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(ABSTRACT) 

Where Mn2* (aq) is found in water supplies, filter media may naturally 

develop surface coatings bearing MnOx(s). These may absorb Mn2* (aq), and in 

the presence of oxidant, sorbed Mn2+* is oxidized to MnOx;s), regenerating 

sorption capacity. The filter accomplishes Mn2* (aq) removal, a process called 

the "natural greensand effect". 

Characterization of naturally coated media showed variation in coating 

composition and structure. With thicknesses from 1 - 125 um, primary coating 

constituents were Al and Mn, with incorporation of minor amounts of Fe, Cu, and 

Si and trace elements. "Growth ring" features in coating cross-section 

corresponding to compositional variation were characterized by SEM, electron 

microprobe, and energy-dispersive x-ray analysis (EDS). Media surface areas 

of 2 - 135 m2 g-land microporosity of 15 - 533 cm? kg-1 were linearly related to 

extractable Mn content. Diatom remains found in coatings suggest a key role for 

coating deposition in filtration phenomena. Atomic force microscopy found 

surface self-similarity over 10 nm - 10 pm. X-ray photoelectron spectroscopy 

(XPS) confirmed heterogeneous surface composition including C, Al, Si, and Fe.



A method to rapidly deposit up to 4 mg g-1 Mn on media was developed, 

employing sequential batch and recycle reactors. Mn(IV) was the surface 

species found by XPS analysis. The Freundlich isotherm described Mn2+ 

sorption on this and the naturally coated media; sorption capacity increased 

between pH 6.0 and 7.5, and was reduced by [Ca2+] = 60 mg L-1. The global 

Mn2+ oxidation rates for all coated media at pH 7.5 were 0.008 - 0.11 mg Mn2+ 

g-1 hr-1: rates increased with flow and decreased with pH. 

A numerical process model for sorption and oxidation of Mn2* (aq) was 

calibrated with short bed absorber and differential reactor columns. The 

Freundlich isotherm, film transport, internal diffusion, and hydrodynamic 

dispersion were included, with sorption capacity apportioned into kinetically 

available and unavailable sites. The model performed well in calibration, 

predicting dynamic system response across a range of flow, pH, [Ca2+}, and 

reactant levels. Model performance in validation was less satisfactory, probably 

due to experimental difficulties and the sensitivity of process performance on 

recent coating history and media regeneration status.
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INTRODUCTION 

The presence of dissolved Mn2+ in drinking water is undesirable for 

several reasons: it causes bad taste, stains on laundry and plumbing fixtures, 

and pipe-fouling deposits. In the U.S., the initial stages of the conventional 

process for treating most surface waters involves chlorination of the raw water, 

addition of aluminum sulfate or ferric chloride as coagulant, flocculation and 

settling of coagulated solids, and filtration. A common filter design, the dual- 

media filter, is a stratified bed of graded gravel and sand overlain with a layer of 

anthracite coal, for a total bed depth typically less than 1 meter. If dissolved 

Mn2t is present in the raw water, Mn-bearing mineral deposits or coatings may 

grow on the surface of the filter media. These deposits are known to absorb 

Mn2t+, and in the presence of free chlorine as oxidant, the coatings catalyze 

oxidation of sorbed Mn2*, and the filters act as the treatment process for Mn 

removal. This phenomenon is known as the "natural greensand effect" (NGE) 

process. Greensand is a glauconite mineral treated with KMnQz, typically used 

in a fixed-bed contactor to remove soluble Mn2+. Process options for Mn 

removal include addition of strong oxidants such potassium permanganate, 

ozone, or chlorine dioxide to produce MnO x;s), followed by solid-liquid 

separation processes such as coagulation, settling, and filtration. However, 

these methods may produce undesirable colloidal MnOx(s) particulates which 

may not be efficiently removed by settling or filtration. 

Oxide-coated media (OCM) perform a dual function in the NGE process, 

permitting two modes of operation for soluble Mn2+ removal. In the intermittent 

XV



regeneration mode, the OCM filter bed absorbs Mn2* in the absence of a strong 

oxidant, with sorption capacity periodically regenerated by application of an 

oxidant such as free chlorine or potassium permanganate. In the continuous 

regeneration mode, free chlorine is continuously supplied to oxidize the sorbed 

Mn2+ to insoluble MnOxs) on the coated media surface, continuously 

regenerating sorption capacity and maintaining catalytic function. While the 

NGE process is gaining acceptance for use in water treatment plants, a 

predictive design model is needed for engineering control and process 

specification. In particular, a numerical process model which can account for 

dynamic changes in process variables of flow rate, pH, and reactants is needed. 

The primary objective of this study was to formulate, calibrate, and validate in 

field studies such a model, based on fundamental process phenomena of mass 

transport, sorption, and surface-catalyzed Mn2+ oxidation. A secondary 

objective was the development of a rapid method for deposition of MnOy(s) on 

filter media, which could aid in treatment operations for soluble Mn2+ removal. 

Three studies comprised the effort: the first study is the characterization 

of filter media coatings, summarized in Chapter 2, in which analytical techniques 

from the geological sciences were applied to fundamentally characterize the 

natural coating deposits on media samples from several filtration plants. The 

coating chemical composition and physical structure were studied to inform the 

modeling effort regarding relevant mass transport and surface chemical 

phenomena. The evident complexity of the coatings led to consideration of the 

role that oxide-coated media in removal of colloidal particulates (including 

human pathogens) in filtration, an unexpected finding of the investigation. 

xvi



The second study is the method development and characterization of 

synthetically coated media, summarized in Chapter 3. The MnO,s) deposition 

method was applied to anthracite and gravel media, and shows promise for 

ready application in filter operations, either for preparation of media at the 

treatment plant or as a commercial commodity. The third study is summarized in 

Chapter 4, which describes the model development, laboratory calibration, and 

field validation work. Chapter 5 is a brief practical guide for implementation and 

troubleshooting of the NGE process, intended for the audience of filtration 

process engineers. This dissertation is written as separate chapters which may 

be submitted for publication after minor editing; any duplication of material 

between Chapters is for purposes of clarity. 
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CHAPTER 1 

CHARACTERIZATION OF FILTER MEDIA MINERAL COATINGS: 

IMPLICATIONS FOR FILTRATION THEORY AND PRACTICE 

INTRODUCTION 

This work began as an effort to fundamentally characterize filter media 

bearing manganese-rich deposits, commonly known as oxide-coated media 

(OCM). In the presence of free chlorine, OCM catalyze soluble Mn2t+ removal 

from aqueous solution by the abiotic sorption and oxidation process known as 

the "natural greensand effect" (NGE).1 The process is “natural” in that the 

coatings develop in-situ within weeks to months on new, uncoated "“raw' filter 

media during normal filter operation; the OCM mimic the Mn2+ removal ability of 

Mn "greensand", a glauconite mineral treated with permanganate.2 The NGE 

process may thus initiate and sustain itself under suitable conditions without 

deliberate intervention by the filtration process engineer. Since Mn2t+ removal 

by oxide-coated media filtration can offer substantial economic and product 

quality benefits,3 a process design model would be useful for engineered 

application and maintenance of the NGE. Analytical techniques from the 

geological sciences were applied to OCM to assist in the continued development 

of such a dynamic numerical process model based on fundamental chemical 

reactions on the media surfaces.4 

Initial results of microscopic studies on OCM from different filter plants 

indicated that the coatings had physical and chemical characteristics likely to 

affect removal of both particulate and dissolved inorganic species. Viewed in 

cross section, the coatings had what appeared to be growth ring features,



possibly corresponding to compositional variation, as well as internal porosity 

and pronounced surface roughness. These features suggested a greater 

potential for improving the quality of filtered water through a_ better 

understanding of the fundamental characteristics of filter media mineral coatings. 

This led us to a broader consideration of the role that OCM play in the filtration 

process in addition to Mn2+ removal, as well as additional studies of uncoated 

anthracite and OCM from a wide variety of filter plants. 

BACKGROUND 

Fundamental models of filtration in natural and engineered porous media 

consider the interaction of ideal particles and collector surfaces as a function of 

surface characteristics that may vary with solution pH and ionic strength. 

Historical reviews of theoretical and experimental developments in this field of 

study are beyond the scope of this work, and excellent summaries are available 

from Amirtharajah° and O'Melia.© A central problem is that filtration models of 

colloidal particles employing classical electrical double-layer theory (EDL) often 

grossly under predict filtration performance under surface charge conditions 

unfavorable for particle-surface interaction, even in idealized systems of 

spherical glass beads filtering spherical latex particles.’ The assumptions of 

applied EDL theory (homogeneous surface potential, spherical particles, and flat 

collector surfaces) have been reexamined in light of real physical and chemical 

surface characteristics. Recent efforts in filtration modeling have focused on 

more accurate representations of real surfaces and investigations of surface 

alteration on filtration performance.8.9 However, these efforts have focused on



initial clean-bed filtration, before retained particles become significant in function 

as collector surfaces. 

The modeling approach developed by Song, Johnson and Elimelech19 

involved explicit consideration of surface charge heterogeneity in EDL 

interaction by incorporating patchwise or random distributions of favorable 

particle-collector interaction sites. Their models could be fit to colloid deposition 

rate data over a range of ionic strength for removal of latex spheres (sulfate 

surface functionality) on soda-lime glass beads with trace amounts (< 1%) of 

chemical impurities AlpO3 and Feg03. At the experimental pH of 6, these 

impurities were considered to provide favorable deposition sites (positively 

charged) for removal of the latex spheres (negatively charged) relative to the 

bulk glass surface sites. The model could also account for changes in colloid 

deposition rates measured on glass beads whose surfaces were cleaned with 

either HCI or HCi/chromic acid solutions. The latter treatment greatly reduced 

deposition rates relative to the HCI wash, which was attributed to the removal of 

surface heterogeneity derived from organic contaminants. They concluded that 

surface charge heterogeneity, even on glass beads with trace impurities, was 

the controlling factor in colloid removal in unfavorable electrostatic conditions. 

Stenkamp and Benjamin? examined the effects of iron oxide coatings on 

silica sand filter media in filtration of latex spheres and ferrihydrite particles. 

While the sand and latex were negatively charged near neutral pH, the coated 

sand and ferrihydrite were positively charged. They concluded that simple 

electrostatic interactions (favorable vs. unfavorable) were sufficient to generally 

account for differences in observed filtration efficiencies over a range of pH and 

ionic strength conditions for the individual media. However, the differences in



performance of the media at the same pH and ionic strength were "not as large 

as expected". The surfaces of both media used were microscopically rough 

under SEM, and the authors noted that surface roughness and chemical 

heterogeneity may have figured in determining relative media filtration 

efficiencies. The potential full-scale application of such synthetically coated filter 

media raises several performance-related questions that illustrate the need for 

information about filter media coatings in general. 

Given that the positive surface charge of an iron-oxide coated media is 

favorable for interaction with negatively charged particles, what are the effects of 

sorbed organics and accumulated particles on collector efficiency? To what 

extent can this favorable surface be maintained over backwash cycles which 

could dislodge the coating? In a filter where an alum coagulant floc (near its 

isoelectric point) is being removed, are media surface electrostatic 

considerations relevant? By analogy, how important to filtration performance are 

natural or synthetic Mn-rich oxide media coatings which are typically negatively 

charged at operational pH? Since naturally-deposited oxide coatings are 

common in filter plants (if not ubiquitous), it would seem that some 

understanding of the surface heterogeneity of real media in operating filters is in 

order if filtration modeling is to proceed from laboratory to practice. The 

isoelectric pH points of some turbidity constituents and likely filter media 

surfaces (original or deposited) are summarized in Table 1. 

Filters are subject to process conditions that may not optimize collector 

efficiencies. For example, the pH of filter-applied waters may be decreased 

below the neutral range (pH 6-8) to control the formation of disinfection 

byproducts, or increased well into the alkaline range to reduce the potential for



corrosion of lead and copper pipes in the distribution system. Filtration is relied 

upon for removal of colloidal-sized pathogens such as Giardia lamblia and 

Cryptosporidium, and the possibility exists that their removal may be 

substantially affected by process modifications designed to control inorganic and 

organic chemical contaminants that do not cause acute mortality in sensitive 

populations. 

The results presented here are intended as an initial survey of the 

physical and surface chemical heterogeneity of filter media in actual service. 

They are intended to assist others in development of fundamental filtration 

theory on issues related to the nature and complexity of particle collector 

surfaces in practice, and the processes involved in the formation and behavior of 

oxide-coated media. 

METHODS AND MATERIALS 

Chemical extraction and microscopy: Filter media samples were 

obtained from a variety of water treatment facilities. Two types of samples were 

analyzed, new and stored. New samples were obtained from operating filters, 

placed in finished process water in headspace-free containers, and shipped to 

Virginia Tech for immediate analysis. Stored samples were media that had been 

collected and archived dry in sealed containers prior to this work. Descriptions 

of the sample types and process conditions at the various plants are given in 

Table 2. 

For determination of extractable Mn content, replicate media samples 

were extracted in acidified hydroxyl amine sulfate solution, and 0.2 um-filtered 

extracts were analyzed for Mn by flame atomic absorption. Results were



expressed on the basis of total surface extractable Mn content per unit weight of 

filter media. For scanning electron microscope (SEM) analysis of the media 

surfaces, samples were dried in air, glue mounted and carbon-coated by vacuum 

electric arc to a thickness of at least 250 A. Cross-section samples for SEM and 

reflected light microscopy were embedded in epoxy, ground, polished, and 

carbon-coated.11 Standardiess qualitative elemental analysis was performed 

with an hnu™ energy dispersive x-ray spectrometer system (EDS) attached to a 

Cameca Series 2 SEM. 12 

Electron microprobe analysis (EPMA): Cross-section maps of 

elemental abundances in Durham, NC, Lorton, VA and Ft. Collins, CO media 

coatings were obtained with a Cameca SX-50 scanning electron microprobe 

using internal mineral standards.13 Cross section samples of Durham and Ft. 

Collins coatings were analyzed in transect for Mn, Al, and Fe at 1 um? resolution 

with accelerating voltage of 15 KeV at 20 nA beam current. 

Powder x-ray diffraction: Diffraction patterns were obtained for four 

oxide-coated anthracite media, three with "natural" coatings (Norfolk NE, 

Durham NC, and Lorton VA) and one with a synthetic coating. The synthetically 

coated media was prepared by a rapid MnO, deposition method, described 

elsewhere in detail.14 Oxide coatings were detached from 5 g samples of 

coated media by sonication for 15 seconds in ethanol. Powder residues were 

rinsed in distilled water, air dried and mounted on glass slides. All x-ray 

diffractograms were taken with a Scintag Powder X-ray Diffractometer using the 

Scintag Diffraction Management System computer software.15 Due to low 

Signal intensities, five scans of the synthetic sample were added together to 

obtain a pattern for analysis. Pattern identification by automated search of the



JCPDS database1® was unsuccessful; candidate patterns were found by a 

manual search of likely minerals, based on the EDS identifications of primary 

coating constituents Mn and Al, and the media substrate materials sand and 

anthracite. 

X-ray photoelectron spectroscopy (XPS): A detailed description of this 

analytical technique is not possible here; an excellent review of XPS theory and 

application is available from Hochella.17 In simplest terms, a sample is 

irradiated with x-rays of a narrow energy distribution, ejecting electrons from the 

sample surface. The kinetic energy spectrum of the electrons is recorded and 

converted to a binding energy scale. The energies and shapes of spectral 

peaks are characteristic of electron orbital states and interatomic bonding 

environments in the outer atomic layers of the sample. Analyses were 

conducted with a Perkin Elmer Model 5400 XPS instrument, using 400 W MgKa 

or AlKa x-rays. Single grains of raw and synthetically-coated anthracite were 

mounted with conductive graphite paste (DAG) on solvent-cleaned steel mounts. 

The samples were briefly outgassed in the sample introduction vacuum lock until 

the vacuum became stable. Five-minute survey scans of electron binding 

energies from 0 to 1200 eV were taken, and automatic peak identification was 

used where possible. Spectra recorded were unshifted relative to absolute 

binding energies. The C1s peak of raw anthracite was found at 285.04 eV, 

slightly higher than the reference value for adventitious carbon of 284.9 eV. 

Narrow scans of Mn3s peak multiplet splitting were used to determine the Mn 

oxidation state of the outer atomic layers by automated curve fitting. 18,19 

Surface area and internal porosity: Surface areas of selected samples 

were obtained by automated cryogenic No adsorption using Quantasorb NOVA



1000 instruments at Virginia Tech and the Quantachrome Corporation. This 

microprocessor controlled instrument performs automated surface area, pore 

size and pore size distribution measurements according to user-specified 

protocol.20 Prior to analyses, coated media samples were outgassed under 

vacuum at 80 °C for at least 45 minutes. Single point and five-point BET surface 

area were measured by the following protocol: from calculated atmospheric 

pressure Py, No adsorption was measured in 0.05 relative pressure increments 

from P = 0.10 to 0.30 Po, with the single point BET measurement taken at 0.30 

Py. Pressure was then increased to 0.90 Pp», and pore size distribution 

calculated by the Barrett, Joyner, and Halenda (BJH) method from the 

desorption isotherm at 11 points spanning the range from 0.875 to 0.10 P,.21 

Atomic force microscopy: Media were examined by atomic force 

microscopy (Digital Instruments Nanoscope III AFM), and the images analyzed 

by the accompanying image processing software to obtain surface topographic 

maps and estimates of surface roughness.22 This technique detects features of 

surfaces from the microcrystalline to near-atomic scale, and may operate on a 

surface undergoing alteration in solution.19 Since AFM is a relatively new 

technique, its application and the interpretation of results is not routine; to our 

knowledge, these were the first such analyses of filter media. This technique 

works by scanning a microscopic Si3N4 tip across a surface. The tip is mounted 

upon or integral with a cantilever which is moved by a piezoelectric crystal stage 

capable of motion increments of angstrom precision. A laser reflects from the 

cantilever to a photodiode array, and cantilever deflections from a complete 

raster scan are combined to produce a topographic relief image. The samples



were scanned in deflection mode, with the tip touching with a force of 10-/ to 10- 

8 N, using a 200 um, wide-legged cantilever. 

Particle identification in filtration performance: A method 

development study was done of turbidity removal by raw and synthetically 

coated (1 mg gv Mn) anthracite media. Columns (4 cm inner diameter) were 

packed to a depth of 10" and washed with distilled water until effluent and mid- 

column turbidities were below 0.05 NTU. A stirred reservoir solution of 1.25 mg 

L-1 kaolinite, 10-3 M HCO3”, and 10 mg L-1 Ca2+ at pH 7.0 was applied at 2 

gpm ft-2; influent turbidity was approximately 1 NTU. Turbidity vs. media depth 

samples were taken at 1.5 hours and measured immediately by nephelometer. 

Kaolinite particles were located and identified on the coated media using the 

SEM in backscattered electron mode (BSE), and by EDS analysis. In BSE 

images, the kaolinite particles appeared dark on the bright background of 

MnOx(s), and the Al:Si ratio 1:1 was confirmed by EDS, consistent with the 

kaolinite composition of AlgSig05(OH)q. 

RESULTS AND DISCUSSION 

Chemical extraction and microscopy: The effect of the chemical 

extraction process is illustrated in Figures 1 and 2, respectively the pre- and 

post-extraction reflected light images of the Durham, NC Brown plant media in 

cross section. In Fig. 1, the white rectangular areas are anthracite, and the dark 

encapsulating rings are mineral coating, approximately 75 - 125 um thick. After 

extraction, the media surface is thoroughly cleaned of deposits. The chemical 

extraction results of selected media are summarized in Table 3. Only a trace 

amount of extractable Mn2+ is found on the raw anthracite media originally



placed in the Blacksburg, VA filters. The Mn content of synthetically-coated 

media is similar to that of a commercial greensand. The naturally-coated media 

show a wide range of coating levels, from 0.8 to 95 mg g-1, consistent with the 

prior survey of Knocke et al. 1 

Electron microscopy of raw anthracite found a variety of surficial mineral 

deposits, as well as fine layered bands in the grain interiors. In the BSE imaging 

mode, mineral deposits associated with anthracite show up as bright features, 

corresponding to higher relative nuclear density, from which x-ray spectra (EDS) 

may be obtained for elemental identification. In the following discussion, the 

elements indicated as being associated with specific mineral deposits were 

detected by EDS. Since the standardless EDS technique analyzes a volume 

extending several microns below the surface, the atomic ratios of surface 

coatings are only estimated, since subsurface signal effects may be present. 

The uncoated anthracite surface is shown in Figures 3 and 4. The 

surface appears uniform under low magnification (Fig. 3a), but higher 

magnification shows numerous embedded particles below 10 um diameter (Fig 

3b). The EDS spectra of these particles indicated that Al and Si were the 

primary constituents, natural components of the mined coal deposit. Other 

surface features contained Fe and S$ (Fig. 4a), possibly a microcrystalline pyrite. 

Patches of Fe-rich deposits are also common (Fig. 4b), occasionally visible to 

the naked eye as iron rust flecks on the grains. 

The SEM analysis also provides evidence for a mechanism for initiation of 

the natural coatings on new anthracite filter media. The cross section BSE 

images of the Ft. Collins media show the fine, layered internal heterogeneous 

mineral deposits commonly present in all anthracite samples studied. These are 
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most apparent at the upper left and center of Fig. 5a. A typical layer consists 

primarily of Al and Si, with Fe, S, and Mn sometimes found. This sample has a 

sparse coating (Mn, 0.8 mg g-1); it was obtained from the filter after only a few 

weeks after the seasonal Mn2+ problem began, in August 1994. The Mnh-rich 

coating is visible as a thin bright line on the grain at the center of Fig. 5a. To its 

right, a very thick deposit can be seen, predominantly Ca and Al. A media grain 

from a sample taken in November 1994 shows a linear arrangement of individual 

mineral deposits on the surface (Fig. 5b), suggesting that exposed mineral 

layers provide nucleation sites for growth of coating by Mn2+ sorption and 

subsequent oxidation. 

The Blacksburg media (Fig. 6 a,b) show internal mineral deposits as well 

as a layered external coating (25 - 40 um) consisting of Al, Mn and Si. The 

typical grain is nearly uniformly encapsulated. The "broken pavement" 

appearance of Fig. 7a is probably an artifact of sample preparation induced by 

rapid drying and heating during carbon coating. The recessed area at the lower 

right of Fig. 7a shows interesting detail at higher magnification (Fig. 7b). To the 

left is a mineral deposit with a bactroidal structure indicating diffusion-limited 

growth in this surface depression. At right is a region of sparse growth on 

exposed anthracite where the fine, banded mineral layers intersect the surface. 

The Lorton, VA media also have internal mineral deposits and a layered 

coating (Fig. 8), but this coating has a porous structure, unlike the Blacksburg 

media, and the surface coverage is not as uniform. The surface is very rough at 

the scale of 30 - 100 um (Fig. 9), with irregular, columnar growths. At high 

magnification (Fig. 10a), the porosity appears to result from agglomerated or 

actively growing particle clusters. The Lorton cross section BSE (Fig 10b) 
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�s�a�m�p�l�e� �t�a�k�e�n� �i�m�m�e�d�i�a�t�e�l�y� �b�e�f�o�r�e� �f�i�l�t�e�r� �b�a�c�k�w�a�s�h� �h�a�s� �a� �p�o�r�o�u�s� �m�i�c�r�o�s�t�r�u�c�t�u�r�e� �a�t� 

�t�h�e� �o�u�t�e�r� �s�u�r�f�a�c�e� �(�F�i�g�.� �1�7�b�)�.� 

�S�a�m�p�l�e�s� �o�f� �D�u�r�n�a�m� �B�r�o�w�n� �t�r�e�a�t�m�e�n�t� �p�l�a�n�t� �m�e�d�i�a� �t�a�k�e�n� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� 

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

�b�a�c�k�w�a�s�h�"� �m�e�d�i�a� �(�"�B�B�W�"�,� �F�i�g�.� �1�8� �a�,� �b�)� �i�s� �u�n�i�f�o�r�m�l�y� �c�o�a�t�e�d� �w�i�t�h� �a� �l�a�y�e�r� �o�f� 

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

�u�n�d�e�r�l�y�i�n�g� �b�a�s�e� �c�o�a�t�i�n�g�.� �T�h�e� �M�n�:�A�l� �r�a�t�i�o� �o�f� �B�B�W� �p�a�r�t�i�c�l�e�s� �b�y� �E�D�S� �w�a�s� �1�:�1�.� 

�T�h�e�  ��a�f�t�e�r� �b�a�c�k�w�a�s�h �� �m�e�d�i�a� �(�"�A�B�W�"�"� �F�i�g�.� �1�9� �a�,� �b�)� �s�h�o�w� �a� �s�u�r�f�a�c�e� �w�i�t�h� �d�e�t�a�c�h�e�d� 

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

�u�n�d�e�r�l�y�i�n�g� �b�a�s�e� �c�o�a�t�i�n�g� �h�a�s� �a� �M�n�:�A�l� �r�a�t�i�o� �o�f� �1�.�8�:�1�,� �a�n�d� �i�s� �s�l�i�g�h�t�l�y� �e�n�r�i�c�h�e�d� �i�n� �F�e�.� 

�S�u�r�f�a�c�e� �a�r�e�a� �a�n�a�l�y�s�i�s� �a�n�d� �H�A�S� �e�x�t�r�a�c�t�i�o�n� �c�o�n�f�i�r�m�e�d� �p�h�y�s�i�c�a�l� �a�n�d� �c�h�e�m�i�c�a�l� 

�a�l�t�e�r�a�t�i�o�n� �b�y� �b�a�c�k�w�a�s�h�,� �w�i�t�h� �M�n� �c�o�n�t�e�n�t� �d�e�c�r�e�a�s�i�n�g� �b�y� �3�5�%�,� �a�n�d� �s�u�r�f�a�c�e� �a�r�e�a� 

�b�y� �3�8�%� �(�T�a�b�l�e� �3�)�.� �T�h�i�s� �s�e�t� �o�f� �m�e�d�i�a� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �i�n� �1�9�9�3� �f�r�o�m� �f�i�l�t�e�r� �b�e�d�s� 

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

�(�7�5� �m�g� �g�v�)� �a�n�a�l�y�z�e�d� �f�r�o�m� �a�n� �o�l�d�e�r� �f�i�l�t�e�r� �i�n�s�t�a�l�l�a�t�i�o�n� �a�t� �t�h�e� �B�r�o�w�n� �p�l�a�n�t�,� �w�h�i�c�h� 

�h�a�d� �b�e�e�n� �i�n� �u�s�e� �s�i�n�c�e� �a�t� �l�e�a�s�t� �1�9�7�9�.� 

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

�b�a�c�k�w�a�s�h� �D�u�r�h�a�m� �B�r�o�w�n� �f�i�l�t�e�r� �m�e�d�i�a� �(�F�i�g�.� �2�0� �a�n�d� �2�1�)�.� �S�o�m�e� �o�f� �t�h�e� �c�a�s�t�s� 

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

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

�1�3



�o�b�v�i�o�u�s� �i�n� �s�e�v�e�r�a�l� �c�o�a�t�e�d� �m�e�d�i�a� �e�x�a�m�i�n�e�d� �b�y� �S�E�M�,� �a�l�t�h�o�u�g�h� �M�n�-�o�x�i�d�i�z�i�n�g� 

�b�a�c�t�e�r�i�a� �a�r�e� �c�o�m�m�o�n� �i�n� �s�u�r�f�a�c�e� �w�a�t�e�r�s�.�2�4� �I�f� �t�h�e�y� �r�e�a�c�h�e�d� �t�h�e� �f�i�l�t�e�r�,� �t�h�e� �f�r�e�e� 

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

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

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

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

�E�l�e�c�t�r�o�n� �m�i�c�r�o�p�r�o�b�e� �a�n�a�l�y�s�i�s� �(�E�P�M�A�)�:� �T�h�e� �E�P�M�A� �t�r�a�n�s�e�c�t� �a�n�a�l�y�s�i�s� �o�f� 

�t�h�e� �D�u�r�h�a�m� �c�o�a�t�i�n�g� �(�F�i�g�.� �2�2�)� �s�h�o�w�s� �c�y�c�l�i�c� �v�a�r�i�a�t�i�o�n� �i�n� �e�l�e�m�e�n�t�a�l� �a�b�u�n�d�a�n�c�e�.� 

�A�r�e�a�l� �m�a�p�s� �o�f� �t�h�e� �c�o�a�t�i�n�g� �s�e�c�t�i�o�n� �(�F�i�g�.� �2�3�)� �s�h�o�w� �v�a�r�i�a�t�i�o�n� �i�n� �A�l�,� �M�n� �a�n�d� �F�e� �a�s� 

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

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

�a� �t�h�r�e�e� �y�e�a�r� �p�e�r�i�o�d� �(�F�i�g�.� �2�4�)� �a�l�s�o� �s�h�o�w� �c�y�c�l�i�c� �c�h�a�n�g�e�s� �i�n� �r�a�w� �w�a�t�e�r� �t�u�r�b�i�d�i�t�y�,� 

�M�n�2�+� �a�n�d� �r�e�s�i�d�u�a�l� �a�l�u�m�i�n�u�m� �i�n� �f�i�n�i�s�h�e�d� �w�a�t�e�r�.� �T�h�e� �t�i�m�e� �p�e�r�i�o�d� �f�o�r� �t�h�i�s� �d�a�t�a� 

�(�1�9�9�0� �-� �1�9�9�2�)� �i�s� �n�o�t� �t�h�e� �p�e�r�i�o�d� �d�u�r�i�n�g� �w�h�i�c�h� �t�h�e� �c�o�a�t�i�n�g� �a�n�a�l�y�z�e�d� �w�a�s� �d�e�p�o�s�i�t�e�d�,� 

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

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

�i�n� �r�e�s�p�o�n�s�e� �t�o� �t�u�r�b�i�d�i�t�y� �i�n�c�r�e�a�s�e�s�,� �a�n�d� �t�h�a�t� �e�l�e�v�a�t�e�d� �M�n�2�+� �t�y�p�i�c�a�l�l�y� �o�c�c�u�r�s� 

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

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

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

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

�b�a�c�k�w�a�s�h� �w�a�t�e�r�,� �a�n�d� �t�h�e� �r�e�a�d�e�r� �i�s� �d�i�r�e�c�t�e�d� �t�o� �t�h�e� �s�t�u�d�y� �o�f� �C�o�r�n�w�e�l�l� �e�f� �a�l�.�2�9� �f�o�r� 

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

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

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

�1�4



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

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

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

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

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

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

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

�i�t�s� �c�h�e�m�i�c�a�l� �(�p�H�,� �[�M�n�2�*�]�,� �e�t�c�.�)� �a�n�d� �p�h�y�s�i�c�a�l� �h�i�s�t�o�r�y� �(�d�e�p�t�h� �i�n� �f�i�l�t�e�r�,� �n�u�m�b�e�r� �o�f� 

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

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

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

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

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

�T�h�e� �E�P�M�A� �t�r�a�n�s�e�c�t� �o�f� �t�h�e� �l�a�t�e� �N�o�v�e�m�b�e�r� �1�9�9�4� �F�t�.� �C�o�l�l�i�n�s� �s�a�m�p�l�e� �s�h�o�w�s� 

�a� �p�r�o�g�r�e�s�s�i�v�e� �e�n�r�i�c�h�m�e�n�t� �i�n� �M�n� �f�r�o�m� �t�h�e� �m�e�d�i�a� �s�u�r�f�a�c�e� �(�F�i�g�.� �2�5�)�,� �w�i�t�h� �t�r�a�c�e� 

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

�e�n�r�i�c�h�m�e�n�t� �(�F�i�g�.� �2�6�,� �m�e�d�i�a� �s�u�r�f�a�c�e� �a�t� �l�e�f�t�)�.� �T�h�e� �L�o�r�t�o�n� �m�e�d�i�a� �c�o�n�t�a�i�n� �C�u� �(�0�.�1� 

�m�g� �g�~�'�)� �i�n� �a�d�d�i�t�i�o�n� �t�o� �A�l� �a�n�d� �M�n�.�1�4� �T�h�e� �L�o�r�t�o�n� �E�P�M�A� �m�a�p� �(�F�i�g�.� �2�7�)� �s�h�o�w�s� �C�u� 

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

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

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

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

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

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

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

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

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

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

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

�c�o�a�t�e�d� �m�e�d�i�a�,� �a�s� �e�v�i�d�e�n�c�e�d� �b�y� �t�h�e� �S�E�M�/�B�S�E� �a�n�d� �E�P�M�A� �a�n�a�l�y�s�e�s�.� 

�P�o�w�d�e�r� �x�-�r�a�y� �d�i�f�f�r�a�c�t�i�o�n�:� �C�o�n�s�i�d�e�r�i�n�g� �t�h�e� �c�h�e�m�i�c�a�l� �e�n�v�i�r�o�n�m�e�n�t� �o�f� �f�i�l�t�e�r� 

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

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

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

�a�s� �c�l�a�y� �m�i�n�e�r�a�l�s�,� �o�r� �t�h�e�y� �m�a�y� �f�o�r�m� �t�h�r�o�u�g�h� �M�n�2�+� �s�o�r�p�t�i�o�n� �a�n�d� �o�x�i�d�a�t�i�o�n� �w�i�t�h� 

�i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �s�o�l�u�b�l�e� �a�n�d�/�o�r� �p�a�r�t�i�c�u�l�a�t�e� �A�l�.� �P�r�e�c�i�p�i�t�a�t�i�o�n� �o�f� �A�l�(�O�H�)�3�(�s�)� �i�s� 

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

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

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

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

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

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

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

�m�i�x�e�d� �M�n� �o�x�i�d�a�t�i�o�n� �s�t�a�t�e�s� �c�o�m�m�o�n�.�2�6� �H�o�w�e�v�e�r�,� �s�i�m�i�l�a�r�i�t�i�e�s� �b�e�t�w�e�e�n� �t�h�e� 

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

�(�A�l�s�5�M�n�7�4�3�0�2�8�-�8�H�2�0�)� �m�a�y� �b�e� �p�r�e�s�e�n�t� �i�n� �t�h�e�i�r� �c�o�a�t�i�n�g�s�.� �I�n� �t�h�e� �N�o�r�f�o�l�k� �p�a�t�t�e�r�n�,� 

�f�o�u�r� �b�r�o�a�d� �p�e�a�k�s� �(�A�,� �B�,� �C�,� �a�n�d� �D� �i�n� �F�i�g�.� �2�8�)� �m�a�t�c�h� �t�h�i�s� �p�h�a�s�e�.� �A� �s�t�r�o�n�g� �p�e�a�k� �(�E�)� 

�m�a�t�c�h�e�s� �m�a�n�g�a�n�e�s�e� �o�x�i�d�e� �h�y�d�r�a�t�e� �(�M�n�7�0�4�3�-�5�H�9�0�,� �s�e�e� �F�i�g�.� �3�0� �f�o�r� �i�t�s� �p�a�t�t�e�r�n�)�,� 

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

�T�h�e� �D�u�r�h�a�m� �p�a�t�t�e�r�n� �(�F�i�g�.� �2�9�)� �h�a�s� �t�h�r�e�e� �b�r�o�a�d� �p�e�a�k�s� �o�f� �t�h�e� �a�l�u�m�i�n�u�m� 

�m�a�n�g�a�n�e�s�e� �o�x�i�d�e� �h�y�d�r�a�t�e� �p�a�t�t�e�r�n� �(�B�,� �C�,� �a�n�d� �D�)� �b�u�t� �t�h�e� �1�0�0�%� �p�e�a�k� �a�t� �9� �A� �i�s� 

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

�p�h�a�s�e� �(�F�i�g�.� �3�0�)�,� �b�u�t� �o�n�e� �f�e�a�t�u�r�e� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �p�o�o�r�l�y� 

�c�r�y�s�t�a�l�l�i�n�e� �a�n�d� �h�y�d�r�o�u�s� �M�n� �o�x�i�d�e�s�.� �T�h�e� �t�w�o� �s�m�a�l�l�,� �b�r�o�a�d� �p�e�a�k�s� �b�e�t�w�e�e�n� �3�5� �a�n�d� 

�3�8� �A� �a�r�e� �i�n� �t�h�e� �r�e�g�i�o�n� �w�h�e�r�e� �s�t�r�o�n�g� �p�e�a�k�s� �f�r�o�m� �s�y�n�t�h�e�t�i�c� �a�n�d� �n�a�t�u�r�a�l� �M�n�O�»� �a�n�d� 

�M�n�O�O�H� �a�r�e� �f�o�u�n�d�.� 

�X�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y� �(�X�P�S�)�:� �T�h�e� �X�P�S� �s�c�a�n� �o�f� �r�a�w� 

�a�n�t�h�r�a�c�i�t�e� �(�F�i�g�.� �3�1�)� �s�h�o�w�s� �m�i�n�o�r� �q�u�a�n�t�i�t�i�e�s� �o�f� �A�l�,� �S�i�,� �a�n�d� �F�e� �i�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� 

�e�x�p�e�c�t�e�d� �b�u�l�k� �C� �a�n�d� �O� �c�o�m�p�o�s�i�t�i�o�n�;� �t�h�i�s� �f�i�n�d�i�n�g� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �S�E�M�/�E�D�X� 

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

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

�c�h�e�m�i�c�a�l� �e�n�v�i�r�o�n�m�e�n�t�.� �T�h�e� �s�c�a�n� �o�f� �a� �s�y�n�t�h�e�t�i�c�a�l�l�y�-�c�o�a�t�e�d� �a�n�t�h�r�a�c�i�t�e� �(�F�i�g�.� �3�2�A�)� 

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

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

�T�h�e� �p�a�t�c�h�w�i�s�e� �m�o�d�e�l� �o�f� �e�l�e�c�t�r�o�s�t�a�t�i�c� �s�u�r�f�a�c�e� �p�o�t�e�n�t�i�a�l�1�9� �i�s� �s�u�p�p�o�r�t�e�d� �b�y� �t�h�e�s�e� 

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

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

�(�A�E�S�)�,� �w�h�i�c�h� �c�a�n� �a�c�h�i�e�v�e� �l�a�t�e�r�a�l� �r�e�s�o�l�u�t�i�o�n� �o�f� �0�.�0�5� �t�u�m� �f�o�r� �m�a�p�p�i�n�g� �o�f� �s�u�r�f�a�c�e� 

�h�e�t�e�r�o�g�e�n�e�i�t�y�.� �1�7� �T�h�e� �M�n�3�s� �m�u�l�t�i�p�l�e�t� �p�e�a�k� �s�p�l�i�t�t�i�n�g� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�2�B�,� �a�n�d� 

�T�a�b�l�e� �4� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �a�n�a�l�y�s�i�s�.� �T�h�e� �p�e�a�k� �s�p�l�i�t�t�i�n�g� �o�f� �4�.�7�5� �e�V� �a�n�d� �p�e�a�k� �a�r�e�a� 

�r�a�t�i�o� �o�f� �1�.�7�4� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �t�h�i�s� �s�a�m�p�l�e� �i�n�d�i�c�a�t�e� �t�h�a�t� �M�n�(�I�V�)� �i�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� 

�o�u�t�e�r� �a�t�o�m�i�c� �l�a�y�e�r�s� �o�f� �t�h�i�s� �s�a�m�p�l�e�,� �b�a�s�e�d� �o�n� �a�n�a�l�y�s�e�s� �r�e�p�o�r�t�e�d� �b�y� �O�k�u�,�2�/� 

�M�u�r�r�a�y� �e�f� �a�/�.�1�8�,� �a�n�d� �J�u�n�t�a� �a�n�d� �H�o�c�h�e�l�l�a�!�9�.� 
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�S�u�r�f�a�c�e� �a�r�e�a� �a�n�d� �i�n�t�e�r�n�a�l� �p�o�r�o�s�i�t�y�:� �S�p�e�c�i�f�i�c� �s�u�r�f�a�c�e� �a�r�e�a�s� �o�f� 

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

�g�e�o�m�e�t�r�i�c� �a�r�e�a� �o�f� �0�.�0�0�3�8� �m�2� �g�v� �c�a�l�c�u�l�a�t�e�d� �b�y� �a�s�s�u�m�i�n�g� �a� �d�e�n�s�i�t�y� �o�f� �1�.�5�9� �g� 

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

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

�c�o�a�t�i�n�g� �(�F�i�g�.� �3�3�)�,� �a�s� �d�o�e�s� �t�h�e� �s�p�e�c�i�f�i�c� �m�i�c�r�o�p�o�r�e� �v�o�l�u�m�e� �(�F�i�g�.� �3�4�)�.� �T�h�e� �s�u�r�f�a�c�e� 

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

�i�n� �o�r�i�g�i�n�s�.� �T�h�e� �p�o�r�e� �s�i�z�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� �(�F�i�g� �3�5�)� �o�f� �c�o�a�t�e�d� �m�e�d�i�a� �s�h�o�w� �t�h�a�t� �t�h�e� 

�m�a�j�o�r�i�t�y� �o�f� �s�u�r�f�a�c�e� �a�r�e�a� �i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �m�i�c�r�o�p�o�r�e�s� �l�e�s�s� �t�h�a�n� �7�0� �A� �i�n� 

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

�(�B�B�W� �a�n�d� �A�B�W�,� �r�e�s�p�e�c�t�i�v�e�l�y�)� �f�r�o�m� �t�h�e� �D�u�r�h�a�m� �B�r�o�w�n� �p�l�a�n�t� �1�9�9�3� �s�a�m�p�l�i�n�g� 

�w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �b�y� �t�w�o� �s�a�m�p�l�e� �t�-�t�e�s�t� �(�p�=�0�.�0�3�9�)�,� �a�s�s�u�m�i�n�g� �e�q�u�a�l� 

�s�a�m�p�l�e� �v�a�r�i�a�n�c�e�s�.� 

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

�r�e�s�p�e�c�t�s�.� �S�o�r�p�t�i�o�n� �o�f� �M�n�2�t� �(�a�n�d� �o�t�h�e�r� �s�o�l�u�t�e�s�)� �a�t� �s�u�r�f�a�c�e� �s�i�t�e�s� �i�s� �t�h�e� �m�o�s�t� �l�i�k�e�l�y� 

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

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

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

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

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

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

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

�s�u�r�f�a�c�e� �s�i�t�e�s� �a�n�d� �t�h�e� �b�u�l�k� �f�l�u�i�d�.�2�8� �A�l�s�o�,� �t�h�e� �m�i�c�r�o�p�o�r�e� �s�o�l�u�t�i�o�n� �c�h�e�m�i�s�t�r�y� �p�H� 

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

�w�i�t�h� �p�r�o�t�o�n� �r�e�l�e�a�s�e�,� �f�u�r�t�h�e�r� �c�o�m�p�l�i�c�a�t�i�n�g� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �f�u�n�d�a�m�e�n�t�a�l� 
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�m�e�c�h�a�n�i�s�t�i�c� �m�o�d�e�l� �o�f� �M�n�2�+� �u�p�t�a�k�e�.� �I�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �f�r�e�e� �c�h�l�o�r�i�n�e�,� �t�h�e� 

�s�o�r�p�t�i�o�n� �o�f� �M�n�2�+� �i�s� �c�o�u�p�l�e�d� �w�i�t�h� �o�x�i�d�a�t�i�o�n� �a�t� �a� �s�u�r�f�a�c�e� �s�i�t�e�.� �I�f� �t�h�e� �o�x�i�d�a�t�i�o�n� 

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

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

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

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

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

�s�y�s�t�e�m� �c�o�n�d�i�t�i�o�n�s�.� �1�4� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�a�t�t�a�c�h�m�e�n�t� �b�y� �a� �s�u�r�f�a�c�e� �"�s�t�r�a�i�n�i�n�g�"� �m�e�c�h�a�n�i�s�m�.� 

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

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

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

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

�i�n�t�e�r�n�a�l� �m�a�s�s� �t�r�a�n�s�p�o�r�t� �p�r�o�c�e�s�s�e�s� �a�n�d� �t�o�t�a�l� �s�o�r�p�t�i�o�n� �c�a�p�a�c�i�t�y� �f�o�r� �M�n�2�*� �a�n�d� �o�t�h�e�r� 

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

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

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

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

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

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

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

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

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

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

�M�n�2�+� �r�e�m�o�v�a�l� �p�r�o�c�e�s�s� �c�a�n� �r�e�m�a�i�n� �v�i�a�b�l�e� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �e�n�t�i�r�e� �b�a�c�k�w�a�s�h� �a�n�d� 

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

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

�2�0



�A�t�o�m�i�c� �f�o�r�c�e� �m�i�c�r�o�s�c�o�p�y�:� �A�t�o�m�i�c� �f�o�r�c�e� �m�i�c�r�o�s�c�o�p�y� �w�a�s� �c�o�n�d�u�c�t�e�d� �o�n� 

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

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

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

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

�t�w�i�c�e�,� �w�i�t�h� �a� �9�0�°� �c�h�a�n�g�e� �i�n� �s�c�a�n�n�i�n�g� �d�i�r�e�c�t�i�o�n�.� �T�h�i�s� �o�r�t�h�o�g�o�n�a�l� �s�c�a�n�n�i�n�g� 

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

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

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

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

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

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

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

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

�A�F�M� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �m�i�c�r�o�t�o�p�o�g�r�a�p�h�y� �o�f� �m�e�d�i�a� �s�u�r�f�a�c�e�s� �p�r�o�c�e�e�d�s� �f�r�o�m� �t�h�e� �n�e�e�d� 

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

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

�i�n� �s�o�l�u�t�i�o�n� �a�s�s�u�m�e� �i�n�f�i�n�i�t�e�,� �f�l�a�t� �h�o�m�o�g�e�n�o�u�s� �s�u�r�f�a�c�e�s�.�2�9� �T�h�e� �l�i�m�i�t�a�t�i�o�n�s� 

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

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

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

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

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

�t�h�e�o�r�y�.�2�9� �A�l�s�o�,� �i�f� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �c�r�y�s�t�a�l� �m�o�r�p�h�o�l�o�g�i�e�s� �a�r�e� �p�r�e�s�e�n�t�,� �t�h�e�s�e� �m�i�g�h�t� 

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

�2�1



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

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

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

�a�r�e�a� �w�h�i�c�h� �a�p�p�e�a�r�s� �d�a�r�k�.� �T�h�e� �A�F�M� �i�m�a�g�e� �o�f� �t�h�e� �s�h�i�n�y� �r�e�g�i�o�n� �(�F�i�g�.� �3�6�)� �s�h�o�w�s� 

�t�h�a�t� �o�v�e�r� �a� �2�5� �u�m� �a�r�e�a�,� �m�o�s�t� �o�f� �t�h�e� �s�u�r�f�a�c�e� �i�s� �g�e�n�e�r�a�l�l�y� �f�l�a�t�,� �w�i�t�h� �v�e�r�t�i�c�a�l� �r�e�l�i�e�f� 

�o�f� �a�b�o�u�t� �1�%� �(�5�0� �n�m�)�,� �w�i�t�h� �i�n�d�i�c�a�t�i�o�n�s� �o�f� �t�r�a�n�s�v�e�r�s�e� �s�t�r�i�a�t�i�o�n�s�.� �T�h�e�s�e� �s�t�r�i�a�t�i�o�n�s� 

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

�i�m�a�g�e� �o�f� �F�i�g�.� �6�.� �C�o�m�p�a�r�a�t�i�v�e�l�y� �l�a�r�g�e� �a�n�d� �p�r�o�m�i�n�e�n�t� �s�u�r�f�a�c�e� �i�n�c�l�u�s�i�o�n�s� �a�r�e� 

�p�r�e�s�e�n�t� �(�r�e�s�e�m�b�l�i�n�g� �t�h�e� �a�l�u�m�i�n�o�s�i�l�i�c�a�t�e� �p�a�r�t�i�c�l�e�s� �s�e�e�n� �b�y� �S�E�M�)�.� �A� �0�.�3�6� �u�m�2� 

�s�c�a�n� �o�f� �t�h�e� �f�l�a�t� �r�e�g�i�o�n� �s�h�o�w�s� �t�h�e� �s�t�r�i�a�t�i�o�n�s� �i�n� �d�e�t�a�i�l� �(�F�i�g�.� �3�7�)�,� �w�h�i�c�h� �r�e�s�e�m�b�l�e� 

�n�a�r�r�o�w� �g�r�o�o�v�e�s� �(�a�b�o�u�t� �2�0� �n�m� �w�i�d�e�)� �i�n� �a� �r�o�u�g�h� �s�u�r�f�a�c�e�,� �w�i�t�h� �g�e�n�e�r�a�l� �r�e�l�i�e�f� �o�f� �a�t� 

�l�e�a�s�t� �4�%� �(�3�2� �n�m�)� �a�c�r�o�s�s� �t�h�e� �6�0�0� �n�m� �t�r�a�v�e�r�s�e�.� �O�v�e�r� �a� �2�5�0� �n�m� �t�r�a�v�e�r�s�e� �(�F�i�g�.� �3�8�)�,� 

�a� �s�i�n�g�l�e� �d�e�p�r�e�s�s�i�o�n� �l�e�s�s� �t�h�a�n� �7�5� �n�m� �w�i�d�e� �h�a�s� �a� �d�e�p�t�h� �o�f� �a�t� �l�e�a�s�t� �2�5� �n�m�.� �T�h�i�s� 

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

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

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

�a�b�o�u�t� �2�%� �o�v�e�r� �a� �1�.�2�5� �u�m� �t�r�a�v�e�r�s�e� �(�F�i�g�.� �3�9�)�.� �T�h�e� �c�e�n�t�r�a�l� �r�e�g�i�o�n� �o�f� �t�h�i�s� �i�m�a�g�e� �i�s� 

�s�h�o�w�n� �i�n� �F�i�g�.� �4�0� �o�v�e�r� �a� �5�0�0� �n�m� �s�c�a�n�,� �a�n�d� �t�h�e� �r�e�l�i�e�f� �a�t� �t�h�i�s� �s�m�a�l�l�e�r� �s�c�a�l�e� �i�s� 

�c�o�m�p�a�r�a�b�l�e�.� 

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

�o�f� �r�e�g�i�o�n�s�,� �s�m�o�o�t�h� �a�n�d� �r�o�u�g�h�.� �A� �1�0�0� �u�m�2� �s�c�a�n� �(�F�i�g�.� �4�1�)� �s�h�o�w�s� �t�h�e�s�e�,� �a� 

�r�e�l�a�t�i�v�e�l�y� �p�l�a�n�a�r� �r�e�g�i�o�n� �b�o�u�n�d�e�d� �b�y� �c�r�a�c�k�s� �a�n�d� �s�u�r�f�a�c�e� �c�l�u�m�p�s� �o�f� �M�n�O�x�(�s�)�.� 

�O�v�e�r� �a� �s�m�a�l�l�e�r� �r�e�g�i�o�n� �(�F�i�g�.� �4�2�)�,� �t�h�e� �d�e�t�a�i�l�s� �o�f� �t�h�e� �c�o�a�t�i�n�g� �s�u�r�f�a�c�e� �e�m�e�r�g�e� �a�s� 

�r�o�u�n�d�e�d� �b�u�m�p�s� �a�n�d� �r�i�d�g�e�s� �o�n� �t�h�e� �s�c�a�l�e� �o�f� �5�0� �-� �1�0�0� �n�m�.� �T�h�e� �c�o�a�t�e�d� �p�e�b�b�l�e� 

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

�2�2



�a�n� �e�n�c�a�p�s�u�l�a�t�i�n�g� �l�a�y�e�r�,� �w�i�t�h� �r�e�l�i�e�f� �o�f� �m�o�r�e� �t�h�a�n� �1�2�%� �(�7�5�0� �n�m�)� �o�v�e�r� �a� �6�.�2�5� �u�m� 

�s�c�a�n� �(�F�i�g�.� �4�3�)�.� �A�t� �a�v�e�r�y� �s�m�a�l�l� �s�c�a�l�e� �(�F�i�g�.� �4�4�)�,� �1�0� �n�m� �d�i�a�m�e�t�e�r� �f�e�a�t�u�r�e�s� �c�a�n� �b�e� 

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

�c�o�a�t�e�d� �m�e�d�i�a� �s�u�r�f�a�c�e� �(�F�i�g�.� �4�5�)� �s�h�o�w�s� �r�e�l�i�e�f� �o�f� �a�b�o�u�t� �2�0� �n�m�,� �o�r� �a�b�o�u�t� �1�2�5� �-� �2�5�0� 

�i�o�n�i�c� �r�a�d�i�i� �f�o�r� �M�n�(�i�l�-�I�V�)� �a�c�r�o�s�s� �t�h�e� �1�8�6� �n�m� �s�c�a�n� �w�i�d�t�h�.� 

�S�a�m�e�-�s�c�a�l�e� �A�F�M� �i�m�a�g�e�s� �o�f� �t�h�e� �r�a�w� �a�n�t�h�r�a�c�i�t�e� �g�r�a�i�n� �a�n�d� �t�h�e� �s�y�n�t�h�e�t�i�c�a�l�l�y� 

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

�t�e�c�h�n�i�q�u�e�s� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �N�a�n�o�s�c�o�p�e� �I�l�l� �s�o�f�t�w�a�r�e�:� �s�c�a�l�e�d� �f�r�a�c�t�a�l� �d�i�m�e�n�s�i�o�n� �(�f�g�)�,� 

�a�n�d� �r�o�o�t�-�m�e�a�n�-�s�q�u�a�r�e� �r�o�u�g�h�n�e�s�s� �(�r�m�s�)� �b�y� �A�S�T�M� �m�e�t�h�o�d� �E� �4�2�.�1�4� �f�o�r� 

�S�T�M�/�A�F�M�.�2�2� �T�h�e� �r�a�w� �a�n�t�h�r�a�c�i�t�e� �r�e�g�i�o�n� �s�t�u�d�i�e�d� �h�a�d� �a� �s�c�a�l�e�d� �f�y� �v�a�l�u�e� �o�f� �2�.�0�2� 

�(�f�o�r� �a�n� �i�d�e�a�l� �p�l�a�n�a�r� �s�u�r�f�a�c�e�,� �f�y� �=� �2�.�0�)� �a�n�d� �r�m�s� �o�f� �1�2�.�4� �n�m�,� �w�h�i�l�e� �t�h�e� �c�o�a�t�e�d� 

�p�e�b�b�l�e� �f�y� �w�a�s� �2�.�1�6�,� �w�i�t�h� �r�m�s� �o�f� �4�1�.�8� �n�m�.� �T�h�e� �l�a�t�t�e�r� �t�w�o� �A�F�M� �i�m�a�g�e�s� �w�o�u�l�d� 

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

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

�A�F�M�,� �b�u�t� �t�h�e� �s�u�r�f�a�c�e�s� �s�h�o�w�n� �h�e�r�e� �a�p�p�e�a�r�e�d� �r�e�p�r�e�s�e�n�t�a�t�i�v�e�,� �b�a�s�e�d� �o�n� 

�e�v�a�l�u�a�t�i�o�n� �o�f� �s�e�v�e�r�a�l� �d�o�z�e�n� �s�a�m�p�l�e�s� �b�y� �A�F�M� �a�n�d� �S�E�M�.� �T�h�e�s�e� �r�o�u�g�h�n�e�s�s� 

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

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

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

�T�h�e� �f�e�a�t�u�r�e�s� �i�d�e�n�t�i�f�i�e�d� �b�y� �A�F�M� �i�n�d�i�c�a�t�e� �t�h�a�t� �f�i�l�t�e�r� �m�e�d�i�a� �s�u�r�f�a�c�e�s� �e�x�h�i�b�i�t� 

�s�i�g�n�i�f�i�c�a�n�t� �t�o�p�o�g�r�a�p�h�i�c�a�l� �r�e�l�i�e�f� �o�v�e�r� �l�e�n�g�t�h� �s�c�a�l�e�s� �o�f� �1�0� �n�m� �t�o� �1�0� �u�m�.� �S�o�m�e� 

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

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

�C�h�a�p�m�a�n� �e�l�e�c�t�r�i�c�a�l� �d�o�u�b�l�e� �l�a�y�e�r�,� �o�r� �2�.�8� �t�o� �1�1�.�2� �n�m� �f�o�r� �s�o�l�u�t�i�o�n� �i�o�n�i�c� �s�t�r�e�n�g�t�h�s� �o�f� 

�0�.�0�1� �a�n�d� �0�.�0�0�1� �M�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �s�o�l�u�t�e� �m�a�s�s� �t�r�a�n�s�p�o�r�t� �e�n�h�a�n�c�e�m�e�n�t� �(�b�u�l�k� 
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�f�l�u�i�d� �t�o� �s�u�r�f�a�c�e�)� �p�r�o�v�i�d�e�d� �b�y� �r�o�u�g�h�e�n�e�d� �s�u�r�f�a�c�e�s� �i�s� �w�e�l�l� �d�o�c�u�m�e�n�t�e�d�,�3�9� �a�n�d� 

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

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

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

�s�o�l�u�t�i�o�n�s� �t�o� �o�b�s�e�r�v�e� �s�u�r�f�a�c�e� �a�l�t�e�r�a�t�i�o�n�s�.� �1�9� 

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

�(�r�a�t�i�o� �o�f� �i�n�f�l�u�e�n�t� �t�o� �s�a�m�p�l�e�,� �C�/�C�o�)� �a�t� �b�o�t�h� �1�.�5� �a�n�d� �2�.�5� �h�o�u�r�s� �s�h�o�w� �e�n�h�a�n�c�e�d� 

�t�u�r�b�i�d�i�t�y� �r�e�m�o�v�a�l� �f�o�r� �t�h�e� �c�o�a�t�e�d� �m�e�d�i�a� �c�o�l�u�m�n� �(�F�i�g�.� �4�6� �a�n�d� �4�7�)�.� �W�h�i�l�e� �t�h�e� 

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

�o�v�e�r� �t�h�i�s� �d�e�p�t�h� �(�0�.�1� �N�T�U�)�,� �t�h�e� �b�e�n�e�f�i�c�i�a�l� �e�f�f�e�c�t� �o�f� �t�h�e� �c�o�a�t�i�n�g� �i�s� �a�p�p�a�r�e�n�t�,� 

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

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

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

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

�c�o�m�b�i�n�e�d� �S�E�M�/�B�S�E�/�E�D�S� �a�n�a�l�y�s�i�s�.� �T�y�p�i�c�a�l�l�y�,� �t�h�e�s�e� �p�a�r�t�i�c�l�e�s� �w�e�r�e� �l�o�d�g�e�d� �o�r� 

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

�s�h�a�p�e� �t�o� �a�d�j�a�c�e�n�t� �M�n� �o�x�i�d�e� �p�a�r�t�i�c�l�e�s�,� �t�h�e� �k�a�o�l�i�n�i�t�e� �i�s� �i�n�d�i�s�t�i�n�g�u�i�s�h�a�b�l�e� �b�y� �S�E�M� 

�(�F�i�g� �4�8�a�)�.� �T�h�e� �s�i�m�u�l�t�a�n�e�o�u�s� �B�S�E� �i�m�a�g�e� �(�F�i�g� �5�0�b�)� �s�h�o�w�s� �t�h�e� �l�i�g�h�t�e�r� �a�t�o�m�i�c� 

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

�M�n� �o�x�i�d�e� �(�M�n�:�A�l�,� �1�6�:�1�)� �T�h�e� �A�l�:�S�i� �r�a�t�i�o� �o�f� �t�h�e� �d�a�r�k� �p�a�r�t�i�c�l�e�s� �w�a�s� �1�:�1�,� �c�o�n�s�i�s�t�e�n�t� 

�w�i�t�h� �k�a�o�l�i�n�i�t�e� �c�o�m�p�o�s�i�t�i�o�n�,� �A�l�o�S�i�g�0�5�(�O�H�)�4�.� �T�h�i�s� �t�e�c�h�n�i�q�u�e� �o�f� �d�i�s�c�r�i�m�i�n�a�t�i�n�g� 

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

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

�t�u�r�b�i�d�i�t�y� �c�o�m�p�o�n�e�n�t�s� �o�f� �h�e�t�e�r�o�g�e�n�e�o�u�s� �c�o�m�p�o�s�i�t�i�o�n�.� 
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�C�O�N�C�L�U�S�I�O�N�S� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�l�i�k�e�l�y� �a�s� �v�a�r�i�a�b�l�e� �i�n� �c�e�r�t�a�i�n� �i�m�p�o�r�t�a�n�t� �r�e�s�p�e�c�t�s�.� �H�o�w�e�v�e�r�,� �c�o�m�m�o�n� 

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

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

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

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

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

�e�s�p�e�c�i�a�l�l�y� �w�h�e�n� �c�o�u�p�l�e�d� �w�i�t�h� �e�n�e�r�g�y� �d�i�s�p�e�r�s�i�v�e� �x�-�r�a�y� �a�n�a�l�y�s�i�s� �(�E�D�S�)�.� �T�h�e� 

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

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

�(�e�m�p�l�o�y�i�n�g� �S�E�M� �c�o�u�p�l�e�d� �w�i�t�h� �E�D�S�)� �m�a�y� �p�r�o�v�e� �u�s�e�f�u�l� �f�o�r� �d�i�r�e�c�t� �o�b�s�e�r�v�a�t�i�o�n� �o�f� 

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

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

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

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

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

�o�f� �c�o�a�t�e�d� �m�e�d�i�a�.� 

�2�)� �T�h�e� �n�e�w� �t�e�c�h�n�i�q�u�e� �o�f� �a�t�o�m�i�c� �f�o�r�c�e� �m�i�c�r�o�s�c�o�p�y� �(�A�F�M�)� �m�a�y� �p�r�o�v�e� 

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

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

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

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

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

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

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

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

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

�a�l�t�e�r�a�t�i�o�n�,� �i�n�c�o�r�p�o�r�a�t�i�n�g� �i�n�o�r�g�a�n�i�c� �s�p�e�c�i�e�s� �s�u�c�h� �a�s� �A�l�,� �F�e�,� �C�a�,� �a�n�d� �C�u�.� �T�h�e� 

�t�e�c�h�n�i�q�u�e� �o�f� �e�l�e�c�t�r�o�n� �p�r�o�b�e� �m�i�c�r�o�a�n�a�l�y�s�i�s� �(�E�P�M�A�)� �i�s� �e�s�p�e�c�i�a�l�l�y� �w�e�l�l�-�s�u�i�t�e�d� �t�o� 

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

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

�4�)� �X�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y� �m�a�y� �b�e� �u�s�e�d� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �s�u�r�f�a�c�e� 

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

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

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

�N�»�>� �a�d�s�o�r�p�t�i�o�n� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n�s� �o�f� �c�o�a�t�e�d� �m�e�d�i�a� �a�n�d� �i�n�o�r�g�a�n�i�c� 

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

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

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

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

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

�o�x�i�d�e� �c�o�a�t�i�n�g�s� �m�a�y� �b�e� �a�n�a�l�o�g�o�u�s� �i�n� �s�o�m�e� �f�a�s�h�i�o�n� �t�o� �m�o�d�e�l�i�n�g� �o�f� �G�A�C� 

�p�e�r�f�o�r�m�a�n�c�e�.� 

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

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

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

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

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

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

�o�c�c�u�r�s�.� �C�o�m�p�l�i�a�n�c�e� �w�i�t�h� �c�u�r�r�e�n�t�l�y� �a�n�t�i�c�i�p�a�t�e�d� �U�.�S�.� �F�e�d�e�r�a�l� �d�r�i�n�k�i�n�g� �w�a�t�e�r� 

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

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

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

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

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

�2�/



�A�C�K�N�O�W�L�E�D�G�M�E�N�T�S� 

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

�G�e�o�l�o�g�i�c�a�l� �S�c�i�e�n�c�e�s� �a�t� �V�i�r�g�i�n�i�a� �T�e�c�h� �f�o�r� �t�h�e�i�r� �i�n�v�a�l�u�a�b�l�e� �a�s�s�i�s�t�a�n�c�e�:� �D�r�.� �J�o�d�i� 

�J�u�n�t�a�,� �M�r�.� �U�d�o� �B�e�c�k�e�r�,� �D�r�.� �M�i�k�e� �H�o�c�h�e�l�l�a�,� �D�r�.� �J�.� �D�o�n�a�l�d� �R�i�m�s�t�i�d�t�.� �S�p�e�c�i�a�l� 

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

�t�h�e� �m�i�c�r�o�p�r�o�b�e� �a�n�d� �x�-�r�a�y� �d�i�f�f�r�a�c�t�i�o�n� �a�n�a�l�y�s�e�s�.� 
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�L�I�T�E�R�A�T�U�R�E� �C�I�T�E�D� 

�1� �-� �K�n�o�c�k�e�,� �W�.� �R�.�;� �O�c�c�i�a�n�o�,� �S�.�;� �H�u�n�g�a�t�e�,� �R�.� �R�e�m�o�v�a�l� �o�f� �S�o�l�u�b�l�e� 
�M�a�n�g�a�n�e�s�e� �f�r�o�m� �W�a�t�e�r� �b�y� �O�x�i�d�e�-�C�o�a�t�e�d� �F�i�l�t�e�r� �M�e�d�i�a� �1�9�9�0�,� �A�W�W�A� �R�e�s�e�a�r�c�h� 
�F�o�u�n�d�a�t�i�o�n�,� �D�e�n�v�e�r�,� �C�o�l�o�r�a�d�o�.� 

�2� �-� �M�c�G�h�e�e�,� �T�.� �J�.� �W�a�t�e�r� �S�u�p�p�l�y� �a�n�d� �S�e�w�e�r�a�g�e� �1�9�9�1�,� �M�c�G�r�a�w�-�H�i�l�l�,� �N�e�w� 
�Y�o�r�k�.� 

�3� �-� �B�y�e�r�l�y�,� �G�.� �P�.� �"�O�x�i�d�e�-�c�o�a�t�e�d� �m�e�d�i�a� �a�i�d�s� �i�n� �m�a�n�g�a�n�e�s�e� �c�o�n�t�r�o�l�"�,� �A�W�W�A� 
�M�a�i�n�S�t�r�e�a�m� �1�9�9�4� �(�M�a�y�)�,� �A�m�e�r�i�c�a�n� �W�a�t�e�r� �W�o�r�k�s� �A�s�s�o�c�i�a�t�i�o�n�,� �D�e�n�v�e�r�,� �C�o�l�o�r�a�d�o�.� 

�4� �-� �C�o�f�f�e�y�,� �B�.� �M�.�;� �G�a�l�l�a�g�h�e�r�,� �D�.� �L�.�;� �K�n�o�c�k�e�,� �W�.� �R�.� �"�M�o�d�e�l�i�n�g� �S�o�l�u�b�l�e� 
�M�a�n�g�a�n�e�s�e� �R�e�m�o�v�a�l� �b�y� �O�x�i�d�e�-�C�o�a�t�e�d� �F�i�l�t�e�r� �M�e�d�i�a�"�,� �J�o�u�r�n�a�l� �o�f� �t�h�e� 
�E�n�v�i�r�o�n�m�e�n�t�a�l� �E�n�g�i�n�e�e�r�i�n�g� �D�i�v�i�s�i�o�n� �-� �A�S�C�E� �1�9�9�3� �(�1�1�9�:�4�)�,� �6�7�9�.� 

�5� �-� �A�m�i�r�t�h�a�r�a�j�a�h�,� �A�p�p�i�a�h�.� �"�S�o�m�e� �T�h�e�o�r�e�t�i�c�a�l� �a�n�d� �C�o�n�c�e�p�t�u�a�l� �V�i�e�w�s� �o�f� 
�F�i�l�t�r�a�t�i�o�n ��,� �J�.� �A�W�W�A� �1�9�8�8� �(�8�0�:�1�2�)�,� �3�6�-�4�6�.� 

�6� �-� �O�'�M�e�l�i�a�,� �C�.� �R�.� �"�K�i�n�e�t�i�c�s� �o�f� �C�o�l�l�o�i�d� �C�h�e�m�i�c�a�l� �P�r�o�c�e�s�s�e�s� �i�n� �A�q�u�a�t�i�c� 
�S�y�s�t�e�m�s�"�,� �i�n� �A�q�u�a�t�i�c� �C�h�e�m�i�c�a�l� �K�i�n�e�t�i�c�s�,� �W�.� �S�t�u�m�m�,� �E�d�.� �1�9�9�0�,� �J�o�h�n� �W�i�l�e�y� �&� 
�S�o�n�s�,� �U�.�S�.�A�.� 

�7� �-� �T�o�b�i�a�s�o�n�,� �J�.� �E�.�,� �O�'�M�e�l�i�a�,� �C�.� �R�.� �"�P�h�y�s�i�c�o�c�h�e�m�i�c�a�l� �A�s�p�e�c�t�s� �o�f� �P�a�r�t�i�c�l�e� 
�R�e�m�o�v�a�l� �i�n� �D�e�p�t�h� �F�i�l�t�r�a�t�i�o�n ��,� �J�.� �A�W�W�A� �1�9�8�8� �(�8�0�:�1�2�)�,� �5�4�-�6�4�.� 

�8� �-� �T�i�e�n�,� �C�.�;� �G�i�m�b�e�l�,� �R�.� �"�O�n� �t�h�e� �D�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �c�o�m�p�r�e�h�e�n�s�i�v�e� �M�o�d�e�l� 
�o�f� �D�e�e�p� �B�e�d� �F�i�l�t�r�a�t�i�o�n�"�,� �i�n� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �S�y�m�p�o�s�i�u�m� �o�n� �W�a�t�e�r� �F�i�l�t�r�a�t�i�o�n�,� 
�1�9�8�2� �E�u�r�o�p�e�a�n� �F�e�d�e�r�a�t�i�o�n� �o�f� �C�h�e�m�.� �E�n�g�.�,� �A�n�t�w�e�r�p�,� �B�e�l�g�i�u�m�.� 

�9� �-� �S�t�e�n�k�a�m�p�,� �V�.� �S�.�,� �B�e�n�j�a�m�i�n�,� �M�.� �M�.� �"�E�f�f�e�c�t� �o�f� �I�r�o�n� �O�x�i�d�e� �C�o�a�t�i�n�g� �o�n� 
�S�a�n�d� �F�i�l�t�r�a�t�i�o�n�"�,� �J�.� �A�W�W�A� �1�9�9�4� �(�8�6�:�8�)�,� �3�7�-�5�0�.� 

�1�0� �-� �S�o�n�g�,� �L�.�;� �J�o�h�n�s�o�n�,� �P�.� �R�.�;� �E�l�i�m�e�l�e�c�h�,� �M�.� �"�K�i�n�e�t�i�c�s� �o�f� �C�o�l�l�o�i�d� 
�D�e�p�o�s�i�t�i�o�n� �o�n�t�o� �H�e�t�e�r�o�g�e�n�e�o�u�s�l�y� �C�h�a�r�g�e�d� �S�u�r�f�a�c�e�s� �i�n� �P�o�r�o�u�s� �M�e�d�i�a�"�,� �E�n�v�i�r�o�n�.� 
�S�c�i�.� �T�e�c�h�n�o�l�.� �1�9�9�4� �(�2�8�:�6�)�,� �1�1�6�4�-�1�1�7�1�.� 

�1�1� �-� �B�u�e�h�l�e�r� �L�i�m�i�t�e�d�.� �"�P�e�t�r�o�g�r�a�p�h�i�c� �S�a�m�p�l�e� �P�r�e�p�a�r�a�t�i�o�n ��,� �M�e�t�a�l� �D�i�g�e�s�t�®� 
�1�9�7�3� �(�1�2�/�1�3�:�1�)�,� �E�v�a�n�s�t�o�n�,� �I�L�.� 

�2�9



�1�2� �-� �C�h�a�l�k�e�r�,� �C�.� �P�.�  ��C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �c�o�a�t�i�n�g�s� �a�n�d� �i�n�t�e�r�f�a�c�e�s �� �i�n� 
�A�d�v�a�n�c�e�d� �S�u�r�f�a�c�e� �C�o�a�t�i�n�g�s�:� �a� �H�a�n�d�b�o�o�k� �o�f� �S�u�r�f�a�c�e� �E�n�g�i�n�e�e�r�i�n�g� �1�9�9�1�,� �A�.� 
�M�a�t�t�h�e�w�s� �a�n�d� �D�.� �R�i�c�k�e�r�b�y�,� �E�d�s�.�,� �B�l�a�c�k�i�e� �&� �S�o�n�,� �L�t�d�,� �L�o�n�d�o�n�.� 

�1�3� �-� �S�o�l�b�e�r�g�,� �T�.� �N�.�;� �A�b�r�e�c�h�t�,� �J�.�;� �H�e�w�i�t�t�,� �D�.� �A�.� �"�G�r�a�p�h�i�c�a�l� �P�r�o�c�e�d�u�r�e�s� �f�o�r� 
�t�h�e� �R�e�f�i�n�e�m�e�n�t� �o�f� �E�l�e�c�t�r�o�n� �M�i�c�r�o�p�r�o�b�e� �A�n�a�l�y�s�i�s� �o�f� �F�i�n�e�-�g�r�a�i�n�e�d� �P�a�r�t�i�c�l�e�s�"� �i�n� 
�M�i�c�r�o�b�e�a�m� �A�n�a�l�y�s�i�s�,� �R�.� �G�e�i�s�s�,� �E�d�.� �1�9�8�1�,� �S�a�n� �F�r�a�n�c�i�s�c�o� �P�r�e�s�s�,� �S�a�n� �F�r�a�n�c�i�s�c�o�.� 

�1�4� �-� �M�e�r�k�l�e�,� �P�.� �B�.� �P�h�.�D�.� �D�i�s�s�e�r�t�a�t�i�o�n�,� �V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� �a�n�d� 
�S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y�,� �1�9�9�5�.� 

�1�5� �-� �D�M�S� �2�0�0�0� �P�o�w�d�e�r� �X�-�r�a�y� �D�i�f�f�r�a�c�t�o�m�e�t�e�r�,� �S�c�i�n�t�a�g� �C�o�r�p�.�,� �S�u�n�n�y�v�a�l�e�,� 
�C�A�,� �U�.�S�.�A�.� 

�1�6� �-� �J�o�i�n�t� �C�o�m�m�i�t�t�e�e� �o�n� �P�o�w�d�e�r� �D�i�f�f�r�a�c�t�i�o�n� �S�t�a�n�d�a�r�d�s�.� �P�o�w�d�e�r� 
�D�i�f�f�r�a�c�t�i�o�n� �F�i�l�e�s� �-� �I�n�o�r�g�a�n�i�c� �P�h�a�s�e�s�,� �J�C�P�D�S�,� �1�9�9�0�.� 

�1�7� �-� �H�o�c�h�e�l�l�a�,� �M�.� �F�.�,� �J�r�.� �"�A�u�g�e�r� �e�l�e�c�t�r�o�n� �a�n�d� �x�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� 
�s�p�e�c�t�r�o�s�c�o�p�i�e�s ��,� �i�n�:� �R�e�v�i�e�w�s� �i�n� �M�i�n�e�r�a�l�o�g�y�:� �S�p�e�c�t�r�o�s�o�p�i�c� �M�e�t�h�o�d�s� �i�n� �M�i�n�e�r�a�l�o�g�y� 
�a�n�d� �G�e�o�l�o�g�y�,� �1�9�8�8�,� �F�.� �C�.� �H�a�w�t�h�o�r�n�e�,� �E�d�.�,� �M�i�n�e�r�a�l�o�g�i�c�a�l� �S�o�c�i�e�t�y� �o�f� �A�m�e�r�i�c�a�,� 
�W�a�s�h�i�n�g�t�o�n�,� �D�.�C�.� 

�1�8� �-� �M�u�r�r�a�y�,� �J�.�;� �D�i�l�l�a�r�d�,� �J�.�;� �G�i�o�v�a�n�o�l�i�,� �R�.�;� �M�o�e�r�s�,� �H�.�;� �S�t�u�m�m�,� �W�.�  ��O�x�i�d�a�t�i�o�n� 
�o�f� �M�n�i�I�l�)�:� �I�n�i�t�i�a�l� �m�i�n�e�r�a�l�o�g�y�,� �o�x�i�d�a�t�i�o�n� �s�t�a�t�e� �a�n�d� �a�g�i�n�g�"�,� �G�e�o�c�h�i�m�.� �C�o�s�m�o�c�h�i�m�.� 
�A�c�t�a� �1�9�8�5� �(�4�9�)�,� �4�6�3�-�4�7�0�.� 

�1�9� �-� �J�u�n�t�a�,� �J�.� �L�.�,� �H�o�c�h�e�l�l�a�,� �M�.� �F�.�,� �J�r�.� �"�M�a�n�g�a�n�e�s�e� �(�I�l�)� �o�x�i�d�a�t�i�o�n� �a�t� �m�i�n�e�r�a�l� 
�s�u�r�f�a�c�e�s�:� �A� �M�i�c�r�o�s�c�o�p�i�c� �a�n�d� �s�p�e�c�t�r�o�s�c�o�p�i�c� �s�t�u�d�y�"�,� �G�e�o�c�h�i�m�.� �C�o�s�m�o�c�h�i�m�.� �A�c�t�a� 
�1�9�9�4� �(�5�8�)�,� �4�9�8�5�-�4�9�9�9�.� 

�2�0� �-� �S�m�i�t�h�,� �J�.� �M�.� �C�h�e�m�i�c�a�l� �E�n�g�i�n�e�e�r�i�n�g� �K�i�n�e�t�i�c�s�,� �C�h�.� �8�,� �1�9�8�1�,� �3�r�d� �e�d�.�,� 
�M�c�G�r�a�w�-�H�i�l�l�,� �N�e�w� �Y�o�r�k�.� 

�2�1� �-� �K�r�u�p�a�,� �N�.� �E�.�,� �C�a�n�n�o�n�,� �F�.� �S�.� �"�C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �P�o�r�e� �S�t�r�u�c�t�u�r�e� 
�o�f� �T�h�e�r�m�a�l�l�y� �R�e�g�e�n�e�r�a�t�e�d� �A�c�t�i�v�a�t�e�d� �C�a�r�b�o�n� �U�s�i�n�g� �A�d�s�o�r�b�a�t�e�s� �o�f� �V�a�r�y�i�n�g� 
�M�o�l�e�c�u�l�a�r� �D�i�m�e�n�s�i�o�n�s�"�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �A�n�n�u�a�l� �C�o�n�f�e�r�e�n�c�e� �o�f� �t�h�e� �A�m�e�r�i�c�a�n� 

�W�a�t�e�r� �W�o�r�k�s� �A�s�s�o�c�i�a�t�i�o�n� �1�9�9�4� �(�J�u�n�e�)�,� �N�e�w� �Y�o�r�k�.� 

�2�2� �-� �A�S�T�M� �E�-�4�2�.�1�4� �S�T�M�/�A�F�M� �S�u�b�c�o�m�m�i�t�t�e�e� �R�e�c�o�m�m�e�n�d�a�t�i�o�n� �f�o�r� 
�A�n�a�l�y�z�i�n�g� �a�n�d� �R�e�p�o�r�t�i�n�g� �S�u�r�f�a�c�e� �R�o�u�g�h�n�e�s�s�.� 

�3�0



�2�3� �-� �B�a�i�l�e�y�,� �T�.� �A�.�  ��P�r�o�c�e�d�u�r�e�s� �f�o�r� �C�o�n�d�i�t�i�o�n�i�n�g� �F�i�l�t�e�r�s� �f�o�r� �M�a�n�g�a�n�e�s�e� 
�R�e�m�o�v�a�l�"� �(�A�p�p�e�n�d�i�x� �A�)�,� �i�n�:� �K�n�o�c�k�e�,� �W�.� �R�.�;� �O�c�c�i�a�n�o�,� �S�.�;� �H�u�n�g�a�t�e�,� �R�.� �R�e�m�o�v�a�l� �o�f� 
�S�o�l�u�b�l�e� �M�a�n�g�a�n�e�s�e� �f�r�o�m� �W�a�t�e�r� �b�y� �O�x�i�d�e�-�C�o�a�t�e�d� �F�i�l�t�e�r� �M�e�d�i�a� �1�9�9�0�,� �A�W�W�A� 
�R�e�s�e�a�r�c�h� �F�o�u�n�d�a�t�i�o�n�.� 

�2�4� �-� �N�e�a�l�s�o�n�,� �K�.� �H�.�,� �C�.� �R�.� �M�y�e�r�s�.� �"�M�i�c�r�o�b�i�a�l� �R�e�d�u�c�t�i�o�n� �o�f� �M�a�n�g�a�n�e�s�e� 
�a�n�d� �l�r�o�n�:� �N�e�w� �A�p�p�r�o�a�c�h�e�s� �t�o� �C�a�r�b�o�n� �C�y�c�l�i�n�g ��,� �A�p�p�l�i�e�d� �a�n�d� �E�n�v�i�r�o�n�m�e�n�t�a�l� 
�M�i�c�r�o�b�i�o�l�o�g�y�,� �1�9�9�2� �(�F�e�b�.�)�,� �4�3�9�-�4�4�3�.� 

�2�5� �-� �C�o�r�n�w�e�l�l�,� �D�.� �A�.�,� �L�e�e�,� �R�.� �G�.� �"�W�a�s�t�e� �S�t�r�e�a�m� �R�e�c�y�c�l�i�n�g�:� �I�t�s� �E�f�f�e�c�t� �o�n� 
�W�a�t�e�r� �Q�u�a�l�i�t�y�"�,� �J�.� �A�W�W�A� �1�9�9�4�,� �(�8�6�:�1�1�)�,� �5�0� �-�6�3�.� 

�2�6� �-� �D�a�v�i�s�,� �J�.� �A�.�;� �K�e�n�t�,� �D�.� �B�.�  ��S�u�r�f�a�c�e� �C�o�m�p�l�e�x�a�t�i�o�n� �M�o�d�e�l�i�n�g� �i�n� �A�q�u�e�o�u�s� 
�G�e�o�c�h�e�m�i�s�t�r�y�"�,� �i�n�:� �R�e�v�i�e�w�s� �i�n� �M�i�n�e�r�a�l�o�g�y�:� �M�i�n�e�r�a�l�-�W�a�t�e�r�_�_�_� �I�n�t�e�r�f�a�c�e� 
�G�e�o�c�h�e�m�i�s�t�r�y�,� �1�9�9�0�,� �M�.� �F�.� �H�o�c�h�e�l�l�a�,� �J�r�.� �a�n�d� �A�r�t� �F�.� �W�h�i�t�e�,� �E�d�s�.� 

�2�7� �-� �O�k�u�,� �M�.�;� �H�i�r�o�k�a�w�a�,� �K�.�;� �I�k�e�d�a�,� �S�.� �"�X�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �S�p�e�c�t�r�o�s�c�o�p�y� 
�o�f� �M�a�n�g�a�n�e�s�e�-�O�x�y�g�e�n� �S�y�s�t�e�m�s�"�,� �J�.� �E�l�e�c�t�r�o�n� �S�p�e�c�t�r�o�s�c�.� �R�e�l�.� �P�h�e�n�o�m�.� �1�9�7�5�,� �(�7�)�,� 
�4�6�5�-�4�7�3�.� 

�2�8� �-� �S�u�z�u�k�i�,� �M�.� �A�d�s�o�r�p�t�i�o�n� �E�n�g�i�n�e�e�r�i�n�g�,� �C�h�e�m�i�c�a�l� �E�n�g�i�n�e�e�r�i�n�g� 
�M�o�n�o�g�r�a�p�h�s� �N�o�.� �2�5�,� �1�9�9�0�,� �K�o�d�a�n�s�h�a� �L�t�d�.�,� �T�o�k�y�o�,� �a�n�d� �E�l�s�e�v�i�e�r� �S�c�i�e�n�c�e� 
�P�u�b�l�i�s�h�e�r�s�,� �A�m�s�t�e�r�d�a�m�.� 

�2�9� �-� �M�o�r�e�l�,� �F�.� �M�.� �M�.� �P�r�i�n�c�i�p�l�e�s� �o�f� �A�q�u�a�t�i�c� �C�h�e�m�i�s�t�r�y�,� �C�h�.� �8�,� �1�9�8�3�,� �J�o�h�n� 
�W�i�l�e�y� �&� �S�o�n�s�,� �N�e�w� �Y�o�r�k�.� 

�3�0� �-� �V�a�n� �V�l�i�e�t�,� �B�.� �M�.�;� �W�e�b�e�r�,� �W�.� �J�.� �"�P�a�r�t�i�c�l�e� �S�u�r�f�a�c�e� �R�o�u�g�h�n�e�s�s� �E�f�f�e�c�t�s� 
�o�n� �t�h�e� �I�n�t�e�r�f�a�c�i�a�l� �M�a�s�s� �t�r�a�n�s�f�e�r� �D�y�n�a�m�i�c�s� �o�f� �M�i�c�r�o�p�o�r�o�u�s� �A�d�s�o�r�b�e�n�t�s�"�,� �C�h�e�m�.� 
�E�n�g�.� �C�o�m�m�u�n�.� �1�9�8�8�,� �(�6�8�)�,� �1�6�5�-�1�7�6�.� 
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�T�A�B�L�E� �1� 

�I�S�O�E�L�E�C�T�R�I�C� �P�O�I�N�T�S� �O�F� �M�I�N�E�R�A�L�S�,� �p�H�i�E�p� 

� � 

�M�i�n�e�r�a�l� �P�H�(�I�E�P�)� 

�B�i�r�n�e�s�s�i�t�e�,� �5� �-� �M�n�O�9� �2�.�2� 
�G�o�e�t�h�i�t�e�,� �a�-� �F�E�O�O�H� �7�.�3� 
�C�a�l�c�i�t�e�,� �C�a�C�O�3� �9�.�5� 
�Q�u�a�r�t�z�,� �a� �-� �S�i�O�9� �2�.�9� 
�y� �-� �A�l�g�0�3� �8�.�5� 

� � 

�*�-� �V�a�l�u�e�s� �f�r�o�m� �D�a�v�i�s� �a�n�d� �K�e�n�t�,� �R�e�f�e�r�e�n�c�e� �2�6�.� 
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�T�A�B�L�E� �2� 

�T�R�E�A�T�M�E�N�T� �P�R�O�C�E�S�S�E�S� �O�F� �M�E�D�I�A� �S�A�M�P�L�E� �S�O�U�R�C�E�S� 

� � 

�M�e�d�i�a� 

�B�l�a�c�k�s�b�u�r�g�,� �V�A� 

�L�o�r�t�o�n�,� �V�A� 

�F�t�.� �C�o�l�l�i�n�s�,� �C�O�:� �#�1� 

�S�w�i�f�t� �R�u�n�,� �V�A� 

�D�u�r�h�a�m�,� �N�C�:� 
�B�r�o�w�n� �#�7� 

�b�e�f�o�r�e� �b�a�c�k�w�a�s�h� 
�a�f�t�e�r� �b�a�c�k�w�a�s�h� 

�B�r�o�w�n� �#�1� 
�W�i�l�l�i�a�m�s� 

�N�o�r�f�o�l�k�,� �N�E�:� 
�c�o�a�l� 

�s�a�n�d� 
�a�u�t�h�i�g�e�n�i�c� 

�P�o�r�t�s�m�o�u�t�h�,� �V�A� 

�S�a�m�p�l�e� �t�y�p�e� 

�c�o�a�t�e�d� �a�n�t�h�r�a�c�i�t�e� 

�c�o�a�t�e�d� �a�n�t�h�r�a�c�i�t�e� 

�c�o�a�t�e�d� �a�n�t�h�r�a�c�i�t�e� 

�c�o�a�t�e�d� �a�n�t�h�r�a�c�i�t�e� 

�c�o�a�t�e�d� �a�n�t�h�r�a�c�i�t�e� 
�a�r�c�h�i�v�e� �s�a�m�p�l�e� 
�1�9�9�3� �s�a�m�p�l�e� 
�1�9�9�3� �s�a�m�p�l�e� 
�c�o�a�t�e�d� �s�a�n�d� 
�c�o�a�t�e�d� �a�n�t�h�r�a�c�i�t�e� 

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

�c�o�a�t�e�d� �a�n�t�h�r�a�c�i�t�e� 

�S�o�u�r�c�e� �a�n�d� �T�r�e�a�t�m�e�n�t� �P�r�o�c�e�s�s� 

�N�e�w� �R�i�v�e�r�,� �a�l�u�m� �c�o�a�g�u�l�a�t�i�o�n�,� 
�d�u�a�l�-�m�e�d�i�a� �f�i�l�t�r�a�t�i�o�n� 

�O�c�c�o�q�u�a�n� �r�e�s�e�r�v�o�i�r�,� �a�l�u�m� 
�c�o�a�g�u�l�a�t�i�o�n�,� �d�u�a�l�-�m�e�d�i�a� �f�i�l�t�r�a�t�i�o�n� 

�S�n�o�w� �m�e�l�t� �r�e�s�e�r�v�o�i�r�,� �K�M�n�O�4� 
�p�r�e�o�x�i�d�a�t�i�o�n�,� �a�l�u�m� �c�o�a�g�u�l�a�t�i�o�n�,� 
�s�l�u�d�g�e�-�b�l�a�n�k�e�t� �c�l�a�r�i�f�i�c�a�t�i�o�n�,� 
�N�G�E� �p�r�o�c�e�s�s� �i�m�p�l�e�m�e�n�t�e�d� 

�S�w�i�f�t� �R�u�n� �r�e�s�e�r�v�o�i�r�,� �K�M�n�O�4� 
�p�r�e�o�x�i�d�a�t�i�o�n�,� �a�l�u�m� 
�c�o�a�g�u�l�a�t�i�o�n� �a�n�d� �d�u�a�l�-�m�e�d�i�a� �f�i�l�t�r�a�t�i�o�n� 

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

�G�r�o�u�n�d�w�a�t�e�r�:� �F�e�,� �M�n� �r�e�m�o�v�a�l� �o�n�l�y� 

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

� � 

�3�3



�T�A�B�L�E� �3� 

� � 

� � 

�M�E�D�I�A� �P�R�O�P�E�R�T�I�E�S� 

�M�e�d�i�a� �S�u�r�f�a�c�e� �a�r�e�a� �E�x�t�r�a�c�t�a�b�l�e� �M�i�c�r�o�p�o�r�e� �v�o�l�.�,� 
�m�2� �g�-�1� �M�n�,�m�g�g�-�t� �=� �c�m�?� �k�g�"� 

�r�a�w� �a�n�t�h�r�a�c�i�t�e� �0�.�1�7� �0�.�0�1� �1�.�6� 
�r�a�w� �g�r�a�v�e�l� �1�.�6� �-� �7�.�3� 
�M�n� �g�r�e�e�n�s�a�n�d� �4�6� �3�.�4� �1�7�7� 
�s�y�n�t�h�e�t�i�c� �c�o�a�t�i�n�g�s�:� 

�a�n�t�h�r�a�c�i�t�e� �0�.�5�6� �2� �4�.�8� 
�g�r�a�v�e�l� �1�.�3� �1�.�4� �6�.�6� 

�B�l�a�c�k�s�b�u�r�g�,� �V�A� �1�1�.�3� �5� �3�1� 

�L�o�r�t�o�n�,� �V�A� �-� �1�1�.�5� �-� 

�F�t�.� �C�o�l�l�i�n�s�,� �C�O�:� �#�1� �-� �0�.�8�3� �-� 
�#�3� �-� �2�.�0� �-� 

�S�w�i�f�t� �R�u�n�,� �V�A� �3�.�7� �2�0� �1�8�.�8� 

�D�u�r�h�a�m�,� �N�C�:� 
�B�r�o�w�n� �a�r�c�h�i�v�e� �#�7� �9�5� �1�5� �3�3�5� 
�b�e�f�o�r�e� �b�a�c�k�w�a�s�h� �7�.�6� �9�.�5� �4�7�.�4� 

�a�f�t�e�r� �b�a�c�k�w�a�s�h� �4�.�7� �6�.�1� �3�2�.�3� 
�B�r�o�w�n� �s�a�n�d� �#�1� �1�3�5� �-� �5�3�3� 

�W�i�l�l�i�a�m�s� �2�1� �9�5� �8�9� 

�N�o�r�f�o�l�k�,� �N�E�:� �c�o�a�l� �2�.�5� �1�3�.�8� �1�4�.�6� 
�s�a�n�d� �1�.�6� �-� �-� 

�a�u�t�h�i�g�e�n�i�c� �1�8�6� �1�6�0� �5�1�3� 

�P�o�r�t�s�m�o�u�t�h�,� �V�A� �2�8� �3�1�.�5� �1�0�7� 

� 



�T�A�B�L�E� �4� 

�X�-�R�A�Y� �P�H�O�T�O�E�L�E�C�T�R�O�N� �S�P�E�C�T�R�O�S�C�O�P�Y� 

�M�n�3�s� �P�E�A�K� �S�P�L�I�T�T�I�N�G� �A�N�A�L�Y�S�I�S� 

� � 

� � 

�S�p�e�c�i�m�e�n� �M�n�3�s� �p�e�a�k� �P�e�a�k� �a�r�e�a� 

�S�t�u�d�y� �a�n�a�l�y�z�e�d� �s�p�l�i�t�t�i�n�g�,� �e�V� �r�a�t�i�o� 

�T�h�i�s� �s�t�u�d�y� �S�y�n�t�h�e�t�i�c�a�l�l�y� �4�.�7�5� �1�.�7�4� 

�c�o�a�t�e�d� �a�n�t�h�r�a�c�i�t�e� 

�O�k�u� �e�t� �a�l�.�2�7� �M�n�0�O�2� �4�7� 

�M�u�r�r�a�y� �e�t� �a�/�,�1�8� �M�n�O�>� �4�.�6� �1�.�8� �(�+�1�)� 

�M�n�O� �5�.�8� �1�.�9� 

�y� �-� �M�n�O�O�H� �5�.�3� �1�.�8� 

�J�u�n�t�a� �a�n�d� �H�o�c�h�e�l�l�a�t�9� �=� �M�n�O�>� �4�5� 

�y� �-� �M�n�O�O�H� �5�.�4� 

� � 
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� � 
�F�I�G�U�R�E� �1�:� �D�u�r�h�a�m�,� �N�C� �B�r�o�w�n� �f�a�c�i�l�i�t�y�,� �o�x�i�d�e�-�c�o�a�t�e�d� �a�n�t�h�r�a�c�i�t�e� �m�e�d�i�a� 
�(�a�r�c�h�i�v�e�d� �s�a�m�p�l�e�)�,� �r�e�f�l�e�c�t�e�d� �l�i�g�h�t� �i�m�a�g�e� �o�f� �p�o�l�i�s�h�e�d� �c�r�o�s�s� �s�e�c�t�i�o�n�.� 
�A�n�t�h�r�a�c�i�t�e� �a�p�p�e�a�r�s� �w�h�i�t�e�,� �s�u�r�r�o�u�n�d�e�d� �b�y� �d�a�r�k� �r�i�n�g�s� �o�f� �e�n�c�a�p�s�u�l�a�t�i�n�g� 
�c�o�a�t�i�n�g�.� �D�a�r�k� �c�i�r�c�u�l�a�r� �f�e�a�t�u�r�e�s� �a�r�e� �a�i�r� �b�u�b�b�l�e�s� �i�n� �t�h�e� �e�p�o�x�y� �e�m�b�e�d�m�e�n�t�.� 
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