t�a� �i�s� 

�p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �1�8�.� �A� �b�o�x�p�l�o�t� �p�l�o�t� �(�F�i�g�u�r�e� �1�3�b�)� 

�i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e�s�e� �d�a�t�a�.� �S�a�m�p�l�e� �K�R�P� �i�s� �a� 

�m�i�l�d� �o�u�t�l�i�e�r� �o�n� �t�h�e� �h�i�g�h� �e�n�d�.� �T�h�i�s� �s�a�m�p�l�e� �a�l�s�o� �c�o�n�t�a�i�n�e�d� �t�h�e� 

�h�i�g�h�e�s�t� �t�o�t�a�l� �i�r�o�n� �c�o�n�t�e�n�t�.� �T�h�e� �M�a�n�n�-�W�h�i�t�n�e�y� �t�e�s�t� �w�a�s� �a�g�a�i�n� 

�u�s�e�d� �t�o� �t�e�s�t� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �<� �2�0� �y�e�a�r� �o�l�d� �p�i�l�e�s� �a�n�d� 

�t�h�e� �>� �2�0� �y�e�a�r� �o�l�d� �p�i�l�e�s�.� �T�h�e� �<� �2�0� �y�e�a�r� �o�l�d� �p�i�l�e�s� �w�e�r�e� �f�o�u�n�d� 

�t�o� �h�a�v�e� �a� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �D�C�B�-�F�e� �c�o�n�t�e�n�t� �(�p� �=� �0�.�0�6�)� �t�h�a�n� 

�t�h�e� �>� �2�0� �y�e�a�r� �o�l�d� �p�i�l�e�s�.� �T�h�i�s� �i�s� �a�n� �i�n�d�i�c�a�t�o�r� �o�f� �F�e� 

�o�x�i�d�a�t�i�o�n� �a�n�d� �p�r�e�c�i�p�i�t�a�t�i�o�n� �t�h�a�t� �i�s� �o�c�c�u�r�r�i�n�g�,� �a�t� �t�h�e� �s�u�r�f�a�c�e� 

�o�n� �t�h�e� �m�o�r�e� �r�e�c�e�n�t�l�y� �d�e�p�o�s�i�t�e�d� �p�i�l�e�s�.� �I�n� �t�h�e� �o�l�d�e�r� �p�i�l�e�s� 

�t�h�e�s�e� �p�r�o�c�e�s�s�e�s� �h�a�v�e� �s�l�o�w�e�d� �o�r� �s�t�o�p�p�e�d� �a�t� �t�h�e� �s�u�r�f�a�c�e�s� �a�n�d� �t�h�e� 

�p�r�e�c�i�p�i�t�a�t�e�s� �h�a�v�e� �b�e�e�n� �t�r�a�n�s�l�o�c�a�t�e�d� �i�n�t�o� �t�h�e� �p�i�l�e� �o�r� �e�r�o�d�e�d� 

�a�w�a�y�.� �A� �b�a�n�d� �o�f� �t�h�e�s�e� �p�r�e�c�i�p�i�t�a�t�e�s� �c�a�n� �u�s�u�a�l�l�y� �b�e� �f�o�u�n�d� 

�b�e�n�e�a�t�h� �t�h�e� �s�u�r�f�a�c�e� �i�n� �o�l�d�e�r� �p�i�l�e�s�.� �W�e� �o�b�s�e�r�v�e�d� �t�h�a�t� �t�h�e� 

�p�i�l�e�s� �w�h�i�c�h� �h�a�d� �a� �y�e�l�l�o�w�i�s�h� �c�a�s�t� �h�a�d� �h�i�g�h� �l�e�v�e�l�s� �o�f� �D�C�B�-�F�e�.� 

�S�a�m�p�l�e�s� �w�i�t�h� �y�e�l�l�o�w� �c�a�s�t�s�,� �B�B�R�,� �B�W�R�,� �K�R�P�,� �a�n�d� �L�T�R� �a�l�l� �h�a�v�e� 

�D�C�B�-�F�e� �c�o�n�t�e�n�t�s� �>� �2�%�.� �T�h�i�s� �y�e�l�l�o�w� �c�a�s�t� �i�s� �h�y�p�o�t�h�e�s�i�z�e�d� �t�o� �b�e
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� � � � � � � � � �<� �.� �-� �e�e� �e�e� �a� �o�m� �S�S�E� �e�e� �|� �M�A�S� �i�e�n�e� 

�F�i�g�u�r�e� �1�5�.� �P�h�o�t�o� �o�f� �i�r�o�n� �p�r�e�c�i�p�i�t�a�t�e�s� �i�n� �d�r�a�i�n�a�g�e� �f�r�o�m� �a� 
�r�e�f�u�s�e� �p�i�l�e�.


