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(ABSTRACT) 

A heavy mineral mining company (RGC Inc.) faces challenging mining and 

reclamation practices for its proposed operation in the Upper Coastal Plain of 

Virginia due to the high clay content of the deposit. The original intent of this study 

was to identify the mineralogy present in the proposed mining area and to 

determine similarities and differences among sampled pedons. Twenty eight typical 

pedons were sampled throughout the profile and these samples were prepared for 

mineralogical analysis. The pedon comparisons were performed to determine 

differences due to location and geomorphic surface, and due to drainage. Statistical 

results were then used to relate mineralogy, together with data on pH, CEC, and 

particle size distribution to pedogenesis in the area. Coastal Plain soils had sandier 

subsurface horizons than Piedmont soils. The above-scarp soils (> 75 meters) were 

the most mature Coastal Plain soils and approached the kaolinitic Piedmont soils 

reasonably well in mineralogy and particle size distribution. Coastal Plain soils 

were dominated by kaolinite, HIV and gibbsite. Wet soils were less mature in 

mineralogy due to the lack of weathering activity. All but the Piedmont soils 

contained a surface mica enrichment, believed to be eolian additions. Well drained 

and moderately well drained soils had a more mature mineralogy than somewhat 

poorly and poorly drained soils. Kaolinite contents increased with depth whereas



HIV contents tended to be concentrated in the A horizon. Despite the large clay 

content, the low charge nature of all soils should limit problems associated with 

clay dispersion practices during the mining. The low charge nature of the soils is 

reinforced by low ECEC data.
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INTRODUCTION 

Renison Goldfields Consolidated Limited (RGC) is a large, diversified mining 

company based in Sydney, Australia, with operations in base metals, precious 

metals, oil, gas and mineral sands. The RGC Mineral Sands Division has been 

mining heavy minerals in Western Australia and Florida for many years. The most 

important commercial heavy minerals are zircon and the titanium-dioxide-bearing 

rutile, ilmenite and leucoxene. Since these heavy metals are used for many 

purposes and in such a wide variety of end products, RGC is constantly increasing 

its knowledge of other potential mineralized areas through intensive exploration 

. efforts. 

In 1988, high concentrations of surficial heavy minerals were reported ina 

large area of the Virginia Upper Coastal Plain, about 97 km south of Richmond. 

Evaluation of this potential mineral sands deposit - the Old Hickory Project - 

confirmed its commercial viability. This was the beginning of the development of ; 

an integrated mining and restoration program. Since a surface-mining operation has 

such a big impact on the environment, the company must explore all possibilities 

to minimize this impact. Furthermore, the ultimate goal of the program is to mine 

and reclaim the area in such a way as to return it as closely as possible to its 

original form and land use. 

Although RGC has developed great expertise in mineral sands mining 

operations and their successive reclamation programs in Australia and Florida, it 

may encounter new problems in Virginia. The proposed mining area in the Coastal 

Plain of Virginia is dominantly prime farmland and, to date, little research has been 

conducted regarding the return of mineral sands mining areas to rowcrop 

production. Additionally, the climatic and biotic factors, as well as geological and 

geographic features are quite different. The vegetation in Florida is adapted to a 

subtropical climate and grown mainly on sandy soils. The landscape and soils of



the Florida deposit are much younger and less complex than in the Coastal Plain 

of Virginia. The high amount and the specific characteristics of clay minerals can 

also create a major problem in the mining and restoration operation. During the 

mining process, dispersed clay can interfere with mineral separation and matenial 

handling procedures. Flocculation characteristics of the clay fraction can make the 

de-watering of the slime ponds very difficult. Wetlands in the Old Hickory area also 

attract special concern because of their importance to water quality, wildlife- and 

plant species- conservation. 

Twenty eight typical pedons were sampled throughout the profile and these 

samples were submitted for mineralogical analysis. The original intent for this work 

was to identify the mineralogy present in the Old Hickory area and to determine if 

there were significant differences in mineralogy among the pedons. These 

comparisons were performed to assess variability by location and geomorphic 

surface and by drainage. Statistical results were then used to relate mineralogy, 

together with data from pH, cation exchange capacity, base saturation, iron and 

particle size distribution to pedogenesis in the area and to evaluate the possibility 

of eolian additions. The data also were useful to predict the possibility of problems 

with the mining and reclamation activities.



LITERATURE REVIEW 

1.1. Coastal Plain characteristics 

1.1.1. Geomorphology - Geology 

The Atlantic Coastal Plain region stretches over 2,200 km from southeastern 

New York and New Jersey to the Florida Keys and is as much as 320 km wide from 

the Piedmont to the present sea level. It is divided into three physiographic units 

that parallel the Atlantic Coast: the Upper (Inner), Middle, and Lower (Outer) 

Coastal Plains. Commonly, these subdivisions are separated by escarpments and 

each belt has distinctive topography and surficial stratigraphy (Colquhoun et al., 

1991). 

The Coastal Plain is a sequence of gentle seaward-sloping depositional 

plains, composed of unconsolidated fluvial, marine and eolian deposits that range 

in age from Pleistocene to Cretaceous (Daniels and Gamble, 1978). The highest 

plains are the oldest and the scarps mark major or minor differences in ages of the 

adjacent plains. The Coastal Plain laps westward onto the crystalline basement of 

the Piedmont province. 

The Atlantic Coastal Plain terraces and related alloformations are most likely 

produced by mechanisms such as: increase in ice volume through late Neogene 

and Quaternary time, increase in oceanic-basin volume, and intra-plate upwarping 

of the eastern United States (Colquhoun et. al, 1991). The erosional scarps in the 

Coastal Plain mark different ancient shorelines. The Fall Zone Scarp at about 90 m 

above sea level marks the eastern limit of exposed Piedmont bedrock with 

cappings of Coastal Plain sediments; the Surry Scarp at about 33 m elevation marks 

the eastern limit of the inner Coastal Plain; and the Suffolk Scarp at about 17 m 

above sea level delineates the boundary between the middle and outer Coastal



Plain (Howard et al., 1992). 

Several studies suggest that the Pliocene was characterized by a climate 

that was significantly warmer than the present (Dowsett and Cronin, 1990; Sarnthein 

and Fenner, 1987), thus causing glaciers to melt and the sea to transgress as far 

inland as the Fall Line. Pleistocene climates included significantly colder glacial 

episodes that alternated with warm, humid interglacials (Markewich et. al, 1990). 

This resulted in cyclic transgressive/regressive events which, together with a slow 

uplift of the area, gave the Coastal Plain a stair-stepped surface with depositional 

terraces and erosional wave-cut scarps. Bailey (1987) proposed the following 

depositional model: (1) initial rapid transgression and accumulation of a reworked 

sand sheet; (2) brief regression and/or stillstand; (3) renewed transgression and 

deposition of silty shelf sands and (4) progradation (regression) of a shelf, 

lagoonal, and possibly deltaic mud blanket. 

The Upper Coastal Plain is underlain by Cretaceous and Tertiary sediments 

that unconformably overlap Mesozoic to Precambrian rocks of the Piedmont 

Section (Colquhoun et al., 1991). It is strongly dissected into irregular-sized 

remnants of a once more extensive plain. The Middle and Lower Coastal Plains 

have a stair-stepped topography whereby the degree of dissection of the plains 

(terraces) decreases from Middle to Lower Plains. Indeed, surface drainage by 

streams and their hydraulic gradient from the interfluve to the streams is much 

greater in the Upper and Middle than in the Lower Coastal Plain (Daniels and 

Gamble, 1978). The Middle Coastal Plain is underlain by Pliocene sediments with 

local overlays of Quaternary eolian, lacustrine, colluvial or alluvial deposits. The 

Lower Coastal Plain is of Quaternary age (Colquhoun et al., 1991). 

Hack (1955), who studied the ongin of the upland gravels of the inner 

Atlantic Coastal Plain, suggested that these gravels are of fluvial origin. This is in 

accordance with the statement of Daniels and Gamble (1978) that, in the Neuse 

drainage of North Carolina, most of the Middle and Upper Coastal Plain is of fluvial



origin although there possibly are local marine elements present (see also Fig.1.1.). 

Sediments of fluvial origin show a typical textural sequence of coarse basal beds 

grading upward into finer beds. Considerable horizontal textural variability, 

however, can exist due to slightly different energy environments during deposition. 

The latter may result in the local occurrence of many soil series on a given surface 

(Daniels and Gamble, 1978). 
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Figure 1.1. Cross-section showing series of alluvial terraces on the inner 
Coastal Plain in Virginia, from Markewich et al. (1987). 

The Middle and Lower Coastal Plain surficial sediments are largely marine 

or lagoon deposits. The coastal terraces are believed to be former marine 

shore/nearshore platforms although they merge into, or are cut by, fluvial terraces 

along the transverse rivers (Colquhoun et al., 1991). These sediments have 

contrasting particle size distributions in almost any vertical or horizontal sequence 

(Daniels and Gamble, 1978). Although several authors mention eolian depositions 

(Murray, 1961; Daniels and Gamble, 1972), there seems to be a lack of clear-cut 

evidence for those kinds of additions. 

The Piedmont and Coastal Plain regions are adjacent and meet each other 

in the Fall Zone, commonly known as the Fall Line. This physiographic boundary



is generally marked by rapids or falls in the major drainages. The Piedmont and 

Coastal Plain provinces have similar long-term climatic histories and slow uplift 

rates (e.g., 10 to 20 m/Ma, Markewich et al., 1990) but have fundamentally different 

soil parent materials. Soils in both provinces reach maximum maturity near the Fall 

Zone (Markewich et al., 1990). 

1.1.2. Soils 

The dominant controls on upland soil development in the Piedmont and 

Coastal Plain are parent material and time. Parent material is generally the more 

- important because it strongly influences near-surface soil texture and permeability, 

which in turn, influences soil residence time. | 

The distribution of soils on a local or regional landscape, under udic 

moisture regime, however, is controlled by the interaction of time, parent material 

and soil moisture regime. The first two factors on constructional Coastal Plain © 

surfaces are set by the sedimentation history of the area. The soil moisture regime, 

however, can be modified by anything that affects the retention or movement of 

water on a regional or local landscape. Because water movement is mainly 

influenced by landscape dissection, the latter is thought to be one of the major 

driving forces in weathering and soil development in Coastal Plain areas with a 

humid climate (Daniels et al., 1975b; Daniels and Gamble, 1978). 

The Piedmont is commonly characterized by low infiltration rates (0.5 to 14 

cm/h, Markewich et al., 1990), relatively high runoff/precipitation ratios and intense 

chemical weathering. Near the Blue Ridge, where relief is relatively high and slopes 

are steep, Inceptisols and thin Hapludults are common. Near the Fall Zone, 

progressively thicker Hapludults and Paleudults occur. In the Coastal Plain, 

pedogenesis generally begins in silicious sedimentary parent material (alluvium, 

marine sands and clays, or dune sands) that is texturally more coarse-grained and



mineralogically more mature (e.g., significantly less feldspar, K-mica, iron silicates 

and iron sulfides; Markewich et al., 1986) than the Piedmont regolith. Coastal Plain 

soils typically have higher infiltration rates (13-28 cm/h, Markewich et al., 1990) and 

a lower runoff/precipitation ratio. Near the Fall Zone of the Coastal Plain, extremely 

thick (pedon thickness 5-10 m) mineralogically mature soils (Paleudults) are most 

common. In the central part of the Coastal Plain, 2 to 5 m thick Hapludults and 

Paleudults have developed. Near the coast, where the degree of dissection is 

minimal, Spodosols, Spodosols with argillic horizons and Ultisols with spodic 

horizons are most common (Markewich et al., 1990). 

Because of the great age of some of the Coastal Plain surfaces and the 

similar composition of the sediments, especially in the upper and middle Coastal 

Plain, the same soil or group of soils can occur on more than one surface. 

However, such soil features as solum thickness, depth to water table, depth to and 

thickness of plinthite, and percentage of gibbsite show distinct and measurable 

decreases from older (upper) to younger (middle) surfaces (Daniels and Gamble, 

1978). In addition, there are changes in the mineralogy of the original sediment that 

are related to the geomorphic surface. 

1.1.3. Mineralogy 

Changes in soil mineralogy are consistent with the idea of increased mineral 

weathering with time. Indeed, there is a shift from a siliceous - kaolinitic mineralogy 

in the upper and middle Coastal Plain toa mixed-montmorillonitic mineralogy in the 

lower Coastal Plain (Daniels and Gamble, 1978). 

The mineralogy of the clay fraction changes from a more complex mixed 

mineralogy (kaolinite, vermiculite and gibbsite) to a simpler, kaolinitic mineralogy 

through time (Markewich et al., 1989). In the surficial sediments, quartz usually 

dominates the sand fraction, with minor amounts (< 10%) of feldspar and resistant



heavy minerals. The clay fraction is largely kaolinite with less than 2% mica 

(Daniels et al., 1971). The increase of hue (or rubification) through time also 

indicates the continuous formation and accumulation of iron oxides and 

oxyhydroxides in the solum (Markewich et al., 1989), as suggested by the Al,O, + 

Fe,O, / SiO, ratio which appears to increase at a constant rate with time. 

1.1.4. Climate 

The Coastal Plain of the Eastern United States has a humid subtropical to 

humid temperate climate. The soil temperature regime in the Coastal Plain south 

of Maryland is thermic where the mean annual soil temperature ranges from 15 to 

22 °C at a depth of 50 cm and the difference between mean summer and mean 

winter soil temperatures is greater than 5 °C. The soil moisture regime in the 

Coastal Plain is udic where, in most years, the soil moisture contro! section is not 

dry in any part for as long as 90 cumulative days (Soil Survey Staff, 1990). Annual 

precipitation for Dinwiddie and Sussex Counties is 1.14 meters with peak rainfall 

occurring during the months of July and August; average snowfall is 0.23 meter. 

Average temperatures are 5°C in winter and 26°C in summer, and average relative 

humidity is 50 %. 

1.2. The Old Hickory Project 

The Old Hickory project area is located in the Upper (Inner) Coastal Plain, 

just east of the Fall Line. An eastward facing scarp divides the area into a high and 

a low depositional level. Heavy minerals occur in both levels and the deposits 

merge together as a continuous orebody. The Old Hickory deposit was depicted 

by Carpenter and Carpenter (1991) and drawn by Mallard as seen in Figure 1.2. 

Carpenter and Carpenter (1991) recognized two lithologic units within sediments
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Figure 1.2. Geologic cross section through the Old Hickory heavy mineral 

deposit A) by Carpenter and Carpenter (1991) and B) drawn by E. Mallard. 

of the upper Coastal Plain in the study area: the lower and the upper unit. The 

lower unit consists mainly of poorly sorted sands, gravelly sands and dispersed 

clay, and is not well exposed in outcrops. The upper unit is a fine, clayey sand in 

which the sand fraction is well sorted. Heavy mineral deposits of economic interest 

are confined mainly to the upper unit. Both units lie on top of crystalline basement 

Piedmont rocks. These Piedmont rocks are exposed at the surface, mainly as 

saprolite, to the west of the Old Hickory area in the upper level deposit.



The heavy minerals have supposedly been deposited during a very active 

sea-event such as a major storm or major successive storms. These storms should 

have had enough energy to displace quantities of heavy minerals from the 

seabottom and rework them to the beach. 

A striking paradox is the rather uniform occurrence of widely distributed clay 

in all of the terrace sands. The origin of this clay is not currently known. It seems 

unlikely that substantial amounts of clay could have been co-deposited with sand 

rich in heavy minerals. Therefore, two alternative origins for the clay are 

considered. The clay could have formed by weathering of sand-size feldspar grains 

deposited with quartz and heavy minerals, or the clay was introduced into the 

sands after deposition (Carpenter and Carpenter, 1991). 

The lower and upper units are interpreted to be updip, near-shore 

equivalents of the Yorktown Formation, which represents a major transgressive- 

regressive sequence in the Pliocene (Carpenter and Carpenter, 1991). 

1.3. Soil minerals in short 

There are far too many minerals to describe them all, but it is important to 

know some major characteristics of the most prominent species. 

Kaolinite is a 1:1 phyllosilicate that stands almost at the end of the 

weathering sequence. It is therefore a good indicator of long-term weathering in 

soils. Kaolinite has a low surface area, very low charge and low CEC, as seen in 

Table 1.1. Vermiculite is a 2:1 phyllosilicate with a high surface area, high charge, 

high CEC and limited expansion. The charge of this mineral is in most soils partly 

neutralized by aluminum hydroxides, by which a stable hydroxy-interlayered 

vermiculite (HIV) is formed. Smectites are 2:1 phyllosilicates that are responsible 

for the shrink-swell properties of a soil. With their very high surface area, medium 

charge, high CEC and unlimited expansion, these minerals are mainly present in 
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Table 1.1. Charge, CEC and Surface Area of some minerals (White and Zelazny, 1986) 

  

  

Mineral Charge CEC (cmol/kg) __—sSurface Area (m2/g) 
Kaolinite 0 0.2-15 5-30 (EGME) 
Vermiculite 1.2-1.8 100-210 50-800 (EGME) 
Montmorrillonite 0.4-1.2 57-200 309-859 (EGME) 
Mica 1.2-2.0 <1 - 

Gibbsite - 2-4 0.385-7.51 (N2) 
  

young soils. They originate primarily by: (i) inheritance from parent materials, (ii) 

synthesis, and (iii) alteration of other phyllosilicates (Allen and Hajek, 1989). Mica’s 

are primary clay minerals from which many secondary clay minerals form. These 

minerals have very high charge but due to the perfect fit of potassium in the 

interlayers, the surface area and CEC are extremely low. Feldspars are, next to 

quartz, the most widespread primary minerals in soils. These minerals (i.e., 

KAISi,O,) occur usually in the coarser soil fractions, but they can be a minor | 

component in coarse clay. Although the feldspar content tends to increase with 

depth, they sometimes persist throughout the profiles of strongly weathered soils, 

perhaps because they are protected from weathering by slowly permeable, fine- 

textured horizons (Allen and Hajek, 1989). 

Gibbsite is an aluminum hydroxide that is known to form mainiy in well 

drained soils from which most of the silica has been leached out. The mineral is 

most often an indicator of long-term weathering, but could sometimes be present 

in younger soils, having the proper conditions for its formation. There seems to be 

a negative correlation between gibbsite and vermiculite present in soils. The 

presence of vermiculite promotes the formation of Al-hydroxy-interlayered 

vermiculite rather than gibbsite. This principle is better known as the “anti-gibbsite- 

effect" (Jackson, 1963). Gibbsite has a low CEC and a low surface area. The 

amount of gibbsite has most often been described as decreasing with proximity to 
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the surface. This was attributed to retention of aluminum in the interlayers of 

venniculite, resulting in the formation of HIV, under the more acidic conditions in 

the upper horizons. Another proposal was given by Calvert et al. (1980a,b) who 

explained this trend by resilication of gibbsite to halloysite and subsequent 

transformation into kaolinite higher in the profile. 

Quartz is a major constituent of most soils because (i) it is the second most 

common mineral, after feldspars, in the earth crust, and (ii) it is highly resistant to 

weathering (Allen and Hajek, 1989). Despite this stability, it can be solubilized 

under intensive weathering, especially when the grain sizes have become very 

small (Senkayi et al., 1985). 

Titanium oxides such as rutile (TiO,) and ilmenite (FeTiO,) often occur in the 

sand fractions of soils as primary minerals inherited from igneous and metamorphic 

rocks. Rutile has a very pronounced stability in soil environments and is therefore 

sometimes used as an index mineral in soil-genesis studies. Ilmenite is less stable 

and tends to weather to anatase and leucoxene, which have been described as a 

mixture of Ti oxides (Anand and Gilkes, 1984). Another sand sized silicate is zircon 

(ZrSiO,), which is an inherited mineral, tending to increase with weathering 

intensity. It is very stable and is therefore used as an index mineral in pedogenic 

studies or in determining the provenance of sediments. Kyanite (Al,SiO,), staurolite 

[(Fe,A1,0,(8i10,),(0,0H),] and tourmaline 

((Na,Ca) (Li,Mg,Al) (Al,Fe,Mn),(BO,)3(Si,0,;,)(OH),] are silicate minerals that occur 

in minor quantities in the sand fractions of soils. 

1.4. Weathering and weathering sequences 

Weathering is a complex process of physical and chemical "changes" of a 

parent material as a soil forms and matures. Physical weathering is caused by 

mechanical processes and results in the production of smaller particles without a 
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change in particle composition. Chemical weathering at the other hand attacks the 

particle composition through oxidation-reduction, hydrolysis and chelation 

reactions. The chemical weathering products depend on a variety of factors 

including time. Kittrick (1986) writes: "Weathering of minerals in soils is the 

transformation of constituents of minerals into forms that are more stable under 

current conditions". It can involve both the transformation of primary to secondary 

minerals and transformation of secondary to other secondary minerals. These 

mineral transformations are generally accompanied by a decrease in permanent 

charge, a decrease in Si/Al ratio, a major removal of bases, oxidation of Fe?* to 

Fe*+ and a decrease of potassium (K) in phyllosilicate interlayers. Weathering 

stages tend to advance with increasing proximity to the surface (Jackson et al., 

1948). The rate of weathering of soil particles is dependent on (1) temperature, (2) 

leaching and internal soil drainage, (3) soil reaction, (4) redox potential (5) biotic 

factors, (6) particle size and specific surface effects (7) specific weatherability of 

minerals, (8) chemical kinetics, (9) topography and (10) anthropogenic effects 

(White et al., 1990). 

Three processes are considered to take place simultaneously in the 

weathering environment: (1) breakdown of parent materials with release of cations 

and Si, (2) removal in solution of some of the released constituents, and (3) 

reconstitution of the constituents to form new minerals which are stable or 

metastable in the environment (White et al., 1990; Loughnan, 1969). 

Primary minerals of crystalline rocks are known to weather at different rates 

and secondary minerals tend to appear from these primary minerals in well 

established sequences (Tardy et al., 1973). Many articles have been written on 

weathering sequences and mineral stabilities, based on thermodynamics and 

stability approaches (Garrels, 1957; Kittrick, 1969; Kittrick, 1982). An important 

reflection is that soil mineral weathering is an attempt to reach equilibrium with the 

soil solution. Figure 1.3. demonstrates a comparison between stability series of 
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sand- and silt-size mineral particles and the weathering index series of clay-size 

mineral particles after Goldich (1938) and Jackson (1968). 

STABILITY SERIES OF SAND- WEATHERING INDEX OF 
AND SILT-SIZE MINERAL CLAY-SIZE MINERAL PARTICLES? 
PARTICLES! 

Most |, Gypsum, halite, etc. 
easily 2, Calcite, apatite, etc. 

weathered Olivine _ — — — 3. Olivine, pyroxene, etc, 
ne ~ nm — —- 4, Biotite, glauconite, etc, 

phibole) oo 
y Ca Lo). Albite, anorthite, etc. 

Ln, and volcanic glass 

  

     
  

6. Quartz, cristobalite, etc. 
K feldspars 7.“ 1. Muscovite, sericite, etc. 

cally yiuscovite 7" Vermiculite, etc. 
7 . Montmorillonite, etc. 

weathered Quartz Z 9. Mo aaa 10. Kaolinite, halloysite, etc, 
and allophane 

I. Gibbsite, boehmite, etc. 
12. Hematite, goethite, etc, 
13, Anatase, rutile, zircon, etc, 

| Goldich 1938 Primary minerals are underlined in this figure. 

2 Jackson 1968 

Figure 1.3. A comparison between the stability series of sand- and silt-size 
mineral particles and the weathering index series of clay-size mineral particles, 

from Buol et al., 1980. 

Several weathering sequences are known to exist depending on the local 

weathering environment as pictured in Figure 1.4. 

The weathering sequences, studied in this work are : 

Na-feldspar -> montmorillonite -> kaolinite ->" gibbsite 

K-feldspar -> K-mica -> kaolinite ->° gibbsite 

Mica (di) -> vermiculite -> smectite -> kaolinite ->° gibbsite 

Mica (di) -> vermiculite -> HIV 

" These transformations will only be possible in well drained conditions. 
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Figure 1.4. Diagram showing the general conditions for the formation of the 

various silicate clays and oxides of iron and aluminum, from Buckman and 

Brady, 1969.
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�s�c�a�n�n�i�n�g� �c�a�l�o�r�i�m�e�t�r�y� �(�D�S�C�)� �u�s�i�n�g� �a� �D�u�p�o�n�t� �2�9�1�0� �t�h�e�r�m�a�l� �a�n�a�l�y�z�e�r�.� �T�h�e� �a�m�o�u�n�t� �o�f� 

�k�a�o�l�i�n�i�t�e�,� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �D�S�C�,� �c�o�u�l�d� �t�h�e�n� �b�e� �u�s�e�d� �a�s� �a�n� �i�n�t�e�r�n�a�l� �s�t�a�n�d�a�r�d� �t�o� 

�q�u�a�n�t�i�f�y� �t�h�e� �o�t�h�e�r� �m�i�n�e�r�a�l�s� �i�n� �t�h�e� �x�-�r�a�y� �d�i�f�f�r�a�c�t�o�g�r�a�m�.� 
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�S�i�l�t� �m�o�u�n�t�s� �(�2�-�5�0� �u�m�)�,� �p�r�e�p�a�r�e�d� �u�s�i�n�g� �t�h�e� �p�i�p�e�t�t�e�-�o�n�-�g�l�a�s�s� �t�e�c�h�n�i�q�u�e� �w�e�r�e� 

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

�(�5�0� �~�m�-�2� �m�m�)� �w�i�t�h� �C�a�n�a�d�a� �b�a�l�s�a�m� �a�s� �a� �m�o�u�n�t�i�n�g� �a�g�e�n�t�.� �T�h�e� �m�i�n�e�r�a�l� �s�u�i�t�e� �w�a�s� 

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

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

�o�f� �m�i�n�e�r�a�l� �p�e�r� �1�0�0� �g�r�a�m�s� �o�f� �c�l�a�y�,� �s�i�l�t� �o�r� �s�a�n�d�)�.� �T�h�i�s� �w�a�s� �a�l�s�o� �r�e�c�a�l�c�u�l�a�t�e�d� �i�n�t�o� �a� 

�m�a�s�s� �p�e�r�c�e�n�t� �(�a�m�o�u�n�t� �o�f� �m�i�n�e�r�a�l� �p�e�r� �1�0�0� �g�r�a�m�s� �o�f� �s�o�i�l�-�h�o�r�i�z�o�n�)�.� �F�o�r� �t�h�a�t� �r�e�a�s�o�n�,� 

�t�h�e� �f�o�l�l�o�w�i�n�g� �c�a�l�c�u�l�a�t�i�o�n� �w�a�s� �p�e�r�f�o�r�m�e�d�:� �(�m�a�s�s� �%� �m�i�n�e�r�a�l� �=� �(�w�e�i�g�h�t� �%� �m�i�n�e�r�a�l� �*� 

�%� �p�a�r�t�i�c�l�e� �s�i�z�e� �o�f� �i�n�t�e�r�e�s�t�)�/�1�0�0�)�,�.�.�.�.�,�-� �F�o�r� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �m�a�s�s� �p�e�r�c�e�n�t�a�g�e�s� �f�o�r� �t�h�e� 

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

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

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

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

�f�o�r� �s�u�r�e� �t�h�e� �i�r�o�n� �m�i�n�e�r�a�l� �s�p�e�c�i�e�s�,� �w�e� �a�s�s�u�m�e� �i�t� �t�o� �b�e� �h�e�m�a�t�i�t�e�-�l�i�k�e� �(�F�e�,�0�,�)�.� �W�e� �t�h�e�n� 

�o�b�t�a�i�n�e�d� �(�m�a�s�s� �%� �m�i�n�e�r�a�l� �=� �(�w�e�i�g�h�t� �%� �m�i�n�e�r�a�l� �*� �(�%� �c�l�a�y� �-� �%� �F�e�,�O�3�)�)�/�1�0�0�)�p�o�r�s�o�n�:� 

�F�r�e�e� �i�r�o�n� �o�x�i�d�e�s� �w�e�r�e� �e�x�t�r�a�c�t�e�d� �b�y� �D�C�B� �(�M�e�h�r�a� �a�n�d� �J�a�c�k�s�o�n�,� �1�9�6�0�;� 

�H�o�l�m�g�r�e�n�,� �1�9�6�7�)� �a�n�d� �i�r�o�n� �w�a�s� �m�e�a�s�u�r�e�d� �b�y� �a�t�o�m�i�c� �a�b�s�o�r�p�t�i�o�n� �a�n�a�l�y�s�i�s� �(�A�A�S�)� �u�s�i�n�g� 

�a� �P�e�r�k�i�n�-�E�l�m�e�r� �a�t�o�m�i�c� �a�b�s�o�r�p�t�i�o�n� �s�p�e�c�t�r�o�m�e�t�e�r�.� �R�e�s�u�l�t�s� �w�e�r�e� �e�x�p�r�e�s�s�e�d� �a�s� �%� �f�r�e�e� 

�i�r�o�n� �(�e�l�e�m�e�n�t�a�l� �F�e� �p�e�r� �1�0�0� �g�r�a�m�s� �o�f� �s�o�i�l�)�,� �a�s� �g�r�a�m�s� �o�f� �F�e�,�O�,� �p�e�r� �1�0�0� �g�r�a�m�s� �o�f� �s�o�i�l� 

�a�n�d� �a�s� �g�r�a�m� �F�e�,�O�,� �p�e�r� �1�0�0� �g�r�a�m�s� �o�f� �c�l�a�y�.� �F�o�r� �t�h�e� �l�a�t�t�e�r�,� �t�h�e� �a�m�o�u�n�t� �o�f� �F�e�,�O�,� �p�e�r� 

�1�0�0� �g�r�a�m�s� �o�f� �s�o�i�l� �w�a�s� �d�i�v�i�d�e�d� �b�y� �t�h�e� �p�e�r�c�e�n�t�a�g�e� �c�l�a�y�,� �m�e�a�s�u�r�e�d� �b�y� �t�h�e� �h�y�d�r�o�m�e�t�e�r� 

�t�e�c�h�n�i�q�u�e� �(�t�h�u�s� �n�o�t� �i�r�o�n�-�f�r�e�e�)�.� 

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

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

�u�s�i�n�g� �a� �1�:�1� �s�o�i�l�:�w�a�t�e�r� �s�l�u�r�r�y� �o�n� �a� �w�e�i�g�h�t� �b�a�s�i�s� �(�M�c�L�e�a�n�,� �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�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�c�h�a�n�g�e�a�b�l�e� �A�l� �w�a�s� �e�x�t�r�a�c�t�e�d� �w�i�t�h� �N� �K�C�]� �(�B�a�r�n�h�i�s�e�l� �a�n�d� �B�e�r�t�s�c�h�,� 

�1�9�8�2�)� �a�n�d� �d�e�t�e�r�m�i�n�e�d� �b�y� �A�A�S�.� �C�a�t�i�o�n� �e�x�c�h�a�n�g�e� �c�a�p�a�c�i�t�y� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� 
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�s�u�m�m�a�t�i�o�n� �o�f� �e�x�t�r�a�c�t�a�b�l�e� �C�a�,� �M�g�,� �K� �a�n�d� �e�x�c�h�a�n�g�e�a�b�l�e� �a�l�u�m�i�n�u�m�.� �P�e�r�c�e�n�t� �b�a�s�e� 

�s�a�t�u�r�a�t�i�o�n� �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�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�.� 

�2�.�3�.� �G�e�n�e�r�a�l� �s�e�t�-�u�p� �a�n�d� �g�r�o�u�p�i�n�g� �o�f� �t�h�e� �d�a�t�a� 

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

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

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

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

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

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

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

�S�o�i�l� �l�o�c�a�t�i�o�n� �i�n� �r�e�l�a�t�i�o�n� �t�o� �t�h�e� �"�s�c�a�r�p�"� �w�h�i�c�h� �b�i�s�e�c�t�s� �t�h�e� �O�l�d� �H�i�c�k�o�r�y� �d�e�p�o�s�i�t� 

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

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

�F�i�g�.� �1�.�2�.�)�.� �S�o�i�l�s� �"�a�b�o�v�e� �t�h�e� �s�c�a�r�p�"� �a�r�e� �m�a�i�n�l�y� �h�i�g�h�l�y� �w�e�a�t�h�e�r�e�d�,� �r�e�d� �s�o�i�l�s� �f�o�r�m�e�d� �i�n� 

�o�l�d�e�r� �f�l�u�v�i�o�-�m�a�r�i�n�e� �s�e�d�i�m�e�n�t�s� �o�c�c�u�r�r�i�n�g� �a�b�o�v�e� �7�5� �m�e�t�e�r�s�.� �S�o�i�l�s� �"�o�n� �t�h�e� �s�c�a�r�p�"� �a�r�e� 

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

�"�b�e�l�o�w� �t�h�e� �s�c�a�r�p�"� �(�<�6�9� �m�e�t�e�r�s�)� �a�r�e� �y�o�u�n�g�e�r� �t�h�a�n� �t�h�o�s�e� �a�b�o�v�e� �t�h�e� �s�c�a�r�p� �a�n�d� �a�r�e� 

�f�o�r�m�e�d� �i�n� �a� �m�i�x�t�u�r�e� �o�f� �r�e�-�w�o�r�k�e�d� �s�e�d�i�m�e�n�t�s� �f�r�o�m� �h�i�g�h�e�r� �e�l�e�v�a�t�i�o�n�s� �a�n�d� �m�o�r�e� �r�e�c�e�n�t� 

�m�a�r�i�n�e� �s�e�d�i�m�e�n�t�s�.� 

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

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

�e�t� �a�l�.�,� �1�9�9�2�)�.� �P�i�e�d�m�o�n�t� �s�o�i�l�s� �h�a�v�e� �h�i�g�h�e�r� �s�i�l�t� �a�n�d� �c�l�a�y� �c�o�n�t�e�n�t�s� �t�h�a�n� �t�h�e� �C�o�a�s�t�a�l� 

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

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

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

�T�h�e�y� �a�r�e� �g�e�n�e�r�a�l�l�y� �l�e�s�s� �m�a�t�u�r�e� �s�o�i�l�s� �w�i�t�h� �c�o�a�r�s�e�r� �p�a�r�t�i�c�l�e� �s�i�z�e�s�.� �T�h�e� �s�a�m�p�l�e� �s�i�z�e�s� 
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�i�n� �t�h�e� �b�e�l�o�w�-�s�c�a�r�p�,� �o�n�-�s�c�a�r�p�,� �a�b�o�v�e�-�s�c�a�r�p�,� �w�e�t� �s�o�i�l�s� �a�n�d� �P�i�e�d�m�o�n�t� �s�o�i�l�s� �a�r�e� �8�,� �6�,� 

�4�,� �6� �a�n�d� �4�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

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

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

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

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

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

�o�f� �t�i�m�e� �o�n� �m�i�n�e�r�a�l�o�g�y�.� 

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

�s�o�i�l�s� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� �d�a�t�a�.� �F�o�u�r� �d�i�f�f�e�r�e�n�t� �d�r�a�i�n�a�g�e� �c�l�a�s�s�e�s� �w�e�r�e� �u�s�e�d�:� �w�e�l�l� �d�r�a�i�n�e�d�,� 

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

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

�p�o�o�r�l�y� �d�r�a�i�n�e�d� �c�l�a�s�s�e�s� �a�r�e� �1�9�,� �3�,� �2� �a�n�d� �4�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�2�.�4�.� �M�i�n�e�r�a�l�o�g�i�c�a�l� �d�a�t�a� 

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

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

�s�u�b�j�e�c�t�i�v�e� �a�n�d� �p�r�o�n�e� �t�o� �h�u�m�a�n� �e�r�r�o�r�.� �T�h�e�r�m�a�l� �p�a�t�t�e�r�n�s� �(�D�S�C�)� �c�a�n� �h�e�l�p� �t�h�e� 

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

�g�e�n�e�r�a�t�e� �d�i�f�f�e�r�e�n�t� �q�u�a�n�t�i�t�a�t�i�v�e� �e�s�t�i�m�a�t�e�s�.� �I�t� �i�s� �e�s�t�i�m�a�t�e�d� �t�h�a�t� �a� �w�e�l�l� �t�r�a�i�n�e�d� �x�-�r�a�y� 

�d�i�f�f�r�a�c�t�i�o�n� �a�n�a�l�y�s�t� �c�a�n� �d�e�t�e�r�m�i�n�e� �a� �m�i�n�e�r�a�l� �p�e�r�c�e�n�t�a�g�e� �w�i�t�h� �a� �5� �%� �e�r�r�o�r�-�r�a�t�e�,� �b�u�t� 

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

�r�o�l�e� �o�f� �t�h�e� �i�n�t�e�r�p�r�e�t�e�r�,� �w�h�i�c�h� �w�i�l�l� �l�a�r�g�e�l�y� �e�l�i�m�i�n�a�t�e� �h�u�m�a�n� �e�r�r�o�r�.� 
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�2�.�8�.� �M�a�s�s� �p�e�r�c�e�n�t�a�g�e�s� �v�e�r�s�u�s� �w�e�i�g�h�t� �p�e�r�c�e�n�t�a�g�e�s� 

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

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

�w�e�a�t�h�e�r�i�n�g� �s�e�q�u�e�n�c�e�s�.� �F�r�o�m� �a� �m�i�n�i�n�g� �s�t�a�n�d�p�o�i�n�t�,� �t�h�o�u�g�h�,� �w�e� �a�r�e� �m�o�r�e� �i�n�t�e�r�e�s�t�e�d� 

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

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

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

�2�.�6�.� �S�t�a�t�i�s�t�i�c�a�l� �a�n�a�l�y�s�i�s� 

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

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

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

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

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

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

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

�b�o�t�h� �i�n� �w�e�i�g�h�t� �%� �a�n�d� �m�a�s�s� �%�.� 

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

�m�a�s�s� �%�.� 

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

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

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

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

�a�.� �V�i�s�u�a�l�s� �s�u�c�h� �a�s� �b�o�x�-�p�l�o�t�s� �r�e�v�e�a�l�e�d� �a� �p�o�s�s�i�b�l�e� �n�o�n�-�G�a�u�s�s�i�a�n�-�l�i�k�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �d�a�t�a�.� 

�b�.� �T�h�e� �s�a�m�p�l�e� �s�i�z�e�s� �p�e�r� �g�r�o�u�p� �w�e�r�e� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �(�1�9�)� �t�o� �e�x�t�r�e�m�e�l�y� �l�o�w� 

�(�2�)�.� 

�B�o�x�p�l�o�t�s� �o�f� �p�e�r�c�e�n�t�a�g�e�s� �c�l�a�y� �i�n� �s�u�r�f�a�c�e� �a�n�d� �s�u�b�s�u�r�f�a�c�e� �h�o�r�i�z�o�n�s� �o�f� �t�h�e� �5� 

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

�m�e�d�i�a�n� �o�r� �m�i�d�d�l�e� �o�f� �t�h�e� �d�a�t�a�.� �T�h�e� �b�o�x� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �m�i�d�d�l�e� �5�0�%�-�r�a�n�g�e� �o�f� �t�h�e� 

�d�a�t�a�.� �T�h�e� �"�w�h�i�s�k�e�r�s�"� �g�o� �f�r�o�m� �t�h�e� �b�o�x� �t�o� �t�h�e� �f�u�r�t�h�e�s�t� �d�a�t�a� �v�a�l�u�e� �w�i�t�h�i�n� �t�h�e� �i�n�n�e�r� 

�f�e�n�c�e�s�.� �T�h�e� �i�n�n�e�r� �f�e�n�c�e�s� �a�r�e� �c�a�l�c�u�l�a�t�e�d� �b�y� �a�d�d�i�n�g� �!�.�5� �t�i�m�e�s� �t�h�e� �b�o�x�-�l�e�n�g�t�h� �a�t� �e�i�t�h�e�r� 

�s�i�d�e� �o�f� �t�h�e� �b�o�x�.� �O�u�t�e�r� �f�e�n�c�e�s� �a�r�e� �c�a�l�c�u�l�a�t�e�d� �b�y� �a�d�d�i�n�g� �3� �t�i�m�e�s� �t�h�e� �b�o�x�-�l�e�n�g�t�h� �a�t� 

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

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

�F�o�r� �t�h�e�s�e� �r�e�a�s�o�n�s�,� �n�o�n�-�G�a�u�s�s�i�a�n�-�l�i�k�e� �d�i�s�t�r�i�b�u�t�i�o�n� �a�n�d� �u�n�e�v�e�n� �s�a�m�p�l�e� �s�i�z�e�s�,� 

�w�e� �d�e�c�i�d�e�d� �t�o� �u�s�e� �n�o�n�p�a�r�a�m�e�t�r�i�c� �p�r�o�c�e�d�u�r�e�s�.� �N�o�n�p�a�r�a�m�e�t�r�i�c� �s�t�a�t�i�s�t�i�c�s� �a�r�e� 

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

�p�r�o�c�e�d�u�r�e�s�.� �F�o�r� �n�o�n�-�G�a�u�s�s�i�a�n� �d�a�t�a�,� �h�o�w�e�v�e�r�,� �t�h�e� �e�f�f�i�c�i�e�n�c�y� �o�f� �n�o�n�p�a�r�a�m�e�t�r�i�c� 

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

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

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

�s�i�z�e�s�.� 
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 �� �4�  ��_�-�_� �O�n� �s�c�a�r�p� 

�m�L� �t� �[�n�y� �A�b�o�v�e� �s�c�a�r�p� 

 ��{� �+� �°� �W�e�t� �s�o�i�l�s� 

�+�  � �� �P�i�e�d�m�o�n�t� �s�o�i�l�s� 

�+ �� �-� �+� �+� �+� �C�L�A�Y�Y� 

�3�.�8� �5�.�8� �1�9�.�8� �1�5�.�8� �2�3�.�9� �2�5�.�8� �A�-�h�o�r�i�z�o�n� 

 � ��_�_� �E�y�}� �B�e�l�o�w� �s�c�a�r�p� 

�2� �e�e� �O�n� �s�c�a�r�p� 

 ��_�_� �f�t� �s�+� �A�b�o�v�e� �s�c�a�r�p� 

 �� �_�f� �_�- � � � � � � �� �W�e�t� �s�o�i�l�s� 

�a� �S�e� 

�+� �t ��  �� �'�  �� �+� �C�L�A�Y�Y�.� 
�@� �1�2� �2�4� �3�6� �4�8� �6�@� �B�-�h�o�r�i�z�o�n� 

�F�i�g�u�r�e� �2�.�2�.� �B�o�x�p�l�o�t�s� �o�f� �p�e�r�c�e�n�t�a�g�e�s� �c�l�a�y� �i�n� �s�u�r�f�a�c�e� �a�n�d� �s�u�b�s�u�r�f�a�c�e� �h�o�r�i�z�o�n�s� 
�o�f� �t�h�e� �f�i�v�e� �d�i�f�f�e�r�e�n�t� �g�r�o�u�p�s�.� 

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

�d�r�a�i�n�a�g�e�,� �t�h�e� �1�-�w�a�y� �A�N�O�V�A� �b�y� �r�a�n�k�s�,� �-�b�e�t�t�e�r� �k�n�o�w�n� �a�s� �K�r�u�s�k�a�l�-�W�a�l�l�i�s� �t�e�s�t�-� �w�a�s� 

�p�e�r�f�o�r�m�e�d�.� �T�h�e� �m�o�d�e�l� �f�o�r� �t�h�i�s� �t�e�s�t� �i�s� �:� 

�H�a�p�t� �a�t�e�,� 
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�w�h�e�r�e� �:� 

�X�,� �=� �t�h�e� �j ��t�h� �o�b�s�e�r�v�a�t�i�o�n� �o�f� �g�r�o�u�p� �i� 

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

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

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

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

�H�,�:� �t�;� �=� �t�2� �=�.�.�.� �=� �t�,� �=� �Q� �w�h�e�r�e� �k� �=� �t�h�e� �n�u�m�b�e�r� �o�f� �g�r�o�u�p�s� 

�H�x�:� �t�;� �*� �t�,� �f�o�r� �a�t� �l�e�a�s�t� �o�n�e� �p�a�i�r� �o�f� �g�r�o�u�p�s� �i� �a�n�d� �h� 

�T�h�u�s�,� �t�h�e� �K�r�u�s�k�a�l�-�W�a�l�l�i�s� �t�e�s�t� �r�e�v�e�a�l�s� �w�h�e�t�h�e�r� �o�r� �n�o�t� �d�i�f�f�e�r�e�n�c�e�s� �e�x�i�s�t� �a�m�o�n�g� 

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

�o�f� �0�.�1� �w�a�s� �u�s�e�d�.� �T�h�e� �K�r�u�s�k�a�l�-�W�a�l�l�i�s� �t�e�s�t� �w�i�l�l� �n�o�t� �i�n�d�i�c�a�t�e� �w�h�i�c�h� �g�r�o�u�p�s� �d�i�f�f�e�r� �f�r�o�m� 

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

�K�r�u�s�k�a�l�-�W�a�l�l�i�s� �r�a�n�k� �s�u�m�s� �h�a�d� �t�o� �b�e� �p�e�r�f�o�r�m�e�d�.� �A�n� �a�p�p�r�o�x�i�m�a�t�i�o�n�,� �v�a�l�i�d� �f�o�r� �u�n�e�q�u�a�l� 

�s�a�m�p�l�e� �s�i�z�e�s�,� �w�a�s� �i�n�t�r�o�d�u�c�e�d� �b�y� �D�u�n�n� �(�1�9�6�4�)�.� �T�h�e� �d�e�c�i�s�i�o�n� �i�s� �a�s� �s�u�c�h�:� �1�,� �+� �t�,� �i�f� 

�N�N�+�1�)�7�7�(� �1�1�)�"� 
�N�n�;� �n�,� �I�R�|�-� �R�y�!� �=� �Z�e�p�e�e�-�y�p� �a�n� 

� � 

�w�h�e�r�e� �:� 

�R�,� �=� �t�h�e� �m�e�a�n� �o�f� �t�h�e� �r�a�n�k�s� �o�f� �t�h�e� �i ��t�h� �g�r�o�u�p� 

�R�,� �=� �t�h�e� �m�e�a�n� �o�f� �t�h�e� �r�a�n�k�s� �o�f� �t�h�e� �h ��t�h� �g�r�o�u�p� 

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

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

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

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

�c�o�m�p�a�r�i�s�o�n�s� �c�a�n� �b�e� �0�.�1�5�,� �0�.�2�0� �o�r� �0�.�2�5�,� �d�e�p�e�n�d�i�n�g� �o�n� �k� �(�D�a�n�i�e�l�,� �1�9�9�0�)�.� 

�F�o�r� �t�h�e� �c�o�m�p�a�r�i�s�o�n� �o�f� �o�n�l�y� �t�w�o� �g�r�o�u�p�s�,� �t�h�e� �K�r�u�s�k�a�l�-�W�a�l�l�i�s� �C�h�i�-�s�q�u�a�r�e� �d�i�s�t�r�i�b�u�t�i�o�n� 

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

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

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

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

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

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

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

�X�=� �b� �+� �e�y� 

�Y�,�=�b� �+� �M� �+� �e�g� 

�Z�=�Y�¥�,�-�X�%� �=�M�+� �(�e�y�g�-�e�,�)� �=�M�+�e�,� 

�w�h�e�r�e� �:� 

�X�,� �=� �t�h�e� �X�-�g�r�o�u�p� �o�b�s�e�r�v�a�t�i�o�n� �o�n� �t�h�e� �i ��t�h� �p�a�i�r� 

�Y�,�;� �=� �t�h�e� �Y�-�g�r�o�u�p� �o�b�s�e�r�v�a�t�i�o�n� �o�n� �t�h�e� �i ��t�h� �p�a�i�r� 

�b�,� �=� �a� �b�l�o�c�k�i�n�g� �f�a�c�t�o�r� �s�p�e�c�i�f�i�c� �t�o� �t�h�e� �i ��t�h� �p�a�i�r� 

�e�,�,� �a�n�d� �e�,� �=� �r�a�n�d�o�m� �v�a�r�i�a�b�i�l�i�t�y� �i�n� �X�,� �a�n�d� �Y�;�,� �f�o�r� �i ��t�h� �p�a�i�r� 

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

�Z�,� �=� �e�x�c�e�s�s� �i�n� �Y�,� �o�v�e�r� �X�,� 

�M� �=� �d�i�s�t�r�i�b�u�t�i�o�n� �m�e�d�i�a�n� �o�f� �Z�,� 
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�T�h�e� �n�u�l�l� �a�n�d� �a�l�t�e�r�n�a�t�i�v�e� �h�y�p�o�t�h�e�s�i�s� �c�a�n� �b�e� �f�o�r�m�u�l�a�t�e�d� �a�s� �s�u�c�h� �:� 

�H�,�:� �M� �=� �0� 

�H�z� �M�>�O� �M�<�Q� �M�#�0�O� 

�G�i�v�e�n� �t�h�e� �s�m�a�l�l� �s�a�m�p�l�e� �s�i�z�e�s� �w�i�t�h�i�n� �t�h�e� �g�r�o�u�p�s�,� �t�h�e� �S�i�g�n� �t�e�s�t� �w�a�s� �m�o�s�t� �a�p�p�r�o�p�r�i�a�t�e�.� 

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

�d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �r�e�s�u�l�t�s�.� �W�h�e�n� �n�o� �a�d� �h�o�c� �d�i�r�e�c�t�i�o�n� �i�s� �k�n�o�w�n�,� �o�n�e� �i�s� �b�e�t�t�e�r� �o�f�f� �u�s�i�n�g� 

�t�h�e� �t�w�o� �s�i�d�e�d� �t�e�s�t�.� �T�h�e� �p�-�v�a�l�u�e�s� �o�f� �t�h�e� �t�e�s�t�s� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� �T�a�b�l�e� �A�.�2� �(�p�a�g�e�s� �2�5�9� 

�t�o� �2�6�3�)� �i�n� �H�o�l�l�a�n�d�e�r� �a�n�d� �W�o�l�f�e ��s� �n�o�n�p�a�r�a�m�e�t�r�i�c� �s�t�a�t�i�s�t�i�c�a�l� �m�e�t�h�o�d�s� �b�o�o�k� �(�1�9�7�3�)�.� 

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

�d�i�s�t�r�i�b�u�t�i�o�n� �w�i�t�h� �p� �=� �0�.�5� �w�a�s� �u�s�e�d�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �e�q�u�a�l�i�t�y� �i�n� �p�a�i�r�s�,� �a� �s�t�a�n�d�a�r�d� 

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

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

�t�e�s�t� �w�a�s� �i�n�t�r�o�d�u�c�e�d� �b�y� �L�e�h�m�a�n� �(�1�9�7�5�)�,� �u�s�i�n�g� �a� �l�a�r�g�e� �s�a�m�p�l�e� �a�p�p�r�o�x�i�m�a�t�i�o�n� �o�f� �t�h�e� �©� 

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

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

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

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

�t�e�s�t�s�.� �A� �d�e�c�i�s�i�o�n� �l�e�v�e�l� �o�f� �0�.�1�5� �w�a�s� �u�s�e�d� �i�n� �t�h�e�s�e� �c�a�s�e�s�.� 

�2�.�7�.� �I�m�p�o�r�t�a�n�t� �s�t�a�t�i�s�t�i�c�a�l� �a�n�a�l�y�s�i�s� �c�o�n�c�e�r�n�s� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�c�o�m�p�a�r�i�s�o�n�.� 

�a�l



�R�E�S�U�L�T�S� 

�B�e�c�a�u�s�e� �o�f� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �v�e�r�y� �e�x�t�e�n�s�i�v�e� �d�a�t�a�-�s�e�t�,� �i�t� �w�a�s� �d�e�c�i�d�e�d� �t�o� 

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

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

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

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

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

�t�h�e� �b�a�s�e� �d�a�t�a� �a�r�e� �c�o�n�t�a�i�n�e�d� �i�n� �A�p�p�e�n�d�i�x� �J�.� �A�n�o�t�h�e�r� �p�u�r�p�o�s�e� �i�s� �t�o� �r�e�p�o�r�t� �t�h�e� �m�o�s�t� 

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

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

�c�h�a�p�t�e�r�.� 

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

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

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

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

�3�.�1�.� �S�o�i�l� �p�e�d�o�n� �m�a�p� �a�n�d� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� 

�T�h�e� �t�y�p�i�c�a�l� �p�e�d�o�n�s� �a�n�d� �t�h�e�i�r� �l�o�c�a�t�i�o�n� �i�n� �t�h�e� �O�l�d� �H�i�c�k�o�r�y� �a�r�e�a� �a�r�e� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �3�.�1�.� �(�H�o�d�g�e�s� �e�t� �a�l�.�,� �1�9�9�2�)�.� �C�l�a�s�s�i�f�i�c�a�t�i�o�n�s� �o�f� �t�h�e�s�e� �p�e�d�o�n�s� �a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� 

�s�o�i�l� �s�u�r�v�e�y�o�r�s� �i�s� �i�n�c�l�u�d�e�d� �(�T�a�b�l�e� �3�.�1�)�(�H�o�d�g�e�s� �e�t� �a�l�.�,� �1�9�9�2�)�.� 

�3�.�2�.� �P�a�r�t�i�c�l�e� �S�i�z�e� �D�i�s�t�r�i�b�u�t�i�o�n� 

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

�p�e�r�c�e�n�t�a�g�e� �c�l�a�y� �w�a�s� �f�o�u�n�d� �i�n� �t�h�e� �P�i�e�d�m�o�n�t� �s�o�i�l�s� �(�1�6� �%�)�(�F�i�g�.� �3�.�2�)�.� �B� �h�o�r�i�z�o�n�s� �o�f� �a�l�l� 

�b�u�t� �t�h�e� �w�e�t� �s�o�i�l�s� �c�o�n�t�a�i�n� �b�e�t�w�e�e�n� �2�0� �a�n�d� �5�5� �%� �c�l�a�y�.� �T�h�e� �P�i�e�d�m�o�n�t� �s�o�i�l�s� �h�a�v�e� �m�u�c�h� 
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�R�L� �3�/�9�0� 

�F�i�g�u�r�e� �3�.�1�.� �G�e�n�e�r�a�l� �s�o�i�l�s� �m�a�p� �o�f� �t�h�e� �O�l�d� �H�i�c�k�o�r�y� �p�r�o�j�e�c�t�,� �V�i�r�g�i�n�i�a� �(�H�o�d�g�e�s� �e�t� 
�a�l�.�,� �1�9�9�2�)�.� 
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