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(ABSTRACT) 

Sixteen small scale Subsurface vegetated beds (SVB) were installed down slope of the 

residence at the Whitethorne Planation (WP) site. Treatments included three detention times 

(2.6, 3.9, and 5.9 days), two recirculation ratios (0 and 0.5), and two plant species [woolgrass 

(Scirpus cyperinus) and cattail (7ypha latifolia)]|. Twelve larger scale SVBs were 

constructed at the Powell River Project (PRP) site, Wise County, VA. Treatment consisted 

of three detention times (4, 8, 12 days) with the same plant species (cattail and woolgrass). 

At the WP site, pollutant removal incresed with detention time for 5-day biochemical 

oxygen demand (BOD.,), total Kjeldahl nitrogen (TKN), ammonium (NH,-N), phosphates 

(PO,*-P), redox potential (Eh), and total dissolved solids (TDS). The pollutant removal 

rates, based on 23 data sets, were: BOD, (54-70%); NH,"-N (30-61%); TKN (33-52%); 

PO,*-P (7-28%); fecal coliforms (FC) (>99%) and coliphages (>95%). Recirculation 

appeared to have no apparent benefit. There were no differences in P, S and secondary and 

trace metals concentrations in the SVBs planted to cattail and woolgrass. Plants could 

remove 2 -10% of the total N applied and 13-57% of the total P applied to the SVBs if 

harvested once a year during the growing season. 

At the PRP site, differences were observed among the detention times for BOD, 

TKN, NH,-N, PO,-P, TDS, pH, EC and Eh. The pollutant removal percentages were: FC 

(>99%); BOD, (30-75%); NH,*-N (27-88%); TKN (27-81%); PO,>-P (24-46%); and TDS 

(12-73%). Samples collected from shallow wastewater column exhibited a higher level of 

treatment. There were no differences in FC, BOD, TKN and NH,'-N concentrations between



SVBs planted to cattail and woolgrass, and there were no differences in tissue N content 

between cattail and woolgrass at both sites. 

The average NH, volatilization rate was 236 mg N/m?/day, and accounted for 7-37% 

of total N applied to the SVBs. Average measured denitrification rates ranged from 3.87 to 

6.69 mg N,O / m7/h, and accounted for 2-17% of total N applied.
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Chapter I: 

INTRODUCTION 

J. Overview 

Wetlands have received wastewater discharges in numerous situations in the past, but 

only recently have they been recognized as a potential cost efficient treatment alternative to 

conventional on site wastewater treatment and disposal systems (OSWTDS). Research over 

the last few years has shown that both natural and constructed wetlands for wastewater 

treatment can provide high-quality discharge water at relatively low cost. Although some 

natural wetlands have been effectively used for wastewater quality improvement, more 

researchers now view natural wetlands as valuable resources that must not be wasted and as 

such discourage their use for such purposes. There is a growing interest in constructed 

wetland systems because they represent a simple and inexpensive solution for controlling 

many water pollution problems without detrimentally affecting our natural wetland resources 

(TVA, 1987; Hammer, 1989; and Moshni, 1993). Pretreatment of septic tank effluent (STE) 

may be required prior to application to marginal soils. The subsurface vegetated bed (SVB) 

form of constructed wetlands is an ideal candidate for both economical and efficient 

pretreatment of STE from individual homes prior to soil application or perhaps stream 

discharge in some instances. This project consists of studies conducted in the laboratory and 

at two field sites, The Powell River Project (PRP), Wise County, VA and The Virginia Tech 

Research Farm, Whitethorne Plantation (WP), Blacksburg, VA. The primary objective was 

to evaluate and develop the SVB system, a form of artificial wetlands, as an alternative 

OSWTDS for domestic wastewater. However, many soils and wetlands may both have 

limited potential for renovation of domestic wastewater because of soil permeability, high



water table, shallow depth to rock, or restricting soil horizons. Although regulations also 

prohibit discharge of domestic wastewater to natural wetlands in the US, natural wetlands still 

are an alternative methods for renovation wastewater in developing countries such as China. 

Therefore, interest is increasing in use of constructed wetlands as a simple, energy efficient, 

largely passive, highly reliable means of removing nutrient from wastewater without 

endangering the function or extent of natural wetlands. Two field experimental sites have 

been installed in conjunction with this project to evaluate and develop the SVB for the 

practical application of pretreatment of STE prior to spray irrigation, application to marginal 

soils, or stream discharge. There are, however, many uncertainties entailed in these systems. 

For example, many mechanisms that modify or immobilize pollutants, especially toxic 

substances, are poorly understood. In addition, long term accumulation of toxic substances 

and heavy metals in vegetation may cause bioaccumulation and or biotransport. A major 

problem in the use of this technology at present is the lack of detailed information from long 

term experience with these systems. 

II. Potential benefits of research 

The SVB may be beneficial in small to medium-sized communities to assist in meeting 

discharge limitations. 

* Regions with soil conditions which limit surface disposal. The SVB may be capable of 

consistently producing effluent which meets discharge standards. 

* Regions where transport of pathogens and /or nutrients from OSWTDS present a water 

quality problem or a potential health hazard. The SVB used for treatment around lake 

margins and in aquifer recharge areas might significantly improve water quality. 

* Regions where cost efficient management systems are needed. The SVB may provide a 

cost efficient method of protecting public health and water quality. 

* Regions where arable land are limited (developing countries). The SVB should be a good 
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candidate for treatment of wastewater in smaller areas at lower cost. 

* Regions with high population densities, such as unsewered towns, or other developments 

with small lots, where more stringent treatment before disposal would help to protect the 

public health and water quality. 

Ill. Research objectives 

The general purpose of this research project is to provide a thorough, systematic 

evaluation of the general capabilities of the SVB when treating STE, including the design 

parameters which may impact its practical workability. The SVB in this project employs 

wetland-adapted plants [woolgrass (Scirpus cyperinus) and cattail (Typha latifolia)| in 

conjunction with an attached growth gravel media substrate for treatment. Therefore, its 

efficiency is likely to be affected by weather factors such as temperature, humidity and wind, 

etc. However, the aquatic macrophyte system is expected to adapt to the area of application. 

This research is also designed to evaluate the influence of detention time, plant 

Species, and recirculation on: 

Objective 1. The potential for the SVB to treat domestic wastewater. 

Objective 2. The capacities of pollutant removal in the SVB systems. 

Objective 3. The nitrogen (N) balance in the SVB system. 

The design parameters being investigated are two plant species, three detention times 

and two recirculation ratios. The experimental design is completely randomized. Pilot-scale 

facilities have been constructed at the WP and PRP experimental sites. The rationale for 

effluent loading rates employed at the two sites are developed in Chapter III. The source of 

domestic wastewater at each site is from a single family residence. These prototype systems



will allow for observation of "real world" performance and any differences imparted by 

Virginia climate. This is an area where the SVB may be beneficially employed, given the 

climate, site conditions and access to wetland-adapted plants. The following investigations 

of the SVB design issues and treatment capabilities with respect to removal of 5-day 

biological oxygen demand(BOD,), total suspended solids (TSS), total dissolved solids (TDS), 

nutrients [N, phosphorus (P), chloride (Cl)], indicator organisms and heavy metals have been 

conducted since January, 1992. The STE and SVB's effluent were collected and analyzed 

monthly. Electrical conductivity (EC), redox potentials (Eh) at different depths of the SVB 

and dissolved oxygen (DO) have been monitored in situ monthly. 

Nitrogen is the key element with the greatest potential for surface and ground water 

contamination. A N balance can help to better understand the primary N removal mechanism 

and N transformations that have occurred. The N balance has been estimated by analysis of 

STE and SVBE, denitrification measurement, NH, volatilization and plant tissue analysis. 

Denitrification potentials of these systems were determined by incubation of the STE 

and SVBE in the laboratory. 

Redox potentials at different depths in the SVB and DO were monitored in situ 

monthly.
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Chapter II: 

LITERATURE REVIEW 

I. Overview 

Additional treatment of STE may offer potential for use in soils that have limited 

treatment depth (substitution of treatment for soil depth). The SVB form of constructed 

wetlands is an ideal candidate for both economical and efficient additional treatment of STE 

from individual homes prior to soil application or perhaps stream discharge in some instances. 

During recent years, the interest in utilizing constructed wetlands as an alternative method for 

wastewater treatment has rapidly increased (Brix and Schierup, 1989; Cooper and Hobson, 

1989; Hammer, 1989; Moshiri, 1993). Constructed wetlands employed for wastewater 

treatment takes advantage of the same principals present in natural wetlands, but employ a 

more controlled environment. Wetlands have been constructed for various wastewater 

treatment purposes, e.g., domestic wastewater (Wolverton, 1987b; Steiner and Combs, 

1993), primary wastewater effluent (Gerberg et al., 1989), animal waste (Maddox and 

Kingsley, 1989; Payne et al., 1992; Hammer et al., 1993), acid mine drainage (Brodie et al., 

1989), industrial wastewater (Litchfield and Schates, 1989), pulp mill effluent (Thut, 1989; 

Tettleton et al., 1993; Thut, 1993), municipal waste landfill leachate (Trantmann et al., 1989; 

Martin et al., 1993), petro chemicals (Litchfield, 1993), and nonpoint source pollution 

(Silverman, 1989; Higgins et al., 1993; Ferlow, 1993). Some large-scale systems have been 

developed involving multiple use objectives, such as using treated wastewater effluent as a 

water source for creating or restoring marshes for wildlife use and environmental 

enhancement (Feierabend, 1989). 

Constructed wetland treatment systems with appropriate design, have achieved high 

removal efficiencies for pollutants such as BOD,, suspended solids (SS), nutrients and 
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pathogens, but N removal efficiency depends on loss by both ammonia (NH;) volatilization 

and nitrification followed by denitrification , and is variable in the SVBs depending upon 

system design, detention time and oxygen (O,) present. Constructed wetlands may have 

greater potential than natural wetlands as wastewater treatment systems, due to their location 

flexibility, better hydrologic control and pollutants removal capacity. The major 

disadvantages of constructed wetland treatment systems compared with conventional 

wastewater treatment are the larger land requirement and the decreased performance during 

periods of low temperature. 

1. Domestic Wastewater Characteristics 

Wastewater constraints of concern include bacteria, viruses, nitrates (NO,°), synthetic 

organics, P, metals (Pb, Sn, Zn, Cu, Fe, Cd, and As) and selected other inorganic ions (Na, 

Cl, K, Ca, Mg, and S). Domestic wastewater constituents are comprised of a complex 

mixture of mineral and organic matter in many forms, including larger and small particles of 

solid matter, floating and in suspension; colloidal and pseudocolloidal dispersions; and true 

solutions. Among the organic substances present in domestic wastewater are carbohydrate, 

lignin, fats, proteins, soap, synthetic detergents and their decomposition products. 

Table 2.1 illustrates the composition of a typical untreated domestic wastewater in the 

United States. The medium strength wastewater is typical of the wastewater found in 

developed countries such as the U.S. or Canada where an abundant supply of water is 

available (Pescod and Arar, 1988). This effluent will be typical of domestic wastewater, 

unless the system has received industrial wastes. 

Table 2.2 summarized the effluent quality from various septic tank studies. The physical 

and chemical concentrations are representative of a typical STE (Table 2.3). If based on 

reported efficiencies of soil absorption systems, Canter and Knox (1988) have suggested



Table 2.1. Typical composition of untreated domestic wastewater* 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Constituents Concentration 

Weak Medium Strong 

Total Solids (TS, mg L”) 350 720 1200 

Total Dissolved Solids (TDS, mg L”) 250 500 850 

Suspended solids (mg L”) 100 220 325 

Settleable solids (mg L”) 5 10 20 

Biochemical oxygen demand, (5 days, 20°C) | 110 220 400 

Total organic carbon (TOC, mg L”) 80 160 290 

Chemical oxygen demand (COD, mg L”) 250 500 1000 

Total nitrogen (mg N L”) 20 40 85 

Organic nitrogen (mg N L”) 20 15 35 

Free ammonia (mg N L") 8 25 50 

Nitrates (mg N L”) 0 0 

Nitrites (mg N L") 0 0 

Total phosphorus (mg N L") 4 8 15 

Organic phosphorus (mg N L"') 1 3 5 

Inorganic phosphorus (mg N L”’) 3 5 10 

Chloride (mg N L”) 30 50 100 

Sulfate (mg N L”) 20 30 50 

Alkalinity (as CaCO,) 50 100 200 
Grease 50 100 150 

Total coliform (counts/100 ml) 10°-10’ 107-108 107-10° 

Volatile organic compounds (VOCs, ug L”) | <100 100-400 >400 

1 L})         

*from Tchobanoglous, G. 1991. In Wastewater Engineering- Treatment, Disposal, and Resue. p.109. Third 
Ed. McGeaw-Hill, Inc. with modification.



Table 2.2 Summary of effluent quality (mg L") from various 

septic tank studies (U.S.EPA, 1980)* 

  

            
  

  

  

  

            
  

  

  

  

            
  

  

  

  

            
  

  

  

  

Parameter Ttanks | 10 tanks | 19 tanks | 4tanks | 1 tank average 

Suspended solids 

mean 49 155" 101 95°" 39 77 

range 10-695 | 43-485 | - 48-340 | 8-270 

sample numbers 148 55 51 18 47 

BOD, 

mean 138 138° 140 240” 120 142 

range 7-480 64-256 | - 70-385 | 30-280 

sample numbers 150 44 51 21 50 

COD 

mean 327 - - - 200 296 

range 25-780 |} - - - 71-360 

sample number 152 - - - 50 

Total nitrogen 

mean 45 - 36 - - 42 

range 9-125 - - - - 

sample numbers 99 - 51 - -               

* Canter and Knox, 1985 

** calculated from the average values from 10 tanks, 6 series of tests. 

*** calculated on the basis of a log-normal distribution of data.



that the following represent typical concentrations entering groundwater are; SS (18 - 53 mg 

L*); BOD (28 - 84 mg L"); COD (57 - 142 mg L"); NH,-N (10 - 78 mg L”); TP (6 - 9 mg 

L*'). However, the concentrations applied to soils may be overestimated as indicated by 

comparing Table 2.2 with Table 2.3. The mean values of TSS, BOD, and COD of Table 2.3 

are much higher than values in Table 2.2. 

Table 2.3 Characteristics of Septic Tank Effluent (STE) 

(Viraraghavan and Warnock, 1976)" 

  

  

  

  

  

  

  

  

  

  

      

Characteristics Range mean value 

pH 6.53 - 7.45 6.90 

TSS (mg L") 68 - 624 176 

BOD (mg L") 140 - 666 280 

COD (mg L”) 240- 2026 568 

PO,*-P (mg L”) 6.25 - 30 11.6 

NH,*-N (mg L") 77-111 97 

NO,--N (mg L”) 0-01 0.026 

Total soluble iron (mg L”’) 0 - 20.0 73 

Cl (mg L”) 37-101 53 

Soluble organic carbon (mg L”) 24 - 190 
  

* Canter, L.W and R. C. Knox, 1985. 

2. Summary of Subsurface Vegetated Bed System Performance 

Pollutant removal efficiencies vary greatly in the SVB systems due to their design and 

wastewater sources. Design parameters such as wastewater loading, detention time, substrate 
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type, and vegetation type could affect the performances of the SVB system. Table 2-4 

summarizes the pollutant removal capacities of existing systems. The experience obtained 

thus far shows that efficient BOD, removal in the SVB ranges from 18 to 96 %, with an 

average of 67%. In the well designed SVB system, it would not be difficult to achieve 70- 

90% BOD, reduction (Table 2.4). Removal efficiencies for N and P are variable and 

dependent upon loading rate, substrate type, wastewater characteristics, plant species and 

local climatic conditions. Fecal coliforms also can be reduced in excess of 87% in the SVB 

system. The removal of P varied from 2% to 95% and average of 37% in the SVB system. 

However, the application of the SVBE to soils will remove most of the P present in solution 

and thus eliminate the potential for P to contaminate ground and surface waters. The major 

concern of soil application of the SVBE is the potential for biological (fecal coliforms and 

virus) organisms and NO, to contaminate groundwater. Nitrate in both STE and SVBE was 

very low (0-0.01 mg L”) (Huang et al., 1994). Therefore most NO, in the soil resulted from 

nitrification of NH, ‘present inthe SVBE. According to Duncan's soil column study (1994), 

there were no fecal coliforms present in the leachates where the SVBE had passed through 

30, or 45 cm soil. BOD,, TKN, NH," and TDS in leachates were also very low. However, 

when the SVBE was applied to soil columns, the average NO, concentrations in soil 

leachates was 10 mg L”, as compared with an average NO, concentration of 19 mg L" in the 

soil leachate when STE was applied to the soil column. Therefore, well designed SVBs can 

be used as a substitution for soil depth with little or no risk of contamination of groundwater. 

If. Environmental Concerns 

OSWTDS are a potential nonpoint source of ground water contamination. Use of 

OSWTDS was introduced into the U.S. in 1884 and have since been the most widely used 

method of treatment and disposal of domestic wastewater (Canter and Knox, 1985). The 

number of OSWTDS in the U.S. are estimated at 20 million with more than 70 million 
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Table 2.4 Performance of gravel based subsurface bed form 

of constructed wetland systems* 

  

    

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

System name Record Plant Loading | BOD, | NH,’-N | TN | PO,>- FC 

year ‘pears cm/d removal % 

Santee, CA 1.3 bulrush 4.68 96 94 99 

1.3 reed 4.68 91 78 

1.3 cattail 4.68 74 28 96 

1.3 control 4.68 69 11 

Benton, KY 0.7 woolgrass | 4.27 52 37 18 98 

0.7 bulrush 7.97 50 12 15 96 

Gravesend UK 1.8 8.16 65 14 42 

1.8 8.16 62 16 40 

1.8 8.16 73 16 60 

Castleroe, UK 0.8 4.34 66 24 20 

0.8 4.34 55 9 4 

Midleton, UK 0.6 8.89 73 46 30 

Bluther Burn, UK 0.8 10.1 75 19 70 

Little Stretton, UK 0.4 26 77 -4 

Phillips High School j| 2 3.74 93 85 87 95 

Denham Spring 1.5 18.5 63 68 

Monterey 1.1 33 61 7 

Kingsron 0.7 2.92 18 42 

"Benton La" 2.8 63 47 

Average 1,2] 9.02 67 35.3 4] 36.7 95.2 

Maximum 2.8 33 94 94 87 95 99 

Minimum 0.4 2.92. 18 -4 12 2 87                 
* from Knight, R. L., R. W. Ruble, R. H. Kaddlec, and S. Reed. 1993. Wetland for wastewater treatment: 

performance database. p.44-48. In G. A. Moshiri (Ed.) Constructed wetlands for water quality improvement, 

and Waston, J. T, S. C. Reed, R. H. Kadlec, R. L. Knight, and A. E. Whitehouse. 1989. p.322-327. In D. A. 

Hammer, (Ed.) Constructed wetland for wastewater treatment, with modification. 
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people utilizing OSWTDS. Approximately one third of all existing housing units and about 

25% of all new homes being constructed use OSWTDS. Early estimates of wastewater 

discharged by OSWTDS to the subsurface were about 800 billion gallons annually; however, 

recent updates of this figure range up to 1,460 billion gallons annually (Canter and Knox, 

1985). These systems apply approximately 4 billion gallons of domestic wastewater to United 

States soils daily. In these systems, wastewater is directed first to a buried tank (septic tank) 

where scum, grease, and settleable solids are removed from the liquid by gravity separation. 

The effluent from the septic tank then percolates into the soil and represents a potential 

source of ground water contamination. OSWTDS that are properly designed, constructed, 

maintained and located represent an efficient and economical sewage disposal alternative and 

present a limited threat to ground water resources. 

However, in many cases, poor system design, improper construction and maintenance, 

and unsuitable soils have led to groundwater pollution. Another concern in many locations 

is that OSWTDS density may be exceeding the natural ability of the subsurface environment 

to absorb and purify these wastewaters. Excessive OSWTDS densities in many areas have 

degraded ground water quality with high concentration of NO,, bacteria, and organic 

contaminants. When pollutants move rapidly through soils, or when soils with high 

permeability are hydraulically overloaded, accelerated migration of organic and inorganic 

chemicals and microorganisms may occur. Rapid transport does not allow the soils physical, 

chemical, and biological removal mechanisms to fully operate on the percolating effluent. The 

transport and fate of pollutants from the soil absorption system through underlying soils to 

groundwater is an important consideration in the use of OSWTDS. The transport and fate 

issue must be addressed for the biological (bacteria and viruses), inorganic (P, N and metals) 

and organic (synthetic organics and pesticides) contaminants. Therefore, there are possible 

risks to health and potential damage to the environment. Health consideration are focused 

on the pathogenic organism that are, or could be present in the effluent and the build-up of 

toxic materials within the soil as well as in water bodies (surface and ground waters). 
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�I�l�l�.� �S�u�b�s�u�r�f�a�c�e� �V�e�g�e�t�a�t�e�d� �B�e�d� �(�S�V�B�)� �s�y�s�t�e�m�s� 

�C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �w�i�t�h� �s�u�b�s�u�r�f�a�c�e� �f�l�o�w� �w�e�r�e� �d�e�v�e�l�o�p�e�d� �i�n� �G�e�r�m�a�n�y� �i�n� �t�h�e� �1�9�7�0�s� 

�(�B�r�i�x� �1�9�9�3�)�.� �D�u�r�i�n�g� �r�e�c�e�n�t� �y�e�a�r�s�,� �t�h�e� �i�n�t�e�r�e�s�t� �i�n� �u�t�i�l�i�z�i�n�g� �S�V�B� �a�s� �a�n� �a�l�t�e�r�n�a�t�i�v�e� �m�e�t�h�o�d� �f�o�r� 

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

�N�e�s�h�a�m�i�n�y� �F�a�l�l�s�,� �P�A� �(�1�9�7�9�)�;� �I�s�e�l�i�n�,� �P�A� �a�n�d� �S�a�n�t�e�e�,� �C�A� �(�1�9�8�3�)�.� �R�i�n�g�s�t�e�d�,� �D�e�n�m�a�r�k� �(�1�9�8�4�)�;� 

�G�r�a�v�e�s�e�n�d� �a�n�d� �H�o�l�t�b�y�,� �E�n�g�l�a�n�d� �(�1�9�8�6�)�;� �M�a�r�n�h�u�l�l�,� �C�a�s�t�l�e�r�o�e�,� �L�i�t�t�l�e� �S�t�r�e�t�t�o�n�,� �a�n�d� �B�l�u�t�h�e�r� 

�B�u�r�n�,� �E�n�g�l�a�n�d� �(�1�9�8�7�)�;� �a�n�d� �B�e�n�t�o�n�,� �K�Y� �(�1�9�8�8�)� �(�W�a�t�s�o�n� �e�t� �a�l�.�,� �1�9�8�9�)�.� �I�n� �t�h�e� �U�S�,� �u�s�e� �o�f� 

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

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

�e�m�p�l�o�y�e�d� �t�o� �t�r�e�a�t� �w�a�s�t�e�w�a�t�e�r� �i�n� �1�9�8�6� �(�B�r�o�w�n� �a�n�d� �R�e�e�d�,� �1�9�9�4�)�.� �S�i�n�c�e� �1�9�9�1�,� �m�o�r�e� �t�h�a�n� �2�5� 

�S�F� �s�y�s�t�e�m� �h�a�v�e� �b�e�e�n� �o�p�e�r�a�t�i�n�g�.� �A� �t�o�t�a�l� �o�f� �1�4�3� �c�o�m�m�u�n�i�t�i�e�s� �i�n� �t�h�e� �U�.� �S�.� �w�e�r�e� �i�d�e�n�t�i�f�i�e�d� �a�s� 

�u�s�i�n�g�,� �b�u�i�l�d�i�n�g�,� �d�e�s�i�g�n�i�n�g�,� �o�r� �p�l�a�n�n�i�n�g� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �i�n� �1�9�9�1� �(�B�r�o�w�n� �a�n�d� �C�r�e�e�d�,� 

�1�9�9�4�)�.� �A� �t�o�t�a�l� �1�5�4� �w�e�t�l�a�n�d�s� �w�e�r�e� �a�c�t�u�a�l�l�y� �i�d�e�n�t�i�f�i�e�d� �a�s� �a� �f�e�w� �c�o�m�m�u�n�i�t�i�e�s� �h�a�d� �m�o�r�e� �t�h�a�n� �o�n�e� 

�w�e�t�l�a�n�d� �s�y�s�t�e�m�.� �T�o� �d�a�t�e�,� �t�h�e�r�e� �a�r�e� �o�v�e�r� �7�0� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� �s�y�s�t�e�m�s� �i�n� �o�p�e�r�a�t�i�o�n� �i�n� �t�h�e� 

�U�n�i�t�e�d� �S�t�a�t�e�s�,� �o�f� �w�h�i�c�h� �3�0�%� �a�r�e� �t�h�e� �S�V�B� �t�y�p�e� �(�K�n�i�g�h�t� �e�t� �a�l�.�,� �1�9�9�3�)�.� �T�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� 

�h�u�n�d�r�e�d� �s�y�s�t�e�m�s� �i�n� �o�p�e�r�a�t�i�o�n� �i�n� �D�e�n�m�a�r�k�,� �G�e�r�m�a�n�y� �a�n�d� �t�h�e� �U�.�K�.� �(�B�r�i�x�,� �1�9�9�3�)�.� �T�h�e� �t�y�p�i�c�a�l� 

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

�t�o� �p�r�e�v�e�n�t� �s�e�e�p�a�g�e�.� �T�h�e� �b�e�d� �i�s� �s�l�o�p�e�d� �t�y�p�i�c�a�l�l�y� �b�e�t�w�e�e�n� �0� �a�n�d� �2�%� �(�C�r�i�t�e�s�,� �1�9�9�4�)�.� �T�h�e� 

�s�u�b�s�t�r�a�t�e� �m�a�y� �b�e� �s�o�i�l�,� �s�a�n�d�,� �o�r� �g�r�a�v�e�l�.� �W�a�s�t�e�w�a�t�e�r� �f�l�o�w�s� �l�a�t�e�r�a�l�l�y� �a�b�o�u�t� �1�0� �t�o� �1�5� �c�m� �b�e�l�o�w� 

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

�z�o�n�e�s�.� �T�h�e� �s�u�b�s�u�r�f�a�c�e� �z�o�n�e� �i�s� �s�a�t�u�r�a�t�e�d� �a�n�d� �g�e�n�e�r�a�l�l�y� �a�n�a�e�r�o�b�i�c�,� �b�u�t� �e�x�c�e�s�s� �O�,� �c�o�n�v�e�y�e�d� 

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

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

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

�a�n�d� �N�H�,� �v�o�l�a�t�i�l�i�z�a�t�i�o�n�,� �P� �a�n�d� �h�e�a�v�y� �m�e�t�a�l�s� �a�r�e� �f�i�x�e�d� �o�r� �d�e�p�o�s�i�t�e�d� �i�n� �t�h�e� �m�e�d�i�u�m�,� �a�n�d� �m�o�s�t� 

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

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

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

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

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

�s�o�l�i�d� �p�h�a�s�e�s�.� 

�1�.� �A�q�u�a�t�i�c� �V�e�g�e�t�a�t�i�o�n� 

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

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

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

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

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

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

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

�t�h�e� �r�o�o�t�s�,� �e�x�c�e�s�s� �O�,� �i�s� �t�h�e�n� �r�e�l�e�a�s�e�d� �t�o� �t�h�e� �r�h�i�z�o�s�p�h�e�r�e�,� �a�n�d� �t�h�u�s� �c�r�e�a�t�e�s� �a�n� �a�e�r�o�b�i�c�/�o�x�i�d�i�z�e�d� 

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

�s�u�c�h� �a�s� �n�i�t�r�i�f�i�e�r�s� �a�n�d� �d�e�n�i�t�r�i�f�e�r�s�.� �T�h�e� �a�e�r�o�b�i�c� �r�h�i�z�o�s�p�h�e�r�e� �a�l�s�o� �a�l�l�o�w�s� �f�o�r� �n�i�t�r�i�f�i�c�a�t�i�o�n� �o�f� �N�H�, �� 

�t�o� �N�O�, �� �i�n� �a�n� �o�t�h�e�r�w�i�s�e� �a�n�a�e�r�o�b�i�c� �e�n�v�i�r�o�n�m�e�n�t�.� 

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

�r�e�d�u�c�e� �p�o�l�l�u�t�a�n�t� �l�e�v�e�l�s� �i�n� �w�a�t�e�r� �b�o�d�i�e�s� �(�W�o�l�v�e�r�t�o�n� �a�n�d� �M�c�D�o�n�a�l�d�,� �1�9�7�9�;� �G�e�a�r�h�e�a�r�t� �a�n�d� 

�F�i�n�n�e�y�,� �1�9�8�1�;� �W�o�l�v�e�r�t�o�n�,� �1�9�8�1�;� �W�o�l�v�e�r�t�o�n�,� �1�9�8�2�;� �W�o�l�v�e�r�t�o�n� �a�n�d� �M�c�D�o�n�a�l�d�,� �1�9�8�2�;� 

�W�o�l�v�e�r�t�o�n� �e�t� �a�l�.�,� �1�9�8�3�a�;� �W�o�l�v�e�r�t�o�n� �e�t� �a�l�.�,� �1�9�8�3�b�;� �G�e�r�s�b�e�r�g� �e�t� �a�l�.�,� �1�9�8�5�;� �W�o�l�v�e�r�t�o�n�,� �a�n�d� 

�M�c�C�a�l�e�b�,� �1�9�8�7�;� �W�o�l�v�e�r�t�o�n�,� �1�9�8�7�a�;� �W�o�l�v�e�r�t�o�n�,� �1�9�8�7�b�;� �W�o�l�v�e�r�t�o�n�,� �1�9�8�7�c�;� �W�o�l�v�e�r�t�o�n�,� �a�n�d� 

�B�o�u�n�d�,� �1�9�8�8�;� �T�h�u�t�,� �1�9�8�9�;� �W�o�l�v�e�r�t�o�n�,� �1�9�8�9�;� �C�o�o�p�e�r� �a�n�d� �H�o�b�s�o�n�,� �1�9�8�9�;� �G�e�a�r�h�e�a�r�t� �e�t� �a�l�.�,� 

�1�9�8�9�;� �G�e�r�s�b�e�r�g� �e�t� �a�l�.�,� �1�9�8�9�;� �G�i�l�l�e�t�t�e�,� �1�9�8�9�;� �M�c�I�n�t�y�r�e� �a�n�d� �R�i�h�a�,� �1�9�9�1�)�.� 

�1�5



�V�e�g�e�t�a�t�i�o�n� �a�l�s�o� �h�e�l�p�s� �m�a�i�n�t�a�i�n� �h�y�d�r�a�u�l�i�c� �p�a�t�h�w�a�y�s� �i�n� �t�h�e� �s�u�b�s�t�r�a�t�e� �(�B�r�i�x�,� �1�9�9�4�)�.� 

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

�n�u�t�r�i�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�R�o�s�e�r� �e�t� �a�l�.�,� �1�9�8�7�;� �H�a�z�e�n�,� �1�9�8�8�;� �C�o�o�p�e�r� �a�n�d� �H�o�b�s�o�n�,� �1�9�8�9�)�.� �I�n� 

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

�s�e�w�a�g�e� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m�s� �a�e�s�t�h�e�t�i�c�a�l�l�y� �p�l�e�a�s�i�n�g� �(�B�r�i�x�,� �1�9�9�4�)�.� �W�e�t�l�a�n�d� �p�l�a�n�t�s� �t�a�k�e� �u�p� 

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

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

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

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

�p�l�a�n�t�s� �f�o�r� �r�e�d�u�c�i�n�g� �B�O�D�,�,� �T�S�S�,� �N�,� �P�,� �C�l�,� �h�e�a�v�y� �m�e�t�a�l�s�,� �p�a�t�h�o�g�e�n�s� �a�n�d� �v�i�r�u�s�e�s�,� �a�n�d� �t�o� �p�u�r�i�f�y� 

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

�i�s� �p�r�o�b�a�b�l�y� �l�i�m�i�t�e�d�.� 

�2�.� �W�a�s�t�e�w�a�t�e�r� �C�o�l�u�m�n� 

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

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

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

�r�o�o�t�s� �a�n�d� �r�h�i�z�o�m�e�s�.� �O�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �S�V�B�s� �i�s� �i�m�p�o�r�t�a�n�t� �a�n�d� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �q�u�a�n�t�i�t�y� 

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

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

�i�n�o�r�g�a�n�i�c� �c�a�r�b�o�n� �(�C�)� �i�n� �t�h�e� �w�a�t�e�r� �a�n�d� �i�n�c�r�e�a�s�e�s� �t�h�e� �D�O� �c�o�n�t�e�n�t� �d�u�r�i�n�g� �t�h�e� �p�e�r�i�o�d�s� �o�f� �h�i�g�h� 

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

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

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

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

�w�i�t�h� �l�o�w� �n�u�t�r�i�e�n�t� �l�e�v�e�l�s� �m�a�y� �b�e� �s�u�i�t�a�b�l�e� �i�n� �t�h�e� �S�V�B� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �i�f� �o�t�h�e�r� 

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

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

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

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

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

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

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

�T�a�b�l�e� �2�.�5� �(�H�a�m�m�e�r�,� �1�9�8�9�)�.� �S�u�b�s�t�r�a�t�e� �d�e�p�t�h� �i�n�f�l�u�e�n�c�e�s� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �i�n� �a� 

�T�a�b�l�e� �2�.�5� �R�a�n�g�e� �o�f� �P�h�y�s�i�c�a�l� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �m�e�d�i�a� 

�u�s�e�d� �f�o�r� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s�*� 

� � 

� � 

� � 

� � 

� � 

�T�y�p�e� �T�o�t�a�l� �p�o�r�o�s�i�t�y� �H�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �B�u�l�k� �d�e�n�s�i�t�y� 

�%� �m�/�d� �g�/�c�m� 

�G�r�a�v�e�l� �2�0� �1�0�0�-�1�0�0�0� �2�.�1�*�*� 

�S�a�n�d� �3�5�-�5�0� �1�-�1�0�0� �1�.�2�-�1�.�8� 

�c�l�a�y� �4�0�-�6�0� �<�0�.�0�1� �1�.�0�-�1�.�6� � � � � � � � � 

�*� �F�a�u�l�k�n�e�r� �a�n�d� �R�i�c�h�a�r�d�s�o�n� �(�1�9�8�9�)�.� 
�*�*� �c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �p�o�r�o�s�i�t�y�.� 

�s�u�b�s�u�r�f�a�c�e� �f�l�o�w� �s�y�s�t�e�m�,� �a� �0�.�6� �m� �d�e�p�t�h� �i�s� �c�o�m�m�o�n�,� �b�u�t� �s�u�b�s�t�r�a�t�e� �d�e�p�t�h� �a�n�d� �v�e�g�e�t�a�t�i�o�n� �t�y�p�e� 

�m�u�s�t� �b�e� �c�o�m�p�a�t�i�b�l�e�,� �f�o�r� �e�x�a�m�p�l�e�,� �u�s�u�a�l�l�y� �0�.�3� �m� �d�e�p�t�h� �i�s� �o�p�t�i�m�a�l� �f�o�r� �c�a�t�t�a�i�l�.� �G�r�a�v�e�l� �s�i�z�e� �i�s� 

�s�e�l�e�c�t�e�d� �b�y� �u�s�i�n�g� �D�a�r�c�y�'�s� �l�a�w� �t�o� �d�e�t�e�r�m�i�n�e� �h�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �a�f�t�e�r� �t�h�e� �r�e�q�u�i�r�e�d� �a�r�e�a�,� 
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�l�e�n�g�t�h�/�w�i�d�t�h�,� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �a�n�d� �s�l�o�p�e� �a�r�e� �f�i�x�e�d�.� �F�o�r� �e�x�a�m�p�l�e�,� �f�o�r� �a� �0�.�5� �m� �d�e�e�p� �b�e�d�,� 

�g�r�a�v�e�l� �s�i�z�e�s� �a�r�e� �1�2�-�2�5� �m�m� �d�i�a�m�e�t�e�r� �f�o�r� �t�h�e�'�l�o�w�e�r� �0�.�4�0� �m� �a�n�d� �p�e�a� �g�r�a�v�e�l� �o�f� �6�-�1�2� �m�m� �d�i�a�m�e�t�e�r� 

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

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

�I�V�.� �S�u�b�s�u�r�f�a�c�e� �V�e�g�e�t�a�t�e�d� �B�e�d� �(�S�V�B�)� �D�e�s�i�g�n� �I�s�s�u�e�s� 

�1�.� �H�y�d�r�a�u�l�i�c� �L�o�a�d�i�n�g� �R�a�t�e�s� 

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

�a�n�d� �a�r�e� �b�a�s�e�d� �o�n� �D�a�r�c�y�'�s� �e�q�u�a�t�i�o�n�,� �w�h�i�c�h� �i�s�:� 

�Q�=�k�A�S� 

�W�h�e�r�e� �Q�=� �f�l�o�w� �r�a�t�e�,� 

�k� �=� �h�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y�,� 

�A�=� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a�,� �a�n�d� 

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

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

�t�h�e� �l�o�a�d�i�n�g� �r�a�t�e�s� �v�a�r�y� �f�r�o�m� �1� �t�o� �6�0� �c�m�/�d�a�y�.� �H�o�w�e�v�e�r� �f�o�r� �g�r�a�v�e�l� �s�u�b�s�t�r�a�t�e� �t�h�e� �l�o�a�d�i�n�g� �r�a�t�e�s� 

�r�a�n�g�e� �f�r�o�m� �1�.�2�6� �t�o� �3�3� �c�m�/�d�a�y�,� �b�u�t� �a�r�e� �u�s�u�a�l�l�y� �l�e�s�s� �t�h�a�n� �1�0� �c�m� �/�d�a�y� �(�W�a�t�s�o�n�,� �1�9�8�7�,� �K�n�i�g�h�t� 

�e�t� �a�l�.�,� �1�9�9�3�)�.� 

�2�.� �D�e�t�e�n�t�i�o�n� �T�i�m�e� �(�H�y�d�r�a�u�l�i�c� �R�e�s�i�d�e�n�c�e� �T�i�m�e�)� 

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

�w�a�s�t�e�w�a�t�e�r� �i�s� �d�e�t�a�i�n�e�d� �i�n� �t�h�e� �S�V�B�s� �f�o�r� �t�r�e�a�t�m�e�n�t� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �S�V�B� �t�r�e�a�t�m�e�n�t� �a�r�e�a� 

�a�n�d� �w�a�s�t�e�w�a�t�e�r� �l�o�a�d�i�n�g� �r�a�t�e�.� �W�i�t�t�h�a�r� �(�1�9�9�3�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�y�p�i�c�a�l� �d�e�t�e�n�t�i�o�n� �t�i�m�e�s� �r�a�n�g�e� �f�r�o�m� 

�0�.�2�5� �t�o� �7�5� �d�a�y�s� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �a�b�o�u�t� �5� �d�a�y�s� �.� �I�n� �t�h�e� �S�V�B�s�,� �p�u�r�i�t�y� �o�f� �t�h�e� �f�i�l�t�e�r� �e�f�f�l�u�e�n�t� �i�s� �n�o�t� 
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�o�n�l�y� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �l�e�n�g�t�h� �a�n�d� �d�e�p�t�h� �o�f� �t�h�e� �f�i�l�t�e�r� �b�u�t� �a�l�s�o� �b�y� �t�h�e� �d�e�t�e�n�t�i�o�n� �t�i�m�e�.� �A�s� 

�m�e�n�t�i�o�n�e�d� �b�y� �B�a�v�o�r� �e�t� �a�l�.� �(�1�9�8�9�)� �f�i�r�s�t� �o�r�d�e�r� �k�i�n�e�t�i�c�s� �w�e�r�e� �u�s�e�d� �t�o� �m�o�d�e�l� �r�e�m�o�v�a�l� �o�f� �s�o�l�i�d�s�,� 

�C�,� �P�,� �N�,� �a�n�d� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� �R�e�e�d� �e�t� �a�l�.� �(�1�9�9�5�)� �h�a�s� �s�h�o�w�n� �t�h�a�t� �a� �S�V�B� �i�s� �n�o�t� �a�n� �i�d�e�a�l� �p�l�u�g� 

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

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

�d�e�t�e�n�t�i�o�n� �t�i�m�e� �n�e�e�d�e�d� �f�o�r� �B�O�D�,� �r�e�m�o�v�a�l� �c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d� �a�s� �f�o�l�l�o�w�s� �(�C�r�i�t�e�s�,� �1�9�9�4�)�:� 

�I�n� �(�C�e�/�C�,�)� �=�-� �K�y� �t� 

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

�C�,� �=� �i�n�i�t�i�a�l� �B�O�D�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �m�g�/�1� 

�C�e� �=� �e�f�f�l�u�e�n�t� �B�O�D�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �m�g�/�l� 

�K�,� �=� �t�e�m�p�e�r�a�t�u�r�e�-�d�e�p�e�n�d�e�n�t� �f�i�r�s�t�-�o�r�d�e�r� �r�e�a�c�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t�,� �d�a�y�s �� 

�I�n� �=� �n�a�t�u�r�a�l� �l�o�g� 

�T�h�e� �K�,� �v�a�l�u�e� �r�a�n�g�e�s� �f�r�o�m� �0�.�8� �t�o� �1�.�1� �d�a�y�s �� �f�o�r� �s�a�n�d� �a�n�d� �g�r�a�v�e�l� �(�R�e�e�d� �e�t� �a�l�,� �1�9�8�8�)�.� 

�T�y�p�i�c�a�l� �d�e�t�e�n�t�i�o�n� �t�i�m�e�s� �r�a�n�g�e� �f�r�o�m� �2�-�7� �d�a�y�s� �f�o�r� �t�h�e� �S�V�B� �t�y�p�e� �w�e�t�l�a�n�d�s�.� 

�A�c�c�o�r�d�i�n�g� �t�o� �C�r�i�t�e�s� �(�1�9�9�4�)�,� �d�e�s�i�g�n� �c�r�i�t�e�r�i�a� �f�o�r� �n�u�t�r�i�e�n�t� �r�e�m�o�v�a�l� �n�e�e�d�s� �t�o� �b�e� �l�o�n�g�e�r� 

�t�h�a�n� �t�h�e� �t�i�m�e� �n�e�e�d�s� �f�o�r� �B�O�D�,� �a�n�d� �T�S�S�.� �F�o�r� �N�H�, �� �a�n�d� �T�K�N� �r�e�d�u�c�t�i�o�n�,� �b�o�t�h� �m�i�n�i�m�u�m� 

�t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �a�r�e� �i�m�p�o�r�t�a�n�t�.� �B�O�D�,� �a�n�d� �T�S�S� �r�e�m�o�v�a�l� �o�c�c�u�r�s� �i�n� �5�-�1�0� �d�a�y�s� 

�d�e�t�e�n�t�i�o�n� �t�i�m�e�,� �w�h�i�l�e� �s�i�g�n�i�f�i�c�a�n�t� �N� �r�e�m�o�v�a�l� �r�e�q�u�i�r�e�s� �f�r�o�m� �8�-�1�4� �d�a�y�s� �o�r� �e�v�e�n� �m�o�r�e�.� 

�3�.� �R�e�c�i�r�c�u�l�a�t�i�o�n� 

�R�e�c�y�c�l�i�n�g� �t�r�e�a�t�m�e�n�t� �e�f�f�l�u�e�n�t� �w�i�l�l� �d�i�l�u�t�e� �i�n�f�l�u�e�n�t� �B�O�D�,�,� �T�S�S�,� �d�e�c�r�e�a�s�e�s� �o�d�o�r� �p�o�t�e�n�t�i�a�l� 

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

�s�u�b�s�e�q�u�e�n�t� �N� �r�e�m�o�v�a�l�.� �H�o�w�e�v�e�r�,� �r�e�c�i�r�c�u�l�a�t�i�o�n� �w�i�l�l� �i�n�c�r�e�a�s�e� �c�o�n�s�t�r�u�c�t�i�o�n� �c�o�s�t� �a�n�d� 

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

�t�h�a�n� �4� �d�a�y�s� �(�Z�a�c�h�r�i�t�z� �a�n�d� �J�a�c�q�u�e�z�,� �1�9�9�3�)�.� 
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�V�.� �M�e�c�h�a�n�i�s�m�s� �o�f� �P�o�l�l�u�t�a�n�t� �R�e�m�o�v�a�l� 

�I�n� �t�h�e� �g�r�a�v�e�l� �b�a�s�e�d� �S�V�B� �s�y�s�t�e�m�s�,� �t�h�e� �c�o�n�t�a�m�i�n�a�n�t�s� �a�r�e� �r�e�m�o�v�e�d� �b�y� �a� �c�o�m�p�l�e�x� �v�a�r�i�e�t�y� 

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

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

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

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

�i�m�p�o�r�t�a�n�t� �r�e�m�o�v�a�l� �m�e�c�h�a�n�i�s�m�s� �i�n� �t�h�e� �S�V�B�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�6�.� �T�h�e� �p�o�t�e�n�t�i�a�l� �N� �r�e�m�o�v�a�l� 

�m�e�c�h�a�n�i�s�m� �i�n� �t�h�e� �S�V�B�s� �a�r�e� �N�H�,� �v�o�l�a�t�i�l�i�z�a�t�i�o�n�,� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �a�n�d� �s�t�o�r�a�g�e� �i�n� �l�i�v�i�n�g� �b�i�o�m�a�s�s� 

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

�T�a�b�l�e� �2�.�6� �P�o�l�l�u�t�a�n�t� �r�e�m�o�v�a�l� �m�e�c�h�a�n�i�s�m�s� �i�n� �t�h�e� �S�V�B� �s�y�s�t�e�m�s�*� 
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� � 
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� � 

� � 

�P�o�l�l�u�t�a�n�t� �R�e�m�o�v�a�l� �m�e�c�h�a�n�i�s�m�s� 

�S�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �|� �S�e�d�i�m�e�n�t�a�t�i�o�n�/�f�i�l�t�r�a�t�i�o�n� 

�B�O�D�,� �B�i�o�l�o�g�i�c�a�l� �d�e�g�r�a�d�a�t�i�o�n� �(�a�e�r�o�b�i�c� �a�n�d� �a�n�a�e�r�o�b�i�c�)� 

�N�i�t�r�o�g�e�n� �(�N�)� �A�m�m�o�n�i�f�i�c�a�t�i�o�n� �f�o�l�l�o�w�e�d� �b�y� �m�i�c�r�o�b�i�a�l� �n�i�t�r�i�f�i�c�a�t�i�o�n� �a�n�d� 

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

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

�a�n�d� �p�l�a�n�t� �u�p�t�a�k�e� 

�P�a�t�h�o�g�e�n�s� �S�e�d�i�m�e�n�t�a�t�i�o�n�/�f�i�l�t�r�a�t�i�o�n�,� �n�a�t�u�r�a�l� �d�i�e�-�o�f�f�,� �U�V� �r�a�d�i�a�t�i�o�n�.� �a�n�d� �k�i�l�l�e�d� � � �b�y� �e�x�c�r�e�t�i�o�n� �o�f� �a�n�t�i�b�i�o�t�i�c�s� �f�r�o�m� �r�o�o�t�s� �o�f� �m�a�c�r�o�p�h�y�t�e�s� 
� � 

�*� �F�r�o�m� �H�.� �B�n�x�.� �1�9�9�3�.� �W�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �i�n� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s�:� �s�y�s�t�e�m� �d�e�s�i�g�n�,� �r�e�m�o�v�a�l� �p�r�o�c�e�s�s�e�s�,� �a�n�d� 
�t�r�e�a�t�m�e�n�t� �p�e�r�f�o�r�m�a�n�c�e�.� �p�.� �1�1�.� �J�n� �G�.� �A�.� �M�o�s�h�i�r�i�.� �(�E�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�r�l�a�n�d�s� �f�o�r� �w�a�t�e�r� �q�u�a�l�i�t�y� �i�m�p�r�o�v�e�m�e�n�t� �w�i�t�h� 
�m�o�d�i�f�i�c�a�t�i�o�n�.� 

�2�0



�1�.� �N�i�t�r�i�f�i�c�a�t�i�o�n� 

�T�h�e� �s�e�q�u�e�n�t�i�a�l� �p�r�o�c�e�s�s�e�s� �o�f� �m�i�n�e�r�a�l�i�z�a�t�i�o�n�,� �N�H�,� �v�o�l�a�t�i�l�i�z�a�t�i�o�n�,� �n�i�t�r�i�f�i�c�a�t�i�o�n� �a�n�d� 

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

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

�i�n� �t�h�e� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �(�G�e�r�s�b�u�r�g� �e�t� �a�l�.�,� �1�9�8�3�)�.� �A�m�m�o�n�i�u�m� �i�s� �o�x�i�d�i�z�e�d� �t�o� �N�O�;� �b�y� 

�n�i�t�r�i�f�y�i�n�g� �b�a�c�t�e�r�i�a� �i�n� �a�e�r�o�b�i�c� �m�i�c�r�o�z�o�n�e�s�,� �a�n�d� �N�O�,� �i�s� �c�o�n�v�e�r�t�e�d� �t�o� �N�,�O� �o�r� �N�,� �b�y� �d�e�n�i�t�r�i�f�y�i�n�g� 

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

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

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

�l�e�s�s� �t�h�a�n� �5� �(�B�a�t�a�l� �e�t� �a�l�.�,�1�9�8�9�)�.� 

�2�.� �D�e�n�i�t�r�i�f�i�c�a�t�i�o�n� 

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

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

�i�n� �w�h�i�c�h� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �r�a�t�e�s� �h�a�v�e� �b�e�e�n� �m�e�a�s�u�r�e�d� �a�n�d� �d�o�c�u�m�e�n�t�e�d� �(�C�h�a�n� �a�n�d� �K�n�o�w�l�e�s�,� �1�9�7�9�;� 

�C�h�a�n�g� �a�n�d� �P�a�g�e�,� �1�9�8�5�;� �D�e�v�i�d�o� �a�n�d� �C�o�n�w�a�y�,� �1�9�8�9�;� �O�o�s�t�r�o�m� �a�n�d� �R�u�s�s�e�l�l�,� �1�9�9�4�)�.� �N�i�t�r�o�g�e�n� 

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

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

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

�r�e�q�u�i�r�e�m�e�n�t�s� �a�r�e� �n�e�c�e�s�s�a�r�y� �f�o�r� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �(�R�i�t�t�e�r� �a�n�d� �E�a�s�t�b�u�r�n�,� �1�9�8�8�)�:� 

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

�2�.� �S�u�i�t�a�b�l�e� �C� �s�o�u�r�c�e� �t�o� �f�u�e�l� �t�h�e� �a�n�a�b�o�l�i�s�m�.� 

�3�.� �R�e�l�e�a�s�e� �o�f� �O�,� �r�e�p�r�e�s�s�i�o�n� �o�f� �t�h�e�s�e� �e�n�z�y�m�a�t�i�c� �s�y�s�t�e�m�s�.� 

�4�.� �S�u�i�t�a�b�l�e� �o�x�i�d�i�z�e�d� �N� �c�o�m�p�o�u�n�d�s� �t�o� �s�e�r�v�e� �a�s� �t�e�r�m�i�n�a�l� �e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r�s� �i�n� �p�l�a�c�e� �o�f� �O�,�,�.� 

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

�2�1



�m�e�t�a�l�s� �(�C�h�a�n�g� �e�t� �a�l�.�,� �1�9�8�2�)� �a�n�d� �p�e�s�t�i�c�i�d�e�s� �(�G�r�a�n�t� �a�n�d� �P�a�y�n�e�,� �1�9�8�2�)�.� �D�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �w�a�s� 

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

�m�e�a�n� �r�e�s�i�d�e�n�c�e� �t�i�m�e� �i�n� �t�h�e� �s�o�i�l�,� �C�/�N� �r�a�t�i�o� �(�B�r�e�m�n�e�r� �a�n�d� �S�h�a�w�,� �1�9�5�8�;� �S�i�k�o�r�a� �a�n�d� �C�o�r�e�y�,� 

�1�9�7�6�)�,� �t�e�m�p�e�r�a�t�u�r�e� �(�B�r�e�m�n�e�r� �a�n�d� �S�h�a�w�,� �1�9�5�8�)�,� �p�a�r�t�i�a�l� �p�r�e�s�s�u�r�e� �o�f� �O�,�,� �a�n�d� �N�H�, �� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�.� �T�h�e� �m�a�x�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �i�s� �7�5� �°�C� �(�F�i�r�e�s�t�o�n�e�,� �1�9�8�2�)� �a�n�d� 

�t�h�e� �m�i�n�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �i�n� �l�a�n�d� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �i�s� �2�-�5� �°�C� �(�C�r�i�t�e�s� �e�t� �a�l�.�,� 

�1�9�8�1�)�.� �D�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �w�a�s� �v�e�r�y� �s�l�o�w� �a�t� �a� �l�o�w� �p�H� �(�4�.�8�,� �B�r�e�m�n�e�r� �a�n�d� �S�h�a�w�,� �1�9�5�8�)�.� �T�h�e� 

�o�p�t�i�m�u�m� �p�H� �f�o�r� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �i�s� �7�-�8�.�5�,� �t�h�e� �m�a�x�i�m�u�m� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �r�a�t�e� �w�a�s� �r�e�a�c�h�e�d� �a�t� �a� �p�H� 

�o�f� �7�.�5� �(�B�e�c�c�a�r�i� �e�t� �a�l�.�,� �1�9�8�0�)� �a�n�d� �a� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�5� �°�C� �w�i�t�h�i�n� �a� �b�i�o�l�o�g�i�c�a�l� �s�o�l�i�d�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �r�a�n�g�e� �o�f� �7�0�0� �t�o� �1�0�0�0� �m�g�/�l�.� �T�h�e� �a�v�e�r�a�g�e� �C� �:� �N� �r�a�t�i�o� �o�f� �S�T�E� �i�s� �1�0�:�1� �(�S�i�k�o�r�a� �a�n�d� 

�C�o�r�e�y�,� �1�9�7�6�)�.� �N� �i�m�m�o�b�i�l�i�z�a�t�i�o�n� �i�s� �l�i�m�i�t�e�d� �i�n� �t�h�e� �s�e�p�t�i�c� �t�a�n�k� �o�r� �i�n� �t�h�e� �p�o�n�d�e�d� �b�e�d� �e�f�f�l�u�e�n�t� 

�d�u�r�i�n�g� �s�t�e�a�d�y� �s�t�a�t�e� �c�o�n�d�i�t�i�o�n�s�.� �U�n�d�e�r� �s�a�t�u�r�a�t�e�d� �c�o�n�d�i�t�i�o�n�s�,� �N�O�,� �w�o�u�l�d� �e�v�e�n�t�u�a�l�l�y� �b�e� �l�e�a�c�h�e�d� 

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

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

�S�t�e�n�g�e�l� �a�n�d� �S�c�h�u�l�t�z�-�H�o�c�k� �(�1�9�8�9�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �N�O�,� �e�l�i�m�i�n�a�t�i�o�n� �i�n� �a�r�t�i�f�i�c�i�a�l� �w�e�t�l�a�n�d�s� 

�m�i�g�h�t� �o�c�c�u�r� �t�h�r�o�u�g�h�o�u�t� �a�l�l� �s�e�a�s�o�n�s�,� �e�v�e�n� �a�t� �t�h�e� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e� �(�2�-�4� �°�C�)� �i�f� �s�p�e�c�i�f�i�c� 

�c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �f�u�l�f�i�l�l�e�d� �(�l�o�w� �D�O� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �w�a�t�e�r� �a�n�d� �a�v�a�i�l�a�b�l�e� �C� �s�o�u�r�c�e�)�.� �H�o�w�e�v�e�r�,� 

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

�w�e�t�l�a�n�d�s�.� �D�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �m�a�y� �b�e� �q�u�i�t�e� �d�i�f�f�e�r�e�n�t� �i�n� �t�h�e� �g�r�a�v�e�l� �b�a�s�e�d� �S�V�B� �s�y�s�t�e�m�s�.� 

�3�.� �A�m�m�o�n�i�a� �(�N�H�)� �V�o�l�a�t�i�l�i�z�a�t�i�o�n� 

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

�a� �m�i�n�o�r� �f�a�c�t�o�r� �(�F�a�u�l�k�n�e�r� �a�n�d� �R�i�c�h�a�r�d�s�o�n�,� �1�9�8�9�;� �H�s�i�e�h� �a�n�d� �C�o�u�l�t�a�s�,� �1�9�8�9�)�.� �F�e�w� �r�e�p�o�r�t�s� �h�a�v�e� 

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

�v�o�l�a�t�i�l�i�z�a�t�i�o�n� �m�a�y� �p�l�a�y� �a�n� �a�p�p�r�e�c�i�a�b�l�e� �r�o�l�e� �i�n� �t�h�e� �N� �c�y�c�l�i�n�g� �i�n� �t�h�e� �S�V�B� �s�y�s�t�e�m�s� �d�u�e� �t�o� �t�h�e� 

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

�o�f� �N�H�,� �v�o�l�a�t�i�l�i�z�a�t�i�o�n� �i�n� �N� �c�y�c�l�i�n�g� �(�V�l�e�k� �a�n�d� �C�r�a�s�w�e�l�l�,� �1�9�8�1�)�.� �J�a�y�a�w�e�e�r�a� �a�n�d� �M�i�k�k�e�l�s�e�n� 

�(�1�9�9�1�)� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �f�r�o�m� �1�0� �t�o� �6�0�%� �o�f� �t�h�e� �a�m�o�u�n�t� �o�f� �N� �a�p�p�l�i�e�d� �w�a�s� �l�o�s�t� �v�i�a� �N�H�,� 

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

�v�a�r�i�e�d� �d�e�p�e�n�d�i�n�g� �o�n� �w�a�t�e�r� �p�H�,� �N� �s�o�u�r�c�e�,� �r�a�t�e� �(�N�H�,�*� �c�o�n�c�e�n�t�r�a�t�i�o�n�)�,� �t�i�m�e�,� �a�n�d� �m�e�t�h�o�d� �o�f� 

�a�p�p�l�i�c�a�t�i�o�n� �(�M�i�k�k�e�l�s�e�n� �e�t� �a�l�.�,� �1�9�7�8�)�.� 

�F�i�e�l�d� �'�°�N� �b�a�l�a�n�c�e� �s�t�u�d�i�e�s� �i�n� �w�e�t�l�a�n�d� �r�i�c�e� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �N� �l�o�s�s� �r�a�n�g�e�d� �f�r�o�m� �3�5�-�6�0�%� 

�o�f� �u�r�e�a� �o�r� �a�m�m�o�n�i�a�c�a�l�-�N� �a�p�p�l�i�e�d� �t�o� �f�l�o�o�d�w�a�t�e�r� �(�C�a�o� �a�n�d� �D�e� �D�a�t�t�a�,� �1�9�8�4�;� �F�i�l�l�e�r�y� �e�t� �a�t�.�,� �1�9�8�6�;� 

�F�i�l�l�e�r�y� �a�n�d� �V�l�e�k�,� �1�9�8�6�)�.� �T�h�e� �N�H�,� �v�o�l�a�t�i�l�i�z�a�t�i�o�n� �p�r�o�c�e�s�s� �i�s� �d�i�r�e�c�t�l�y� �i�n�f�l�u�e�n�c�e�d� �b�y� �f�l�o�o�d�w�a�t�e�r� 

�N�H�, �� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �p�H�,� �t�e�m�p�e�r�a�t�u�r�e�,� �d�e�p�t�h� �o�f� �f�l�o�o�d�w�a�t�e�r�,� �a�n�d� �w�i�n�d� �v�e�l�o�c�i�t�y� �(�J�a�y�a�w�e�e�r�a� �a�n�d� 

�M�i�k�k�e�l�s�e�n�,� �1�9�9�0�)�.� �T�h�e� �p�H� �o�f� �f�l�o�o�d�w�a�t�e�r� �h�a�s� �a� �t�r�e�m�e�n�d�o�u�s� �i�m�p�a�c�t� �o�n� �N�H�,� �v�o�l�a�t�i�l�i�z�a�t�i�o�n� 

�(�M�i�k�k�e�l�s�e�n� �e�t� �a�l�.�,� �1�9�7�8�;� �V�l�e�k� �a�n�d� �C�r�a�s�w�e�l�l�,� �1�9�8�1�;� �J�a�y�a�w�e�e�r�a� �a�n�d� �M�i�k�k�e�l�e�s�n�,� �1�9�9�0�)�.� �A�q�u�e�o�u�s� 

�N�H�,� �i�n� �f�l�o�o�d�w�a�t�e�r� �i�n�c�r�e�a�s�e�d� �a�b�o�u�t� �t�e�n� �f�o�l�d� �p�e�r� �u�n�i�t� �i�n�c�r�e�a�s�e�d� �i�n� �p�H� �b�e�t�w�e�e�n� �7�.�5� �a�n�d� �9�.�0� 

�(�V�l�e�k� �a�n�d� �S�t�u�m�p�e�,� �1�9�7�8�;� �V�l�e�k� �a�n�d� �C�r�a�s�w�e�l�l�,� �1�9�8�1�)�,� �b�u�t� �i�f� �t�h�e� �p�H� �v�a�l�u�e� �i�s� �l�e�s�s� �t�h�a�n� �6�.�6�,� �t�h�e�r�e� 

�w�a�s� �l�i�t�t�l�e� �t�o� �n�o� �N�H�,� �v�o�l�a�t�i�l�i�z�a�t�i�o�n� �f�r�o�m� �a� �w�a�s�t�e�w�a�t�e�r� �d�e�t�e�n�t�i�o�n� �p�o�n�d� �(�P�a�n�o� �a�n�d� �M�i�d�d�l�e�b�r�o�o�k�,� 

�1�9�8�2�)�.� �W�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �e�f�f�e�c�t� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �N�H�,� �v�o�l�a�t�i�l�i�z�a�t�i�o�n�,� �V�i�e�k� �a�n�d� �S�t�u�m�p�e� 

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

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

�(�F�a�u�l�k�n�e�r� �a�n�d� �R�i�c�h�a�r�d�s�o�n�,� �1�9�8�9�)� �i�n� �N� �l�o�s�s�,� �t�h�i�s� �i�s� �p�r�o�b�a�b�l�y� �a� �r�e�s�u�l�t� �o�f� �b�o�t�h� �l�o�w� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�o�f� �N�H�, �� �a�n�d� �t�h�e� �d�e�p�t�h� �o�f� �w�a�t�e�r� �c�o�l�u�m�n�.� �M�u�r�p�h�y� �a�n�d� �B�r�o�w�n�l�e�e� �(�1�9�8�1�)�,� �h�o�w�e�v�e�r�,� �o�b�s�e�r�v�e�d� 

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

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

�b�a�s�e�d� �S�V�B� �s�y�s�t�e�m�s� �d�e�s�i�g�n�e�d� �t�o� �t�r�e�a�t� �d�o�m�e�s�t�i�c� �w�a�s�t�e�w�a�t�e�r�,� �N�H�,� �v�o�l�a�t�i�l�i�z�a�t�i�o�n� �m�a�y� �p�l�a�y� �a� 

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

�s�o�u�r�c�e�s�)�.� 
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�V�I�.� �R�e�a�c�t�i�o�n�s� �a�n�d� �R�e�d�o�x� �P�o�t�e�n�t�i�a�l� �i�n� �t�h�e� �S�V�B� �S�y�s�t�e�m�s� 

�1�.� �p�H� 

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

�c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� �s�y�s�t�e�m�s� �w�i�l�l�-�b�e� �h�i�g�h�l�y� �b�u�f�f�e�r�e�d� �n�e�a�r� �p�H� �7�.�0�,� �a�n�d� �c�h�a�n�g�e�s� �i�n� �p�H� �i�n� �m�o�s�t� 

�w�e�t�l�a�n�d�s� �h�a�v�e� �b�e�e�n� �w�i�t�h�i�n� �t�w�o� �p�H� �u�n�i�t�s� �(�P�o�r�t�i�e�s� �a�n�d� �P�a�l�m�e�r�,� �1�9�8�9�;� �M�a�d�d�o�x� �a�n�d� �K�i�n�g�s�l�e�y�,� 

�1�9�8�9�;� �B�r�o�d�i�e� �e�t� �a�l�.�,� �1�9�8�9�;� �W�a�s�t�o�n� �e�t� �a�l�.�,� �1�9�8�9�;� �D�a�v�i�d�o� �a�n�d� �C�o�n�w�a�y�,� �1�9�8�9�)�.� �N�i�t�r�i�f�i�c�a�t�i�o�n� �c�a�n� 

�n�o�t� �b�e� �c�o�m�p�l�e�t�e�d� �w�i�t�h�o�u�t� �a�d�e�q�u�a�t�e� �a�l�k�a�l�i�n�i�t�y�,� �a�p�p�r�o�x�i�m�a�t�e�l�y� �7� �m�g� �a�l�k�a�l�i�n�i�t�y� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� 

�o�x�i�d�a�t�i�o�n� �o�f� �1� �m�g� �o�f� �N�H�,�-�N�,� �t�h�e� �o�p�t�i�r�a�u�m� �p�H� �i�s� �r�a�n�g�e� �o�f� �7� �t�o� �8� �(�W�a�s�t�o�n� �e�t� �a�l�.�,� �1�9�8�9�)�.� 

�N�i�t�r�i�f�i�c�a�t�i�o�n� �d�e�c�l�i�n�e�s� �m�a�r�k�e�d�l�y� �a�t� �p�H� �<�6�.�0� �a�n�d� �i�s� �n�e�g�l�i�g�i�b�l�e� �a�t� �p�H� �<�5�.�0� �(�H�a�m�m�e�r� �a�n�d� �K�n�i�g�h�t�,� 

�1�9�9�4�)�.� �D�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �r�e�q�u�i�r�e�s� �s�i�m�i�l�a�r� �p�H�{� �c�o�n�d�i�t�i�o�n�.� �A�m�m�o�n�i�a� �v�o�l�a�t�i�l�i�z�a�t�i�o�n� �i�n�c�r�e�a�s�e�s� �w�i�t�h� 

�i�n�c�r�e�a�s�e�d� �p�H� �a�n�d� �m�a�y� �b�e� �a�p�p�r�e�c�i�a�b�l�e� �a�t� �a� �p�H� �>�8�.� 

�2�.� �R�e�d�o�x� �P�o�t�e�n�t�i�a�l� �(�E�h�)� 

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

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

�e�l�e�c�t�r�o�n�s�.� �A� �g�e�n�e�r�a�l�i�z�e�d� �r�e�a�c�t�i�o�n� �i�s� �g�i�v�e�n� �i�n� �E�q�u�a�t�i�o�n� �2�.�1�,� 

�O�x� �+� �n�e �� �+� �m�H�*� �=�R�e�d� �+� �H�*� �E�q�.� �2�.�1� 

�a�n�d� �E�h� �c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d� �b�y� �E�q�u�a�t�i�o�n� �2�.�2�,� 

�E�h� �=� �E�?� �-� �0�.�0�5�9� �(�m�/�n�)� �p�H� �+� �(�0�.�0�4�9�/�n�)� �l�o�g� �[�(�o�x�i�d�a�n�t�)�/�(�r�e�d�u�c�t�a�n�t�)�]� �E�q�.� �2�.�2� 

�W�h�e�r�e� �E�°� �i�s� �t�h�e� �s�t�a�n�d�a�r�d� �p�o�t�e�n�t�i�a�l�;� �m� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �p�r�o�t�o�n�s� �i�n� �t�h�e� �r�e�a�c�t�i�o�n�;� �a�n�d� 

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

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

�F�e�*� �t�o� �F�e ��*�.� �H�y�d�r�o�g�e�n� �s�u�l�f�a�t�e� �(�H�S� �)� �a�n�d� �i�n�e�t�h�a�n�e� �(�C�H�,�)� �w�i�l�l� �n�o�t� �a�p�p�e�a�r� �u�n�l�e�s�s� �t�h�e� �p�r�e�c�e�d�i�n�g� 

�c�o�m�p�o�n�e�n�t� �h�a�s� �b�e�e�n� �c�o�m�p�l�e�t�e�l�y� �r�e�d�u�c�e�d� �(�C�o�l�e�,� �1�9�8�3�)�.� 
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�V�I�L�.� �S�u�b�s�u�r�f�a�c�e� �V�e�g�e�t�a�t�e�d� �B�e�d� �(�S�V�B�)� �L�i�m�i�t�a�t�i�o�n�s� 

�T�h�e� �f�a�c�t�o�r� �m�o�s�t� �l�i�m�i�t�i�n�g� �N� �r�e�m�o�v�a�l� �i�n� �t�h�e� �S�V�B� �a�p�p�e�a�r�s� �t�o� �b�e� �t�h�e� �s�u�p�p�l�y� �o�f� �O�,� 

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

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

�d�e�m�a�n�d� �f�o�r� �n�i�t�r�i�f�i�c�a�t�i�o�n� �i�s� �4�.�5� �m�g� �O�,� �p�e�r� �m�g� �N� �(�G�e�r�s�b�e�r�g� �e�t� �a�l�.�,� �1�9�8�9�)�,� �O�,� �t�r�a�n�s�p�o�r�t� �r�a�t�e�s� 

�w�e�r�e� �e�s�t�i�m�a�t�e�d� �a�t� �2�1� �t�o� �1�2�0� �k�g� �O�h�a�/�d�a�y� �f�o�r� �P�h�r�a�g�m�i�t�e�s� �a�u�s�t�r�a�l�i�s� �(�B�r�i�x� �a�n�d� �S�c�h�i�e�r�u�p�,� �1�9�9�0�;� 

�A�r�m�s�t�r�o�n�g� �e�t� �a�l�.�,� �1�9�9�0�)�.� �F�o�r� �e�x�a�m�p�l�e�,� �i�f� �4�5� �m�g� �T�N� �/�L� �w�a�s� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �a� �S�V�B� �s�y�s�t�e�m� 

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

�t�h�a�n� �2� �g� �/�m ��/�d�a�y� �(�2�x�1�0�°� �k�g� �O�.�/�h�a�/�d�a�y�)�.� �W�h�e�n� �t�h�e� �B�O�D� �d�e�m�a�n�d� �c�a�n�n�o�t� �b�e� �m�e�t�,� �n�i�t�r�i�f�i�c�a�t�i�o�n� 

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

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

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

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

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

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

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

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

�e�x�p�e�r�i�e�n�c�e�.� 

�L�I�T�E�R�A�T�U�R�E� �C�I�T�E�D� 

�1�.� �A�r�m�s�t�r�o�n�g�,� �W�.�,� �J�.� �A�r�m�s�t�r�o�n�g�,� �a�n�d� �B�e�c�k�e�t�t�,� �P�.�M�.� �1�9�9�0�.� �M�e�a�s�u�r�e�m�e�n�t� �a�n�d� �m�o�d�e�l�i�n�g� �o�f� 
�o�x�y�g�e�n� �r�e�l�e�a�s�e� �f�r�o�m� �r�o�o�t�s� �o�f� �p�h�r�a�g�m�i�t�e�s� �a�u�s�t�r�a�l�i�s�.� �p�.� �4�1�-�5�2�.� �J�n� �P�.� �F�.� �C�o�o�p�e�r� �a�n�d� �B�.� �C�.� 
�F�i�n�d�l�a�t�e�r� �(�e�d�s�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �i�n� �w�a�t�e�r� �p�o�l�l�u�t�i�o�n� �c�o�n�t�r�o�l�.� �A�d�v�.� �W�a�t�.� �P�o�l�l�u�.� 
�C�o�n�t�r�o�l�.� �L�e�w�i�s� �P�u�b�l�.�,� �A�n�n� �A�r�b�o�r�,� �M�I�.� 

�2�.� �B�a�t�a�l�,� �W�.�,� �L�.� �S�.� �L�a�u�d�o�n�,� �T�.� �R�.� �W�i�l�d�e�m�a�n�,� �a�n�d� �N�.� �M�o�h�d�n�o�o�r�d�i�n�.� �1�9�9�3�.� �B�a�c�t�e�r�i�o�l�o�g�i�c�a�l� 
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�1�0�.� 

�1�1�.� 

�1�2�.� 

�1�3�.� 

�1�4�.� 

�1�5�.� 

�1�6�.� 

�t�e�s�t� �f�r�o�m� �t�h�e� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� �o�f� �t�h�e� �b�i�g� �f�i�v�e� �t�u�n�n�e�l�,� �I�d�a�h�o� �S�p�r�i�n�g�,� �C�o�l�o�r�a�d�o�.� �p�.� �5�5�0�-� 
�5�5�7�.� �I�n�D�.� �A�.� �H�a�m�m�e�r� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� �m�u�n�i�c�i�p�a�l�,� 
�i�n�d�u�s�t�r�i�a�l�,� �a�n�d� �a�g�r�i�c�u�l�t�u�r�a�l�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 
�B�a�v�o�r�,� �H�.� �J�.�,� �D�.� �J�.� �R�o�s�e�r�,� �P�.� �J�.� �F�i�s�h�e�r�,� �a�n�d� �I�.� �C�.� �S�m�a�l�l�s�.� �1�9�8�9�.� �P�e�r�f�o�r�m�a�n�c�e� �o�f� �s�o�i�l�s�-� 
�m�a�t�r�i�x� �w�e�t�l�a�n�d� �s�y�s�t�e�m�s� �v�i�e�w�e�d� �a�s� �f�i�x�e�d�-�f�i�l�m� �b�i�o�r�e�a�c�t�o�r�s�.� �p�.� �6�4�6�-�5�6�6�.� �J�n� �D�.� �A�.� �H�a�m�m�e�r� 
�(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� �m�u�n�i�c�i�p�a�l�,� �i�n�d�u�s�t�r�i�a�l�,� �a�n�d� 
�a�g�r�i�c�u�l�t�u�r�a�l�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 
�B�r�e�m�n�e�r�,� �J�.� �M�.�,� �a�n�d� �K�.� �S�h�a�w�.� �1�9�5�8�.� �D�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �i�n� �s�o�i�l� �I�I�.� �F�a�c�t�o�r�s� �a�f�f�e�c�t�i�n�g� 
�d�e�n�i�t�r�i�f�i�c�a�t�i�o�n�.� �J�.� �A�g�r�i�.� �S�c�i�.� �5�1�1�:�4�0�-�5�2�.� 
�B�r�i�x�,� �H�.�,� �a�n�d� �H�.� �H�.� �S�c�h�i�e�r�u�p�.� �1�9�8�9�.� �D�a�n�i�s�h� �e�x�p�e�r�i�e�n�c�e� �w�i�t�h� �s�e�w�a�g�e� �t�r�e�a�t�m�e�n�t� �i�n� 
�c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�.� �p�.� �5�6�5�-�5�8�0�.� �J�n� �D�.� �A�.� �H�a�m�m�e�r� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �f�o�r� 
�w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� �m�u�n�i�c�i�p�a�l�,� �i�n�d�u�s�t�r�i�a�l�,� �a�n�d� �a�g�r�i�c�u�l�t�u�r�a�l�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 
�B�r�i�x�,� �H�.�,� �a�n�d� �H�.� �S�c�h�i�e�r�u�p�.� �1�9�9�0�.� �S�o�i�l� �o�x�y�g�e�n� �i�n� �c�o�n�s�t�r�u�c�t�e�d� �r�e�e�d� �b�e�d�s�:� �T�h�e� �r�o�l�e� �o�f� 
�m�a�c�r�o�p�h�y�t�e� �a�n�d� �s�o�i�l�-�a�t�m�o�s�p�h�e�r�e� �i�n�t�e�r�f�a�c�e� �o�x�y�g�e�n� �t�r�a�n�s�p�o�r�t�.� �p�.� �5�3�-�6�6�.� �J�n� �P�.� �F�.� �C�o�o�p�e�r� 
�a�n�d� �B�.� �C�.� �F�i�n�d�l�a�t�e�r� �(�e�d�s�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �i�n� �w�a�t�e�r� �p�o�l�l�u�t�i�o�n� �c�o�n�t�r�o�l�.� �A�d�v�.� �W�a�t�.� 
�P�o�l�l�u�t�.� �C�o�n�t�r�o�l�.� �P�e�r�g�a�m�o�n� �P�r�e�s�s�,� �O�x�f�o�r�d�,� �U�K�.� 
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�d�r�a�i�n�a�g�e� �w�i�t�h� �a� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� �a�t� �t�h�e� �T�e�n�n�e�s�s�e�e� �V�a�l�l�e�y� �a�u�t�h�o�r�i�t�y� �9�5�0� �C�o�a�l� �M�i�n�e�.� 
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�F�e�i�e�r�a�b�e�n�d�,� �J�.� �S�.� �1�9�8�9�.� �W�e�t�l�a�n�d�s�:� �T�h�e� �l�i�f�e�b�l�o�o�d� �o�f� �w�i�l�d�l�i�f�e�.� �p�.� �1�0�7�-�1�2�0�.� �I�n� �G�.� �A�.� 
�M�o�s�h�o�r�i� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� �f�o�r� �w�a�t�e�r� �q�u�a�l�i�t�y� �i�m�p�r�o�v�e�m�e�n�t�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 
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�2�9�.� 

�3�0�.� 

�3�1�.� 

�w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�.� �p�.� �6�6�-�7�6�.� �J�n� �P�r�o�c�e�e�d�i�n�g� �o�f� �t�h�e� �S�e�v�e�n�t�h� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�y�m�p�o�s�i�u�m� 
�o�n� �I�n�d�i�v�i�d�u�a�l� �a�n�d� �S�m�a�l�l� �C�o�m�m�u�n�i�t�y� �s�e�w�a�g�e� �S�y�s�t�e�m�s�.� �A�t�l�a�n�t�a�,� �G�A�.� 
�G�e�a�r�h�e�a�r�t�,� �R�.� �A�.�,� �F�r�a�n�k�.� �K�l�o�p�p�,� �a�n�d� �G�e�o�r�g�e� �A�l�l�e�n�.� �1�9�8�9�.� �C�o�n�s�t�r�u�c�t�e�d� �f�r�e�e� �s�u�r�f�a�c�e� 
�w�e�t�l�a�n�d�s� �t�o� �t�r�e�a�t� �a�n�d� �r�e�c�e�i�v�e� �w�a�s�t�e�w�a�t�e�r� �p�i�l�o�t� �p�r�o�j�e�c�t� �t�o� �f�u�l�l� �s�c�a�l�e�.� �P�.�1�2�1�-�1�3�7�.� �I�n� �D�.� �A�.� 
�H�a�m�m�e�r� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� �m�u�n�i�c�i�p�a�l�,� �i�n�d�u�s�t�r�i�a�l�,� �a�n�d� 
�a�g�r�i�c�u�l�t�u�r�a�l�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 
�G�e�a�r�h�e�a�r�t�,� �R�.� �A�.�,� �a�n�d� �B�.� �A�.�,� �F�i�n�n�e�y�.� �1�9�8�1�.� �V�a�s�c�u�l�a�r� �p�l�a�n�t�s� �i�n� �w�e�t�l�a�n�d� �w�a�s�t�e�w�a�t�e�r� 

�t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m�s�-�-�a� �p�i�l�o�t� �p�r�o�j�e�c�t� �C�a�l�i�f�o�r�n�i�a�.� �2�:�1�6�4�8�-�1�6�6�8�.� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �W�a�t�e�r� 
�R�e�u�s�e� �S�y�m�p�o�s�i�u�m� �I�I�:� �D�.�C�.� �D�e�n�v�e�r�,� �C�o�l�o�.� 
�G�e�r�s�b�e�r�g�,� �R�.� �M�.�,� �B�.� �V�.� �E�l�k�i�n�s�,� �a�n�d� �C�.�R�.�,� �G�o�l�d�m�a�n�.� �1�9�8�3�.� �N�i�t�r�o�g�e�n� �r�e�m�o�v�a�l� �i�n� �a�r�t�i�f�i�c�i�a�l� 

�2�7



�3�2�.� 

�3�3�.� 

�3�4�.� 

�3�5�.� 

�3�6�.� 

�3�7�.� 

�3�8�.� 
�3�9�.� 

�w�e�t�l�a�n�d�s�.� �1�7�:�1�0�0�9�-�1�0�1�4� �W�a�t�e�r� �R�e�s�.� �O�x�f�o�r�d�:� �P�e�r�g�a�m�o�n� �P�r�e�s�s�.� 
�G�e�r�s�b�e�r�g�,� �R�.� �M�.�,� �B�.� �V�.� �E�l�k�i�n�s�,� �a�n�d� �C�.� �R�.� �G�o�l�d�m�a�n�.� �1�9�8�4�.� �U�s�e� �o�f� �a�r�t�i�f�i�c�i�a�l� �w�e�t�l�a�n�d�s� �t�o� 
�r�e�m�o�v�e� �n�i�t�r�o�g�e�n� �f�r�o�m� �w�a�s�t�e�w�a�t�e�r� �[�W�a�t�e�r� �r�e�u�s�e�]�.� �J�.� �W�a�t�e�r�.� �P�o�l�l�u�t�e�.� �C�o�n�t�r�o�l�.� �5�6�:�1�5�2�-� 
�1�5�6�.� 
�G�e�r�s�b�e�r�g�,� �R�.� �M�.�,� �B�.� �V�.� �E�l�k�i�n�s�,� �a�n�d� �C�.� �R�.� �G�o�l�d�m�a�n�.� �1�9�8�4�.� �W�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �b�y� 
�a�r�t�i�f�i�c�i�a�l� �w�e�t�l�a�n�d�s�.� �W�a�t�e�r� �S�c�i�.� �T�e�c�h�n�o�l�.� �1�7�:�4�4�3�-�4�5�0�.� 
�G�e�r�s�b�e�r�g�,� �R�.� �M�.�,� �B�.� �V� �.� �E�l�k�i�n�s�,� �S�.� �R�.� �L�y�o�n�,� �a�n�d� �C�.� �R�.� �G�o�l�d�m�a�n�.� �1�9�8�5�.� �R�o�l�e� �o�f� �A�q�u�a�t�i�c� 
�p�l�a�n�t�s� �i�n� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �b�y� �a�r�t�i�f�i�c�i�a�l� �w�e�t�l�a�n�d�s�.� �W�a�t�e�r� �R�e�s�.� �2�0�:�3�6�3�-�3�6�8�.� 
�G�e�r�s�b�e�r�g�,� �R�.� �M�.�,� �S�.� �B�r�e�n�n�e�r�,� �S�.� �R�.� �L�y�o�n�,� �a�n�d� �B�.� �V�.� �E�l�k�i�n�s�.� �1�9�8�7�.� �F�a�t�e� �o�f� �V�i�r�u�s�e�s� �i�n� 
�a�r�t�i�f�i�c�i�a�l� �w�e�t�l�a�n�d�s�.� �A�p�p�l�.� �E�n�v�i�r�o�n�.� �M�i�c�r�o�b�i�o�l�.� �5�3�:� �7�3�1�-�7�3�6�.� 
�G�e�r�b�e�r�g�,� �R�.� �M�.�,� �R�.� �B�r�e�n�n�e�r�,� �S�.� �R�.� �L�y�o�n�,� �a�n�d� �B�.� �V�.� �E�l�k�i�n�s�.� �1�9�8�7�.� �S�u�r�v�i�v�a�l� �o�f� �B�a�c�t�e�r�i�a� 
�a�n�d� �v�i�r�u�s�e�s� �i�n� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r�s� �a�p�p�l�i�e�d� �t�o� �a�r�t�i�f�i�c�i�a�l� �w�e�t�l�a�n�d�s�.� �p�.�2�3�7�.� �I�n� �K�.� �R�.� �R�e�d�d�y� 
�e�t� �a�l�.� �(�e�d�s�.�)� �A�q�u�a�t�i�c� �p�l�a�n�t�s� �f�o�r� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �a�n�d� �r�e�s�o�u�r�c�e� �r�e�c�o�v�e�r�y�.� �M�a�g�n�o�l�i�a� 
�P�u�b�l�.�,�O�r�l�a�n�d�o�,� �F�L�.� �.� 
�G�e�r�s�b�u�r�g�,� �R�.� �M�.�,� �S�.� �R�.� �L�y�o�n�,� �R�.� �B�r�e�n�n�e�r�,� �a�n�d� �B�.� �V�.� �E�l�k�i�n�s�.� �1�9�8�9�.� �I�n�t�e�g�r�a�t�e�d� �w�a�s�t�e�w�a�t�e�r� 
�t�r�e�a�t�m�e�n�t� �u�s�i�n�g� �a�r�t�i�f�i�c�i�a�l� �w�e�t�l�a�n�d�s�:� �A� �g�r�a�v�e�l� �m�a�r�s�h� �c�a�s�e� �s�t�u�d�y�.� �P�.� �1�4�5�-�1�5�2�.� �J�n� �D�.� �A�.� 
�H�a�m�m�e�r� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� �m�u�n�i�c�i�p�a�l�,� �i�n�d�u�s�t�r�i�a�l�,� �a�n�d� 
�a�g�r�i�c�u�l�t�u�r�a�l�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 
�G�i�l�l�e�t�t�e�,� �B�.� �1�9�8�9�.� �A�r�t�i�f�i�c�i�a�l� �m�a�r�s�h� �t�r�e�a�t�s� �i�n�d�u�s�t�r�i�a�l� �w�a�s�t�e�w�a�t�e�r�.� �B�i�o�C�y�c�l�e�.� �3�0�:�4�8�-�5�0�.� 
�G�r�a�n�t�,� �M�.� �A�.�,� �a�n�d� �J�.� �W�.� �P�a�y�n�e�.� �1�9�8�2�.� �E�f�f�e�c�t�s� �o�f� �p�e�s�t�i�c�i�d�e�s� �o�n� �d�e�n�i�t�r�i�f�y�i�n�g� �a�c�t�i�v�i�t�y� �i�n� �s�a�l�t� 
�m�a�r�c�h� �s�e�d�i�m�e�n�t�s�.� �J�.� �E�n�v�i�r�o�n�.� �Q�u�a�l�.� �1�1�:�3�6�9�-�7�2�.� 

�4�0�.� �K�n�i�g�h�t�,� �R�.� �L�.�,� �R�.� �W�.� �R�u�b�l�e�,� �R�.� �H�.� �K�a�d�l�e�c�,� �a�n�d� �S�.� �R�e�e�d�.� �1�9�9�3�.� �W�e�t�l�a�n�d�s� �f�o�r� �w�a�s�t�e�w�a�t�e�r� 

�4�1�.� 

�4�2�.� 

�4�3�.� 

�t�r�e�a�t�m�e�n�t�:� �p�e�r�f�o�r�m�a�n�c�e� �d�a�t�a�b�a�s�e�.� �p�.� �2�3�-�3�4�.� �I�n� �G�.� �A�.� �M�o�s�h�o�r�i� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� 
�f�o�r� �w�a�t�e�r� �q�u�a�l�i�t�y� �i�m�p�r�o�v�e�m�e�n�t�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 
�H�a�v�e�l�a�a�r�,� �A�.� �H�.�,� �P�.� �D�.� �T�i�p�s�,� �a�n�d� �H�.� �W�.� �B�.� �E�n�g�e�l�.� �1�9�8�2�.� �C�o�m�p�a�r�a�t�i�v�e� �s�t�u�d�y� �o�f� 

�c�o�n�f�i�r�m�a�t�i�o�n� �m�e�d�i�a� �d�e�t�e�c�t�i�n�g� �g�r�o�u�p� �D�.� �S�t�r�e�p�t�o�c�o�c�c�i�,� �W�a�t�e�r� �R�e�s�.� �1�6�:�1�6�0�5�-�1�6�0�9�.� 
�H�a�z�e�n�,� �T�.� �C�.� �1�9�8�8�.� �F�e�c�a�l� �c�o�l�i�f�o�r�m� �a�s� �i�n�d�i�c�a�t�o�r�s� �i�n� �t�r�o�p�i�c�a�l� �w�a�t�e�r�:� �a� �r�e�v�i�e�w� �,� �T�o�x�i�c�a�l�.� 
�A�s�s�e�s�s� �3�:�4�6�1�-�4�7�7�.� 
�H�a�m�m�e�r�,� �D�.� �A�.�,� �a�n�d� �R�.� �L�.� �K�n�i�g�h�t�.� �1�9�9�4�.� �D�e�s�i�g�n�i�n�g� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �f�o�r� �n�i�t�r�o�g�e�n� 
�r�e�m�o�v�a�l�.� �W�a�t�.� �S�c�t�.� �T�e�c�h�.� �2�9�:�1�5�-�2�7�.� 

�4�4�.� �H�a�m�m�e�r�,� �D�.� �A�.�,� �B�.� �P�.� �P�u�l�l�i�n�,� �T�.� �A�.� �M�c�C�a�s�k�e�y�,� �J�.� �E�.� �E�a�s�o�n�,� �a�n�d� �V�.� �W�.� �E�.� �P�a�y�n�e�.� �1�9�9�3�.� 
�T�r�e�a�t�i�n�g� �l�i�v�e�s�t�o�c�k� �w�a�s�t�e�w�a�t�e�r�s� �w�i�t�h� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s�.� �p�.� �3�4�3�-�3�4�8�.� �I�n� �G�.� �A�.� �M�o�s�h�o�r�i� 
�(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� �f�o�r� �w�a�t�e�r� �q�u�a�l�i�t�y� �i�m�p�r�o�v�e�m�e�n�t�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 

�4�5�.� �H�i�g�g�i�n�s�,� �M�.� �J�.�,� �C�.� �A�.� �R�o�c�k�,� �R�.� �B�o�u�c�h�a�r�d�,� �a�n�d� �B�.� �W�e�n�g�r�e�z�y�n�e�k�.�,� �C�o�n�t�r�o�l�l�i�n�g� �a�g�r�i�c�u�l�t�u�r�a�l� 

�4�6�.� 

�4�7�.� 

�r�u�n�-�o�f�f� �b�y� �t�h�e� �u�s�e� �o�f� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s�.� �p�.� �3�5�9�-�3�6�8�.� �I�n� �G�.� �A�.� �M�o�s�h�o�r�i� �(�e�d�.�)� 
�C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� �f�o�r� �w�a�t�e�r� �q�u�a�l�i�t�y� �i�m�p�r�o�v�e�m�e�n�t�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 
�H�s�i�e�h�,� �Y�.� �P�.�,� �a�n�d� �C�.� �L�.� �C�o�u�l�t�a�s�.� �1�9�8�9�.� �N�i�t�r�o�g�e�n� �r�e�m�o�v�a�l� �f�r�o�m� �f�r�e�s�h�w�a�t�e�r� �w�e�t�l�a�n�d�s�:� 
�n�i�t�r�i�f�i�c�a�t�i�o�n�-�d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �c�o�u�p�l�i�n�g� �p�o�t�e�n�t�i�a�l�.� �p�.� �4�9�3�-�5�0�0�.� �J�n� �G�.� �A�.� �M�o�s�h�o�r�i� �(�e�d�.�)� 
�C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� �f�o�r� �w�a�t�e�r� �q�u�a�l�i�t�y� �i�m�p�r�o�v�e�m�e�n�t�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 
�H�u�t�z�l�e�r�,� �N�.� �J�.�,� �a�n�d� �W�.� �C�.� �B�o�y�l�e�.� �1�9�8�2�.� �R�i�s�k� �a�s�s�e�s�s�m�e�n�t� �i�n� �w�a�t�e�r� �r�e�u�s�e� �w�a�s�t�e�w�a�t�e�r�,� 
�d�i�s�e�a�s�e� �t�r�a�n�s�m�i�s�s�i�o�n�,� �w�a�t�e�r� �q�u�a�l�i�t�y�.� �p�.� �2�9�3�-�3�2�4�.� �I�n� �E�.� �J�.� �M�i�d�d�l�e�b�r�o�o�k�s� �(�e�d�.�)� �W�a�t�e�r� 

�2�8



�4�8�.� 

�4�9�.� 

�5�0�.� 

�5�1�.� 

�5�2�.� 

�5�3�.� 

�5�4�.� 

�5�5�.� 

�5�6�.� 

�r�e�u�s�e�.� �A�n�n� �A�r�b�o�r� �S�c�i�e�n�c�e� �P�u�b�l�.�,� �M�I�.�:� 
�J�a�y�a�w�e�e�r�a�,� �G�.� �R�.�,� �a�n�d� �D�.� �S�.� �M�i�k�k�e�l�s�e�n�.� �1�9�9�1�.� �A�s�s�e�s�s�m�e�n�t� �o�f� �a�m�m�o�n�i�a� �v�o�l�a�t�i�l�i�z�a�t�i�o�n� 
�f�r�o�m� �f�l�o�o�d�e�d� �s�o�i�l� �s�y�s�t�e�m�s�.� �A�d�v�.� �A�g�r�o�m�.� �4�5�:�3�0�3�-�3�5�3�.� 
�L�e�t�t�l�e�t�o�n�,� �R�.� �P�.�,� �F�.� �G�.� �H�o�w�e�l�l�,� �a�n�d� �R�.� �P�.� �R�e�a�v�e�s�.� �1�9�9�3�.� �P�e�r�f�o�r�m�a�n�c�e� �o�f� �a� �c�o�n�s�t�r�u�c�t�e�d� 
�M�a�r�s�h� �i�n� �t�h�e� �t�e�r�t�i�a�r�y� �t�r�e�a�t�m�e�n�t� �o�f� �b�l�e�a�c�h� �k�r�a�f�t� �p�u�l�p� �m�i�l�l� �e�f�f�l�u�e�n�t�:� �r�e�s�u�l�t�s� �o�f� �a� �2� �y�e�a�r� �p�i�l�o�t� 
�p�r�o�j�e�c�t�.� �p�.� �4�3�7�-�4�4�0�.� �I�n� �G�.� �A�.� �M�o�s�h�o�r�i� �(�e�d�.�)�.� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� �f�o�r� �w�a�t�e�r� �q�u�a�l�i�t�y� 
�i�m�p�r�o�v�e�m�e�n�t�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 
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�L�o�r�e�n�z�,� �J�.� �S�.�,� �a�n�d� �B�i�e�s�b�o�e�r�,� �D�.� �D�.� �1�9�8�7�.� �N�i�t�r�i�f�i�c�a�t�i�o�n�,� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n�,� �a�n�d� �a�m�m�o�n�i�a� 
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�P�o�r�t�i�e�s�,� �R�.� �J�.�,� �a�n�d� �S�.� �J�.� �P�a�l�m�e�r�.� �1�9�8�9�.� �W�e�t�l�a�n�d�s� �m�i�c�r�o�b�i�o�l�o�g�y�:� �f�o�r�m�,� �f�u�n�c�t�i�o�n�,� �p�r�o�c�e�s�s�e�s�.� 
�p�.�8�9�-�1�0�6�.� �J�n� �D�.� �A�.� �H�a�m�m�e�r� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� 
�m�u�n�i�c�i�p�a�l�,� �i�n�d�u�s�t�r�i�a�l�,� �a�n�d� �a�g�r�i�c�u�l�t�u�r�a�l�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 
�P�r�a�k�a�s�a�m�,� �T�.� �B�.� �S�.� �1�9�8�4�.� �D�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �[�W�a�t�e�r� �a�n�d� �s�o�i�l� �s�y�s�t�e�m�s�,� �w�a�s�t�e�w�a�t�e�r�]�.� �J�.� 
�W�a�t�e�r�.� �P�o�l�l�u�t�e�.� �C�o�n�t�r�o�l�.� �5�6�:�5�8�2�-�5�8�6�.� 
�R�e�d�d�y�,� �R�.� �K�.�,� �a�n�d� �W�.� �H�.� �S�m�i�t�h�.� �1�9�8�7�.� �A�q�u�a�t�i�c� �p�l�a�n�t�s� �f�o�r� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �a�n�d� �r�e�s�o�u�r�c�e� 
�r�e�c�o�v�e�r�y�.� �M�a�g�n�o�l�i�a� �P�u�b�l�.�,� �F�L�.� �|� 
�R�e�e�d�,� �S�.� �C�.�,� �R�.� �W�.� �C�r�i�t�e�s�,� �a�n�d� �E�.� �J�.� �M�i�d�d�l�e�b�r�o�o�k�s�.� �1�9�9�5�.� �N�a�t�u�r�a�l� �s�y�s�t�e�m�s� �f�o�r� �w�a�s�t�e� 
�m�a�n�a�g�e�m�e�n�t� �a�n�d� �t�r�e�a�t�m�e�n�t�.� �S�e�c�.� �E�d�.�,� �M�c�G�r�a�w�-�H�i�l�l� �B�o�o�k�.� �C�o�.�,� �N�Y�.� 
�R�e�e�d�,� �S�.� �C�.�,� �E�.� �J�.� �M�i�d�d�l�e�b�r�o�o�k�s�,� �a�n�d� �C�r�i�t�e�s�,� �R�.� �W�.� �1�9�8�8�.� �N�a�t�u�r�a�l� �s�y�s�t�e�m�s� �f�o�r� �w�a�s�t�e� 
�m�a�n�a�g�e�m�e�n�t� �a�n�d� �t�r�e�a�t�m�e�n�t�.� �M�c�G�r�a�w�-�H�i�l�l� �B�o�o�k�.� �C�o�.�,� �N�Y�.� 
�R�i�t�t�e�r�,� �W�.� �F�.�,� �a�n�d� �R�.� �P�.� �E�a�s�t�b�u�r�n�.� �1�9�8�8�.� �A� �r�e�v�i�e�w� �o�f� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �i�n� �o�n�-�s�i�t�e� �w�a�s�t�e�w�a�t�e�r� 
�t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m�.� �E�n�v�i�r�o�n�m�e�n�t�a�l� �P�o�l�l�u�t�i�o�n�.� �5�1�:�4�9�-�6�1�.� 
�R�o�g�e�r�s�,� �K�.� �H�.�,� �F�.� �B�r�e�e�n�,� �a�n�d� �A�.� �J�,� �C�h�i�c�k�.� �1�9�9�1�.� �N�i�t�r�o�g�e�n� �r�e�m�o�v�a�l� �i�n� �e�x�p�e�r�i�m�e�n�t�a�l� 
�w�e�t�l�a�n�d� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m�s�:� �e�v�i�d�e�n�c�e� �f�o�r� �t�h�e� �r�o�l�e� �o�f� �a�q�u�a�t�i�c� �p�l�a�n�t�s�.� �R�e�s�.� �J�.� �W�a�t�e�r�.� �P�o�l�l�u�t�e�.� 
�C�o�n�t�r�o�l�.� �6�3�:�9�3�4�-�9�4�1�.� 
�R�u�f�f�i�e�r�,� �P�.� �1�9�9�2�C�.� �T�o�x�i�c� �s�u�b�s�t�a�n�c�e�s� �i�n� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r�:� �a� �g�u�i�d�a�n�c�e� �m�a�n�u�a�l� �f�o�r� 
�n�e�g�o�t�i�a�t�i�n�g� �p�e�r�m�i�t�s�.� �p�.�2�1�7� �L�e�w�i�s� �P�u�b�l�.�,� �M�I� 
�S�c�h�a�f�f�n�e�r�,� �R�.� �M�.�,� �A�.� �C�.� �K�o�l�b�y�e�,� �a�n�d� �G�.� �L�.� �B�r�a�u�d�e�.� �1�9�7�9�.� �R�e�c�y�c�l�i�n�g� �o�f� �p�o�t�e�n�t�i�a�l�l�y� �t�o�x�i�c� 
�r�e�s�i�d�u�e�s� �i�n� �t�h�e� �f�o�o�d� �c�h�a�i�n�.� �F�o�o�d�.� �T�e�c�h�n�o�l�.� �3�3�:�3�2�-�3�3�.� 
�S�c�h�r�o�e�d�e�r�,� �E�.�D�.� �1�9�8�1�.� �D�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �i�n� �w�a�s�t�e�w�a�t�e�r� �m�a�n�a�g�e�m�e�n�t�.� �p�.� �1�0�5�-�1�2�5�.� �I�n� �C�.� 
�C�.� �D�e�l�w�i�c�h�e� �(�e�d�.�)� �D�e�n�i�t�r�i�f�i�c�a�t�i�o�n�,� �n�i�t�r�i�f�i�c�a�t�i�o�n�,� �a�n�d� �a�t�m�o�s�p�h�e�r�i�c� �n�i�t�r�o�u�s� �o�x�i�d�e�.� �N�Y�.� 
�S�i�k�o�r�a�,� �L�.� �J�.�,� �a�n�d� �R�.� �B�.� �C�o�r�e�y�.� �1�9�7�6�.� �F�a�t�e� �o�f� �n�i�t�r�o�g�e�n� �a�n�d� �p�h�o�s�p�h�o�r�u�s� �i�n� �s�o�i�l�s� �u�n�d�e�r� 
�s�e�p�t�i�c� �t�a�n�k� �d�i�s�p�o�s�a�l� �f�i�e�l�d�s�.� �t�r�a�n�s�a�c�t�i�o�n�s� �o�f� �A�S�A�E�.� �1�9�:�8�6�6�-�8�7�5�.� 
�S�i�l�v�e�r�m�a�n�,� �G�.� �S�.� �1�9�8�9�.� �D�e�v�e�l�o�p�m�e�n�t� �o�f� �a�n� �u�r�b�a�n� �r�u�n�o�f�f� �t�r�e�a�t�m�e�n�t� �w�e�t�l�a�n�d�s� �i�n� �F�r�a�g�m�e�n�t�,� 
�C�a�l�i�f�o�r�n�i�a�.� �p�.� �6�6�9�-�6�7�6�.� �I�n� �D�.� �A�.� �H�a�m�m�e�r� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �f�o�r� �w�a�s�t�e�w�a�t�e�r� 
�t�r�e�a�t�m�e�n�t�:� �m�u�n�i�c�i�p�a�l�,� �i�n�d�u�s�t�r�i�a�l�,� �a�n�d� �a�g�r�i�c�u�l�t�u�r�a�l�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 
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�S�t�e�i�n�e�r�,� �G�.� �R�.�,� �a�n�d� �D�.� �W�.� �C�o�m�b�s�.� �1�9�9�3�.� �S�m�a�l�l� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �s�y�s�t�e�m�s� �f�o�r� 
�d�o�m�e�s�t�i�c� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �a�n�d� �t�h�e�i�r� �p�e�r�f�o�r�m�a�n�c�e�.� �p�.� �4�9�1�-�4�9�8�.� �I�n� �G�.� �A�.� �M�o�s�h�i�r�i� 
�(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �f�o�r� �w�a�t�e�r� �q�u�a�l�i�t�y� �i�m�p�r�o�v�e�m�e�n�t�.� �C�R�C� �P�r�e�s�s� �I�n�c�.� �B�o�c�a� �R�a�t�o�n�,� 
�F�L�.� 
�S�r�e�n�g�e�l�,� �E�.�,� �a�n�d� �R�.� �S�c�h�u�l�t�z�-�H�o�c�k�.� �1�9�8�9�.� �D�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �i�n� �a�r�t�i�f�i�c�i�a�l� �w�e�t�l�a�n�d�s�.� �p�.� �4�8�4�-� 
�4�9�2�.� �I�n�D�.� �A�.� �H�a�m�m�e�r� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� �m�u�n�i�c�i�p�a�l�,� 
�i�n�d�u�s�t�r�i�a�l�,� �a�n�d� �a�g�r�i�c�u�l�t�u�r�a�l�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 
�T�e�n�n�e�s�s�e�e� �V�a�l�l�e�y� �A�u�t�h�o�r�i�t�y�.� �1�9�8�7�.� �W�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �b�y� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�:� 

�u�s�i�n�g�n�a�t�u�r�e�'�s� �w�a�y� �w�i�t�h� �a�n� �e�n�g�i�n�e�e�r�e�d� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� �m�a�y� �b�e� �t�h�e� �s�o�l�u�t�i�o�n� �t�o� �y�o�u�r� 
�w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �p�r�o�b�l�e�m�s�.� �C�h�a�t�t�a�n�o�o�g�a�,� �T�N�:� �T�e�n�n�e�s�s�e�e� �V�a�l�l�e�y� �A�u�t�h�o�r�i�t�y�,� �W�a�t�e�r� 
�Q�u�a�l�i�t�y� �B�r�a�n�c�h�.� 
�T�e�n�n�e�s�s�e�e� �V�a�l�l�e�y� �A�u�t�h�o�r�i�t�y�.� �1�9�9�1�.� �G�e�n�e�r�a�l� �d�e�s�i�g�n�,� �c�o�n�s�t�r�u�c�t�i�o�n�,� �a�n�d� �o�p�e�r�a�t�i�o�n� 

�g�u�i�d�e�l�i�n�e�s�:� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m�s� �f�o�r� �s�m�a�l�l� �u�s�e�r�s� �i�n�c�l�u�d�i�n�g� 
�i�n�d�i�v�i�d�u�a�l� �r�e�s�i�d�e�n�c�e�s�.� �C�h�a�t�t�a�n�o�o�g�a�,� �T�N�:� �T�e�n�n�e�s�s�e�e� �V�a�l�l�e�y� �A�u�t�h�o�r�i�t�y�,� �W�a�t�e�r� �R�e�s�o�u�r�c�e�s�.� 
�T�V�A�/�W�R�/�W�Q�-�9�1�/�1�.� �.� 
�T�h�u�t�,� �R�.� �N�.� �1�9�8�9�.� �U�t�i�l�i�z�a�t�i�o�n� �o�f� �a�r�t�i�f�i�c�i�a�l� �m�a�r�s�h�e�s� �f�o�r� �t�r�e�a�t�m�e�n�t� �o�f� �p�u�l�p� �m�i�l�l� �e�f�f�l�u�e�n�t�.� �P�.� 
�2�3�9�-�2�4�4�.� �I�n� �D�.� �A�.� �H�a�m�m�e�r� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� 
�m�u�n�i�c�i�p�a�l�,� �i�n�d�u�s�t�r�i�a�l�,� �a�n�d� �a�g�r�i�c�u�l�t�u�r�a�l�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 
�T�h�u�t�,� �R�.�N�.� �1�9�9�3�.� �F�e�a�s�i�b�i�l�i�t�y� �o�f� �t�r�e�a�t�i�n�g� �p�u�l�p� �m�i�l�l� �e�f�f�l�u�e�n�t� �w�i�t�h� �a� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�.� 
�p�.� �4�4�1�-�4�4�8�.� �J�n� �G�.� �A�.� �M�o�s�h�i�r�i� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �f�o�r� �w�a�t�e�r� �q�u�a�l�i�t�y� �i�m�p�r�o�v�e�m�e�n�t�.� 
�C�R�C� �P�r�e�s�s� �I�n�c�.� �B�o�c�a� �R�a�t�o�n�,� �F�L�.� 
�T�c�h�o�b�a�n�o�g�l�o�u�s�,� �G�.� �(�E�d�.�)�.� �1�9�9�1�.� �W�a�s�t�e�w�a�t�e�r� �E�n�g�i�n�e�e�r�i�n�g�-�T�r�e�a�t�m�e�n�t�,� �D�i�s�p�o�s�a�l� �a�n�d� 
�R�e�u�s�e�.� �p�.� �1�0�9�.� �T�h�i�r�d� �E�d�.� �M�c�G�r�a�w�-�H�i�l�l�,� �I�n�c�.� 
�T�r�a�n�t�m�a�n�n�,� �N�.� �M�.�,� �J�.� �H�.� �M�a�r�t�i�n�,� �J�r�.� �K�.� �S�.� �P�o�r�t�e�r� �a�n�d� �K�.� �C�.� �H�a�w�k�,� �J�r�.� �1�9�8�9�.� �U�s�e� �o�f� 
�a�r�t�i�f�i�c�i�a�l� �w�e�t�l�a�n�d�s� �f�o�r� �t�r�e�a�t�m�e�n�t� �o�f� �m�u�n�i�c�i�p�a�l� �s�o�l�i�d� �w�a�s�t�e� �l�a�n�d�f�i�l�l� �l�e�a�c�h�a�t�e�.� �P�.� �2�4�5�-�2�5�1�.� �I�n� 
�D�.� �A�.� �H�a�m�m�e�r� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� �m�u�n�i�c�i�p�a�l�,� 
�i�n�d�u�s�t�r�i�a�l�,� �a�n�d� �a�g�r�i�c�u�l�t�u�r�a�l�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 
�U�S�E�P�A�.� �1�9�8�8�.� �D�e�s�i�g�n� �m�a�n�u�a�l�-�C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �a�n�d� �a�q�u�a�t�i�c� �p�l�a�n�t� �s�y�s�t�e�m�s� 
�f�o�r�m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�.� �U�S� �E�P�A�.� �C�e�n�t�e�r� �f�o�r� �E�n�v�i�r�o�n�m�e�n�t�a�l� �R�e�s�e�a�r�c�h� 
�I�n�f�o�r�m�a�t�i�o�n�.� �C�i�n�c�i�n�n�a�t�i� �O�H� �4�5�2�6�8� �E�P�A�/�6�2�5�/�1�-�8�8�/�0�2�2�.� 
�V�i�e�k�,� �P�.� �L�.� �G�.�,� �a�n�d� �E�.� �T�.� �C�r�a�s�w�e�l�l�.� �1�9�8�1�.� �A�m�m�o�n�i�a� �v�o�l�a�t�i�l�i�z�a�t�i�o�n� �f�r�o�m� �f�l�o�o�d�e�d� �s�o�i�l�s�.� 
�F�e�r�t�i�.� �R�e�s�.� �2�:�2�2�7�-�2�4�5�.� 
�V�l�e�k�,� �P�.� �L�.� �G�.�,� �a�n�d� �J�.�M�.� �S�t�u�m�p�e�.� �1�9�7�8�.� �E�f�f�e�c�t� �o�f� �s�o�l�u�t�i�o�n� �c�h�e�m�i�s�t�r�y� �a�n�d� �e�n�v�i�r�o�n�m�e�n�t�a�l� 
�c�o�n�d�i�t�i�o�n�s� �o�n� �a�m�m�o�n�i�a� �v�o�l�a�t�i�l�i�z�a�t�i�o�n� �l�o�s�s�e�s� �f�r�o�m� �a�q�u�e�o�u�s� �s�y�s�t�e�m�s�.� �S�o�i�l� �S�c�i�.� �S�o�c�.� �A�m�.� 
�J�.� �4�2�:�4�1�6�-�4�2�1�.� 
�W�a�t�s�o�n�,� �J�.� �T�.�,� �D�.� �D�i�o�d�a�t�o�,� �a�n�d� �M�.� �L�a�u�n�c�h�.� �1�9�8�7�.� �D�e�s�i�g�n� �a�n�d� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� 

�a�r�t�i�f�i�c�i�a�l� �w�e�t�l�a�n�d� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �p�l�a�n�t� �a�t� �I�s�e�l�i�n�,� �P�e�n�n�s�y�l�v�a�n�i�a�.� �p�.� �2�6�3�-�2�7�3�.� �I�n� �K�.� 
�R�.� �R�e�d�d�y� �e�t� �a�l� �(�e�d�s�.�)� �A�q�u�a�t�i�c� �p�l�a�n�t�s� �f�o�r� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �a�n�d� �r�e�s�o�u�r�c�e� �r�e�c�o�v�e�r�y�.� �M�a�g�n�o�l�i�a� 
�P�u�b�l�.�,� �O�r�l�a�n�d�o�,� �F�L�.� 
�W�a�t�s�o�n�,� �J�.� �T�.�,� �S�.� �C�,� �R�e�e�d�,� �R�.� �H�.� �K�a�d�l�e�c�,� �R�.� �L�.� �K�n�i�g�h�t�,� �a�n�d� �A�.� �E�.� �W�h�i�t�e�h�o�u�s�e�.� �1�9�8�9�.� 
�P�e�r�f�o�r�m�a�n�c�e� �e�x�p�e�c�t�a�t�i�o�n�s� �a�n�d� �l�o�a�d�i�n�g� �r�a�t�e�s� �f�o�r� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s�.� �p�.� �3�1�9�-�3�5�1�.� �J�n� �D�.� 
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�A�.� �H�a�m�m�e�r� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� �m�u�n�i�c�i�p�a�l�,� �i�n�d�u�s�t�r�i�a�l�,� 
�a�n�d� �a�g�r�i�c�u�l�t�u�r�a�l�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 

�9�3�.� �W�i�t�t�h�a�r�,� �S�.�R�.� �1�9�9�3�.� �W�e�t�l�a�n�d� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m�s�.� �p�.� �1�4�7�-�1�5�6�.� �J�n� �G�.� �A�.� �M�o�s�h�i�n� 
�(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �f�o�r� �w�a�t�e�r� �q�u�a�l�i�t�y� �i�m�p�r�o�v�e�m�e�n�t�.� �C�R�C� �P�r�e�s�s� �I�n�c�.� �B�o�c�a� �R�a�t�o�n�,� 
�F�L�.� 

�9�4�.� �W�o�l�v�e�r�t�o�n�,� �B�.� �C�.�,� �a�n�d� �R�.� �C�.� �M�c�D�o�n�a�l�d�.� �1�9�7�9�.� �U�p�g�r�a�d�i�n�g� �f�a�c�u�l�t�a�t�i�v�e� �w�a�s�t�e�w�a�t�e�r� 
�l�a�g�o�o�n�s� �w�i�t�h� �v�a�s�c�u�l�a�r� �a�q�u�a�t�i�c� �p�l�a�n�t�s�.� �J�.� �W�a�t�e�r� �P�o�l�l�u�t�e�.� �C�o�n�t�r�o�l�.� �5�1�:�3�0�5�-�3�1�3�.� 

�9�5�.� �W�o�l�v�e�r�t�o�n�,� �B�.� �C�.� �1�9�8�1�.� �W�a�t�e�r� �h�y�a�c�i�n�t�h�s� �f�o�r� �c�o�n�t�r�o�l�l�i�n�g� �w�a�t�e�r� �p�o�l�l�u�t�i�o�n� �E�i�c�h�h�o�r�n�i�a� 
�c�r�a�s�s�i�p�e�s�.� �P�.� �4�7�-�5�1�.� �J� �W�a�t�e�r�.� �P�o�l�l�u�t�e�.� �M�a�n�a�g�e�.� �R�e�v�.� �S�o�u�t�h� �A�s�i�a�n� �P�u�b�l�.�,� �N�e�w� �D�e�l�h�i�.� 

�9�6�.� �W�o�l�v�e�r�t�o�n�,� �B�.� �C�.� �1�9�8�2�.� �H�y�b�r�i�d� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �u�s�i�n�g� �a�n�a�e�r�o�b�i�c� 
�m�i�c�r�o�o�r�g�a�n�i�s�m�s� �a�n�d� �r�e�e�d� �(�P�h�r�a�g�m�i�t�e�s� �c�o�m�m�u�n�i�s�)�.� �E�c�o�n�.� �B�o�t�.� �B�r�o�n�x�.� �3�6�:�3�7�3�-�3�8�0�.� 

�9�7�.� �W�o�l�v�e�r�t�o�n�,� �B�.� �C�.�,� �a�n�d� �R�.� �C�.� �M�c�D�o�n�a�l�d�.� �1�9�8�2�.� �T�h�e� �r�o�l�e� �o�f� �v�a�s�c�u�l�a�r� �a�q�u�a�t�i�c� �p�l�a�n�t�s� �i�n� 
�w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �E�i�c�h�h�o�r�n�i�a� �c�r�a�s�s�i�p�e�s�,� �w�a�t�e�r� �h�y�a�c�i�n�t�h�,� �H�e�r�b�a�r�i�s�t�.� �4�8�:�2�4�-�2�9�.� 

�9�8�.� �W�o�l�v�e�r�t�o�n�,� �B�.� �C�.�,� �R�.� �C�.� �M�c�D�o�n�a�l�d�,� �a�n�d� �W�.� �R�.� �D�u�f�f�e�r�.� �1�9�8�3�a�.� �M�i�c�r�o�o�r�g�a�n�i�s�m�s� �a�n�d� 
�h�i�g�h�e�r� �p�l�a�n�t�s� �f�o�r� �w�a�s�t�e� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t�.� �J�.� �E�n�v�i�r�o�n�.� �Q�u�a�l�.� �1�2�:�2�3�6�-�2�4�2�.� 

�9�9�.� �W�o�l�v�e�r�t�o�n�,� �B�.� �C�.�,� �C�.� �C�.� �M�y�r�i�c�k�,� �a�n�d� �K�.� �M�.� �J�o�h�n�s�o�n�.� �1�9�8�3�b�.� �U�p�g�r�a�d�i�n�g� �s�e�p�t�i�c� �t�a�n�k�s� 
�u�s�i�n�g� �m�i�c�r�o�b�i�a�l� �f�i�l�t�e�r�s�.� �J�.� �M�i�s�s�.� �A�c�a�d�.� �S�c�i�.� �2�9�:�1�9�-�2�5�.� �I�n� �C�R�C� �P�r�e�s�s�.� �P�.� �2�6�3�-�2�7�2�.� �R�a�t�o�n�.� 
�F�L�.� 

�1�0�0�.� �W�o�l�v�e�r�t�o�n�,� �B�.� �C�.� �1�9�8�7�a�.� �A�q�u�a�t�i�c� �p�l�a�n�t�s� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� �a�n� �o�v�e�r�v�i�e�w�.� �p�.� �3�-� 
�1�5�.� �i�n�K�.� �R�.� �R�e�d�d�y� �e�t� �a�l� �(�e�d�s�.�)� �A�q�u�a�t�i�c� �p�l�a�n�t�s� �f�o�r� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �a�n�d� �r�e�s�o�u�r�c�e� �r�e�c�o�v�e�r�y�.� 
�M�a�g�n�o�l�i�a� �P�u�b�l�.�,� �O�r�l�a�n�d�o�,� �F�L�.� 

�1�0�1�.� �W�o�l�v�e�r�t�o�n�,� �B�.� �C�.� �1�9�8�7�b�.� �A�r�t�i�f�i�c�i�a�l� �m�a�r�s�h�e�s� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�.� �p�.� �1�4�1�-�1�5�2�.� �J�n� 
�K�.� �R�.� �R�e�d�d�y� �e�t� �a�l�.� �(�e�d�s�.�)� �A�q�u�a�t�i�c� �p�l�a�n�t�s� �f�o�r� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �a�n�d� �r�e�s�o�u�r�c�e� �r�e�c�o�v�e�r�y�.� 
�M�a�g�n�o�l�i�a� �P�u�b�l�.�,� �O�r�l�a�n�d�o�,� �F�L�.� 

�1�0�2�.� �W�o�l�v�e�r�t�o�n�,� �B�.� �C�.� �1�9�8�7�c�.� �A�q�u�a�t�i�c� �p�l�a�n�t� �/�m�i�c�r�o�b�i�a�l� �f�i�l�t�e�r�s� �f�o�r� �t�r�e�a�t�i�n�g� �s�e�p�t�i�c� �t�a�n�k� 
�e�f�f�l�u�e�n�t�.� �p�.� �1�7�2�-�1�7�8�.� �J�n� �D�.� �A�.� �H�a�m�m�e�r� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �f�o�r� �w�a�s�t�e�w�a�t�e�r� 
�t�r�e�a�t�m�e�n�t�:� �m�u�n�i�c�i�p�a�l�,� �i�n�d�u�s�t�r�i�a�l�,� �a�n�d� �a�g�r�i�c�u�l�t�u�r�a�l�.� �L�e�w�i�s� �P�u�b�l�.�,� �M�I�.� 

�1�0�3�.� �W�o�l�v�e�r�t�o�n�,� �B�.� �C�.�,� �a�n�d� �R�.� �C�.� �M�c�D�o�n�a�l�d�.� �1�9�8�7�.� �B�i�o�a�c�c�u�m�u�l�a�t�i�o�n� �a�n�d� �d�e�t�e�c�t�i�o�n� �o�f� �t�r�a�c�e� 
�l�e�v�e�l�s� �o�f� �c�a�d�m�i�u�m� �i�n� �a�q�u�a�t�i�c� �s�y�s�t�e�m�s� �b�y� �E�i�c�h�h�o�r�n�i�a� �c�r�a�s�s�i�p�e�s�.� �p�.� �2�7�:�1�6�1�-�1�5�4�.� �J�n� �N�a�t�i�o�n�a�l� 
�I�n�s�t�i�t�u�t�e� �o�f� �E�n�v�i�r�o�n�m�e�n�t�a�l� �H�e�a�l�t�h� �S�c�i�e�n�c�e�s� �(�e�d�.�)� �E�.� �H�.� �P�.� �E�n�v�i�r�o�n�.� �H�e�a�l�t�h�.� �P�e�r�s�p�e�c�t�,� �N�C�.� 

�1�0�4�.� �W�o�l�v�e�r�t�o�n�,� �B�.� �C�.�,� �a�n�d� �R�.� �C�.� �M�c�C�a�l�e�b�.� �1�9�8�7�.� �P�e�n�n�y�w�o�r�t� �a�n�d� �d�u�c�k�w�e�e�d� �m�a�r�s�h� �s�y�s�t�e�m� 
�f�o�r� �u�p�g�r�a�d�i�n�g� �w�a�s�t�e�w�a�t�e�r� �e�f�f�l�u�e�n�t� �f�r�o�m� �a� �m�e�c�h�a�n�i�c�a�l� �p�a�c�k�a�g�e� �p�l�a�n�t�.� �p�.� �2�8�9�-�2�9�4�.� �I�n�K�.� 
�R�.� �R�e�d�d�y� �e�t� �a�l� �(�e�d�s�.�)� �A�q�u�a�t�i�c� �p�l�a�n�t�s� �f�o�r� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �a�n�d� �r�e�s�o�u�r�c�e� �r�e�c�o�v�e�r�y�.� �M�a�g�n�o�l�i�a� 
�P�u�b�l�.�,� �O�r�l�a�n�d�o�,� �F�L�.� 

�1�0�5�.� �W�o�l�v�e�r�t�o�n�,� �B�.� �C�.�,� �a�n�d� �B�.� �K�.� �B�o�u�n�d�s�.� �1�9�8�8�.� �A�q�u�a�t�i�c� �p�l�a�n�t�s� �f�o�r� �p�H� �a�d�j�u�s�t�m�e�n�t� �a�n�d� 
�r�e�m�o�v�a�l� �o�f� �t�o�x�i�c� �c�h�e�m�i�c�a�l�s� �a�n�d� �d�i�s�s�o�l�v�e�d� �m�i�n�e�r�a�l�s� �f�r�o�m� �w�a�t�e�r� �s�u�p�p�l�i�e�s�.� �J�.� �M�i�s�s�.� �A�c�a�d�.� �S�c�i�.� 
�3�3�:�7�1�-�8�0�.� 

�1�0�6�.� �W�o�o�d�,� �A�.�,� �a�n�d� �J�.� �S�c�h�e�e�p�e�r�s�.� �1�9�8�9�.� �H�i�l�l�s� �c�o�m�b�i�n�e�d� �a�r�t�i�f�i�c�i�a�l� �w�e�t�l�a�n�d� �a�n�d� �h�i�g�h� �r�a�t�e� 
�a�l�g�a�l� �p�o�n�d� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �a�n�d� �p�r�o�t�e�i�n� �p�r�o�d�u�c�t�i�o�n�.� �S�c�i�.� �T�e�c�h�.� �2�1�:�6�5�9�-�6�6�8�.� 

�1�0�7�.� �Y�e�o�m�a�n�,� �S�.�,� �T�.� �S�t�e�p�h�e�n�s�o�n�,� �J�.� �N�.� �L�e�s�t�e�r�,� �a�n�d� �R�.� �P�e�r�r�y�.� �1�9�8�8�.� �T�h�e� �r�e�m�o�v�a�l� �o�f� 
�p�h�o�s�p�h�o�r�u�s� �d�u�r�i�n�g� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� �a� �r�e�v�i�e�w�.� �E�n�v�i�r�o�n�.� �P�o�l�l�u�t�e�.� �S�e�r�.� �A�.� �E�c�o�l�.� �B�i�o�l�.� 
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�E�s�s�e�x�:� �E�l�s�e�v�i�e�r� �A�p�p�l�.� �S�c�i�.� �4�9�:�1�8�3�-�2�3�3�.� 
�1�0�8�.� �Z�a�c�h�r�i�t�z�,� �W�.�,� �H�.� �I�.�,� �a�n�d� �R�.� �B�.� �J�a�c�q�u�e�z�.� �1�9�9�3�.� �T�r�e�a�t�i�n�g� �i�n�t�e�n�s�i�v�e� �a�q�u�a�c�u�l�t�u�r�e� �r�e�c�y�c�l�e�d� 

�w�a�t�e�r� �w�i�t�h� �a�n� �a�r�t�i�f�i�c�i�a�l� �w�e�t�l�a�n�d�s� �f�i�l�t�e�r� �s�y�s�t�e�m�.� �J�n� �G�.� �A�.� �M�o�s�h�i�r�i� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� 
�w�e�t�l�a�n�d�s� �f�o�r� �w�a�t�e�r� �q�u�a�l�i�t�y� �i�m�p�r�o�v�e�m�e�n�t�.� �C�R�C� �P�r�e�s�s� �I�n�c�.� �B�o�c�a� �R�a�t�o�n�,� �F�L� 

�1�0�9�.� �Z�a�k�,� �D�.� �R�.�,� �a�n�d� �D�.� �F�.� �G�r�i�g�a�l�.� �1�9�9�1�.� �N�i�t�r�o�g�e�n� �m�i�n�e�r�a�l�i�z�a�t�i�o�n�,� �n�i�t�r�i�f�i�c�a�t�i�o�n� �a�n�d� 
�d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �i�n� �u�p�l�a�n�d� �a�n�d� �w�e�t�l�a�n�d� �e�c�o�s�y�s�t�e�m�s�.� �S�p�r�i�n�g�e�r� �I�n�t�e�r�n�a�t�i�o�n�a�l�.� �8�8�:�1�8�9�-�1�9�6�.� 
�W�.� �G�e�r�.� 
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�C�h�a�p�t�e�r� �I�I�I�:� 

�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�I�.� �F�i�e�l�d� �E�x�p�e�r�i�m�e�n�t� �D�e�s�i�g�n� 

�1�.� �T�h�e� �W�h�i�t�e�t�h�o�r�n�e� �P�l�a�n�t�a�t�i�o�n� �(�W�P�)� �S�i�t�e� 

�S�m�a�l�l� �S�V�B�s� �w�e�r�e� �c�o�n�s�t�r�u�c�t�e�d�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�1�,� �a�t� �t�h�e� �W�P� �s�i�t�e�.� �T�h�e� �s�o�u�r�c�e� �o�f� 

�d�o�m�e�s�t�i�c� �w�a�s�t�e�w�a�t�e�r� �i�s� �a� �s�i�n�g�l�e� �f�a�m�i�l�y� �r�e�s�i�d�e�n�c�e�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n� �c�o�n�s�i�s�t�s� �o�f� �8� 

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

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

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

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

�E�x�p�e�r�i�m�e�n�t�a�l� �D�e�s�i�g�n� �(�F�i�g�.� �3�.�1�)�,� �t�o� �e�a�c�h� �o�f� �t�h�e� �1�6� �S�V�B�s� �i�n�s�t�a�l�l�e�d� �d�o�w�n� �s�l�o�p�e� �o�f� �t�h�e� �r�e�s�i�d�e�n�c�e�.� 

�E�a�c�h� �S�V�B� �c�o�n�s�i�s�t�s� �o�f� �t�w�o� �p�l�a�s�t�i�c� �c�o�n�t�a�i�n�e�r�s� �e�a�c�h� �m�e�a�s�u�r�i�n�g� �4�1�.�5� �c�m� �d�e�p�t�h� �x� �3�6� �c�m� �w�i�d�t�h� 

�x� �5�2� �c�m� �l�e�n�g�t�h�.� �C�o�n�t�a�i�n�e�r�s� �a�r�e� �c�o�n�n�e�c�t�e�d� �a�t� �t�h�e� �b�o�t�t�o�m� �b�y� �a� �3�.�1�8� �c�m� �d�i�a�m�e�t�e�r� �P�V�C� �p�i�p�e�,� 

�a�n�d� �p�l�a�c�e�d� �i�n� �s�e�r�i�e�s�.� �T�h�e� �c�o�m�b�i�n�e�d� �s�u�r�f�a�c�e� �a�r�e�a� �f�o�r� �e�a�c�h� �c�e�l�l� �i�s� �0�.�3�7�4� �m�?�*� �(�4� �f�t ��)� �w�i�t�h� �a� �t�o�t�a�l� 

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

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

�T�h�i�s� �3�0� �c�m� �g�r�a�v�e�l� �l�a�y�e�r� �i�s� �c�o�v�e�r�e�d� �w�i�t�h� �1�0� �c�m� �o�f� �p�e�a� �g�r�a�v�e�l� �(�0�.�5� �c�m� �d�i�a�m�e�t�e�r�)� �t�o� �s�u�p�p�o�r�t� 

�p�l�a�n�t� �g�r�o�w�t�h�.� �T�o� �c�o�n�t�r�o�l� �t�h�e� �w�a�t�e�r� �l�e�v�e�l�,� �e�a�c�h� �S�V�B� �h�a�s� �a�n� �a�t�t�a�c�h�e�d� �w�a�t�e�r� �l�e�v�e�l� �c�o�n�t�r�o�l� 

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

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

�m�e�a�s�u�r�e� �d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �(�D�O�)�.� �R�e�d�o�x� �e�l�e�c�t�r�o�d�e�s� �a�r�e� �i�n�s�t�a�l�l�e�d� �a�t� �2�.�5� �c�m� �a�n�d� �2�5� �c�m� �f�r�o�m� 
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�t�h�e� �b�o�t�t�o�m� �o�f� �e�a�c�h� �S�V�B� �(�F�i�g�.� �3�.�2�)� �s�o� �c�h�a�n�g�e�s� �i�n� �r�e�d�o�x� �p�o�t�e�n�t�i�a�l�s� �(�E�h�)� �w�i�t�h� �d�e�p�t�h� �c�a�n� �b�e� 

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

�a�c�e�t�y�l�e�n�e� �(�C�,�H�,�)� �t�o� �f�a�c�i�l�i�t�a�t�e� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �m�e�a�s�u�r�e�m�e�n�t�s� �(�F�i�g�u�r�e� �3�.�2�)�.� �S�T�E� �i�s� �d�o�s�e�d�,� 

�a�u�t�o�m�a�t�i�c�a�l�l�y�,� �t�o� �t�h�e� �S�V�B�s� �s�i�x� �t�i�m�e�s� �d�a�i�l�y�.� �T�h�e�s�e� �S�V�B�s� �w�e�r�e� �i�n�s�t�a�l�l�e�d� �i�n� �J�u�n�e�,� �1�9�9�2� �a�n�d� 

�w�e�r�e� �f�u�l�l�y� �f�u�n�c�t�i�o�n�a�l� �b�y� �S�e�p�t�e�m�b�e�r�,� �1�9�9�2�.� �S�i�n�c�e� �S�e�p�t�e�m�b�e�r�,� �1�9�9�2�,� �s�a�m�p�l�e�s� �o�f� �i�n�f�l�u�e�n�t� �(�S�T�E�)� 

�a�n�d� �S�V�B�E� �h�a�v�e� �b�e�e�n� �c�o�l�l�e�c�t�e�d� �a�n�d� �a�n�a�l�y�z�e�d� �m�o�n�t�h�l�y�.� �P�l�a�n�t� �t�i�s�s�u�e� �s�a�m�p�l�e�s� �w�e�r�e� �h�a�r�v�e�s�t�e�d� 

�o�n�c�e� �o�n� �J�u�n�e� �7�,� �1�9�9�3�.� 
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�$�$� �g� �A�c�b�l�o�c�k�t� �L�w� �|� �L�w� �|� �D�3� 
�B� �b�l�o�c�k�?�  � ��C�e�]� �f�e� 
�C�-�b�l�o�c�k�3� �p� 
�D�-�b�l�o�c�k�4� �|� �L�c� �|� �C�3� 

�L�e�]� �l�e�]� �B�o� 
 �� �l�c� �|� �C�4� 
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�w�o�o�l�g�r�a�s�s� 
�o�r� �c�a�t�t�a�i�l� 

� � � � � 
�r�e�d�o�x� �p�o�t�e�n�t�i�a�l� 
�e�l�e�c�t�r�o�d�e� �a�n�d� �w�i�r�e�s� �m�e�a�s�u�r�i�n�g� �t�u�b�e� �s�a�m�p�l�i�n�g� �t�u�b�e� �a�n�d� 
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�1�0� �c�m� �p�e�a� �g�r�a�v�e�]� �:� �O� 

�O� 

�i�n�f�l�u�e�n�t� �[ �� �L�i�g� �_�|� �5� 

�3�0� �c�m� �#�5�7� �c�w�)� �Y�F� �!� 

�U�A�L� �w�a� �Y�j� �e�f�f�l�u�e�n�t� � � � � 
� � 

�F�i�g�u�r�e� �3�.�2�.� �S�u�b�s�u�r�f�a�c�e� �v�e�g�e�t�a�t�e�d� �b�e�d� �a�t� �t�h�e� �W�P� �s�i�t�e� �(�n�o�t� �t�o� �s�c�a�l�e�)� 

�2�.� �T�h�e� �P�o�w�e�l�l� �R�i�v�e�r� �P�r�o�j�e�c�t� �(�P�R�P�)� �S�i�t�e� 

�T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n� �c�o�n�s�i�s�t�s� �o�f� �t�h�r�e�e� �d�e�t�e�n�t�i�o�n� �t�i�m�e�s� �(�4�,� �8�,� �1�2� �d�a�y�s�)� �a�n�d� �t�w�o� 

�p�l�a�n�t� �s�p�e�c�i�e�s� �(�c�a�t�t�a�i�l� �a�n�d� �w�o�o�l�g�r�a�s�s�)�,� �a�n�d� �i�s� �r�e�p�l�i�c�a�t�e�d� �t�w�o� �t�i�m�e�s�.� �T�h�e� �S�V�B� �c�o�n�s�i�s�t�s� �o�f� �a� �S�T�E� 

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

�E�a�c�h� �S�V�B� �h�a�s� �a� �s�u�r�f�a�c�e� �a�r�e�a� �o�f� �4�.�3�2� �m�*� �(�4�6�.�5� �f�t ��)� �a�n�d� �i�s� �0�.�4�5� �m� �(�0�.�3� �m� �f�o�r� �w�a�t�e�r� �f�l�o�w�)� �d�e�e�p�,� 

�1�.�1� �m� �(�3�.�6� �f�t�)� �w�i�d�e�,� �a�n�d� �3�.�9�3� �m� �(�1�2�.�9� �f�t�)� �l�o�n�g�.� �T�h�e�s�e� �S�V�B�s� �w�e�r�e� �m�u�c�h� �l�a�r�g�e� �t�h�a�n� �t�h�e� �S�V�B�s� 

�l�o�c�a�t�e�d� �a�t� �t�h�e� �W�P� �s�i�t�e�.� �A� �p�u�m�p� �c�h�a�m�b�e�r� �w�a�s� �p�l�a�c�e�d� �b�e�t�w�e�e�n� �t�h�e� �s�e�p�t�i�c� �t�a�n�k� �a�n�d� 
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�D�o�s�i�n�g� �r�e�s�e�r�v�o�i�r�,� �A� �4� �d�a�y�s� �d�e�t�e�n�t�i�o�n� �t�i�m�e� 
�w�i�t�h� �3�1�.�4� �l�i�t�e�r�s� �/�d� �B�_� �8� �d�a�y�s� �d�e�t�e�n�t�i�o�n� �t�i�m�e� 

�c�l� �2� �d�a�y�s� �d�e�t�e�n�t�i�o�n� �t�i�m�e� 
�L�_�|� �W�a�t�e�r� �l�e�v�e�l� �c�o�n�t�r�o�l� �b�o�x� �a�y�s� �d�e�t�e�n�t�i�o� 

�w�o�o�l�g�r�a�s�s� �C�a�t�t�a�i�l� 

�B� �C�c� �A� �B� �C� 

�C�a�t�t�a�i�l� �w�o�o�l�g�r�a�s�s� 

�B� �C�c� �A� �B� �C�c� 

� � 

� � � � 

� � � � � � 

� � � � � � � � � � � � � � 
� � 

� � � � 
� � � � 

� � � � � � 

� � 

� � 

� � � � � � � � � � 

� � 

� � � � � � � � � � � � � � � � 
� � � � 

�F�i�g�u�r�e� �3�.�3�.� �F�i�e�l�d� �e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n� �a�t� �t�h�e� �P�R�P� �(�P�o�w�e�l�l� �R�i�v�e�r� �p�r�o�j�e�c�t� �)� �s�i�t�e� 
�(�W�i�s�e� �C�o�u�n�t�y�,� �V�A� �n�o�t� �t�o� �s�c�a�l�e�)� 

�1�5� �c�m� �p�e�a� �g�r�a�v�e�l� 

�3�0� �c�m� �#�5�7� �p�r�a�v�e�l� 

�8�-�1�2� �c�m� �r�o�c�k� 
�C�a�t�t�a�i�l� �o�r� �w�o�o�l�g�r�a�s�s� 

� � � � � 

� � � � 

�I�m�p�e�r�m�e�a�b�l�e� �l�i�n�e�r� 

�S�a�m�p�l�i�n�g� �&� �W�a�t�e�r� �l�e�v�e�l� 
�m�e�a�s�u�r�e�i�n�g� �p�i�p�e� �c�o�n�t�r�o�l�]� �b�o�x� 

�[�|� �8� �d�a�y� �d�i�v�i�d�e�r� �|� 

�4� �d�a�y� �d�i�v�i�d�e�r� 
�D�o�s�i�n�g� �r�e�s�e�r�v�o�i�r� �=� 
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�F�i�g�u�r�e� �3�.�4� �S�i�d�e� �v�i�e�w� �o�f� �t�h�e� �S�V�B� �a�t� �t�h�e� �P�R�P� �s�i�t�e� �(�n�o�t� �t�o� �s�c�a�l�e�)� 
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�t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �b�o�x� �a�t� �a� �p�r�i�v�a�t�e� �r�e�s�i�d�e�n�c�e� �t�o� �c�o�l�l�e�c�t� �e�f�f�l�u�e�n�t� �t�o� �d�o�s�e� �t�h�e� �S�V�B�s�.� �A� �3�0� �c�m� �l�a�y�e�r� 

�o�f� �#�5�7� �g�r�a�v�e�l� �(�2� �-� �1�0� �c�m� �d�i�a�m�e�t�e�r�)� �w�a�s� �p�l�a�c�e�d� �i�n� �t�h�e� �b�o�t�t�o�m� �o�f� �e�a�c�h� �S�V�B� �a�n�d� �t�h�e�n� �a� �1�5� �c�m� 

�l�a�y�e�r� �o�f� �p�e�a� �g�r�a�v�e�l� �(�0�.�5� �c�m� �d�i�a�m�e�t�e�r�)� �w�a�s� �p�l�a�c�e�d� �o�n� �t�o�p� �o�f� �t�h�e� �#�5�7� �g�r�a�v�e�l�.� �I�n� �o�r�d�e�r� �t�o� �r�e�d�u�c�e� 

�t�h�e� �p�o�t�e�n�t�i�a�l� �f�o�r� �c�l�o�g�g�i�n�g�,� �l�a�r�g�e�r� �s�t�o�n�e� �(�7�.�5� �t�o� �1�2�.�5� �c�m� �d�i�a�m�e�t�e�r�)�,� �w�a�s� �p�l�a�c�e�d� �i�n� �t�h�e� �i�n�l�e�t� �(�f�i�r�s�t� 

�1�.�5� �m� �)� �s�e�c�t�i�o�n� �o�f� �t�h�e� �S�V�B�s� �C�a�t�t�a�i�l�s� �a�n�d� �w�o�o�l�g�r�a�s�s� �w�e�r�e� �p�l�a�n�t�e�d� �i�n� �t�h�e� �S�V�B�s� �a�s� �s�h�o�w�n� �i�n� 

�t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n� �(�F�i�g�.� �3�.�3� �a�n�d� �F�i�g�.� �3�.�4�)�.� �S�a�m�p�l�e� �w�e�l�l�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �e�a�c�h� �S�V�B� �i�n� 

�o�r�d�e�r� �t�o� �c�o�l�l�e�c�t� �s�a�m�p�l�e�s� �a�n�d� �m�e�a�s�u�r�e� �D�O� �a�t� �v�a�r�y�i�n�g� �d�e�t�e�n�t�i�o�n� �t�i�m�e�s�.� �A� �w�a�t�e�r� �i�m�p�e�r�m�e�a�b�l�e� 

�l�i�n�e�r� �w�a�s� �p�l�a�c�e�d� �i�n� �a�l�l� �S�V�B�s� �t�o� �e�l�i�m�i�n�a�t�e� �s�e�e�p�a�g�e� �i�n�t�o� �t�h�e� �s�o�i�l�.� �R�e�d�o�x� �p�o�t�e�n�t�i�a�l�s� �w�e�r�e� 

�m�e�a�s�u�r�e�d� �a�t� �t�h�r�e�e� �d�e�p�t�h�s� �a�t� �e�a�c�h� �d�e�t�e�n�t�i�o�n� �t�i�m�e�,� �u�s�i�n�g� �r�e�d�o�x� �e�l�e�c�t�r�o�d�e�s� �p�l�a�c�e�d� �a�t� �2�.�5�,� �1�5�,� �a�n�d� 

�2�5� �c�m� �f�r�o�m� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �S�V�B� �(�F�i�g�.� �3�.�4�)�.� �S�a�m�p�l�e�s� �w�e�r�e� �f�i�r�s�t� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �S�V�B�s� 

�d�u�r�i�n�g� �t�h�e� �w�i�n�t�e�r� �m�o�n�t�h�s� �(�F�e�b�r�u�a�r�y� �t�o� �A�p�r�i�l�,� �1�9�9�2�)� �p�r�i�o�r� �t�o� �p�l�a�n�t�i�n�g� �v�e�g�e�t�a�t�i�o�n�.� �S�i�n�c�e� 

�J�a�n�u�a�r�y� �1�9�9�2�,� �t�h�e� �q�u�a�l�i�t�y� �o�f� �S�T�E� �(�r�a�w�)� �a�n�d� �S�V�B�E� �h�a�s� �b�e�e�n� �m�o�n�i�t�o�r�e�d� �m�o�n�t�h�l�y�.� �W�a�t�e�r� 

�s�a�m�p�l�e�s� �h�a�v�e� �b�e�e�n� �c�o�l�l�e�c�t�e�d� �s�e�p�a�r�a�t�e�l�y� �f�r�o�m� �t�w�o� �d�e�p�t�h�s� �i�n� �t�h�e� �S�V�B�s� �(�d�e�e�p� �s�a�m�p�l�e�s�-�1�0� �c�m� 

�a�b�o�v�e� �t�h�e� �b�o�t�t�o�m� �a�n�d� �s�h�a�l�l�o�w� �s�a�m�p�l�e�s�-�1�0� �c�m� �b�e�l�o�w� �t�h�e� �w�a�t�e�r� �c�o�l�u�m�n� �s�u�r�f�a�c�e�)� �s�i�n�c�e� �J�u�n�e� 

�1�9�9�3�.� 

�3�.� �T�h�e� �R�a�t�i�o�n�a�l� �O�f� �E�x�p�e�r�i�m�e�n�t�a�l� �D�e�s�i�g�n� 

�G�e�n�e�r�a�l� �d�e�s�i�g�n� �c�r�i�t�e�r�i�a� �f�o�r� �a� �S�V�B� �i�s� �b�a�s�e�d� �o�n� �f�o�l�l�o�w�i�n�g� �E�q�u�a�t�i�o�n�s� �(�U�S�E�P�A�,� �1�9�8�8� �a�n�d� 

�T�V�A�,� �1�9�9�1�)�:� 

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

�t�=�L�W�D�/�Q� �E�q�.� �3�.�1� 

�w�h�e�r�e�,� 

�L� �=� �l�e�n�g�t�h� 

�W� �=� �w�i�d�t�h� 

�D� �=� �d�e�p�t�h� 

�Q� �=� �a�v�e�r�a�g�e� �f�l�o�w� �r�a�t�e� �=� �(�f�l�o�w�,�,�+�f�l�o�w�,�,�,�)�/�2� 
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�T�h�i�s� �e�q�u�a�t�i�o�n� �r�e�p�r�e�s�e�n�t�s� �h�y�d�r�a�u�l�i�c� �r�e�s�i�d�e�n�c�e� �t�i�m�e� �f�o�r� �a�n� �u�n�r�e�s�t�r�i�c�t�e�d� �f�l�o�w� �s�y�s�t�e�m�.� �I�n� �a� �S�V�B� 

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

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

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

�n�=�V�,�/�V� �.� �E�q�.� �3�.�2� 
�w�h�e�r�e� �V�,� �a�n�d� �V� �a�r�e� �v�o�l�u�m�e� �o�f� �v�o�i�d�s� �a�n�d� �t�o�t�a�l� �v�o�l�u�m�e�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�D�e�g�r�a�d�a�t�i�o�n� �o�f� �B�O�D�,� �f�o�l�l�o�w�s� �t�h�e� �1�s�t� �o�r�d�e�r� �r�e�a�c�t�i�o�n�,� �t�h�a�t� �i�s� 

�I�n� �C�e�/�C�,� �=�-�K�,� �t� �E�q�.� �3�.�3� 

�w�h�e�r�e� �C�e�=� �e�f�f�l�u�e�n�t� �B�O�D�,� �m�g� �L �� 

�C�,�=� �i�n�f�l�u�e�n�t� �B�O�D�,� �m�g� �L �� 

�K�,�=� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�t� �f�i�r�s�t� �o�r�d�e�r� �r�e�a�c�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t�,� �d�a�y ��.� 

�C�o�m�b�i�n�i�n�g� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p�s� �i�n� �E�q�u�a�t�i�o�n� �(�3�.�1�)�,� �(�3�.�2�)� �a�n�d� �(�3�.�3�)� �r�e�s�u�l�t�s� �i�n� �E�q�u�a�t�i�o�n� �3�.�4�:� 

�C�e�/�C�,� �=� �A� �e�x�p�[�(�-�0�.�7� �K�,�(�A�,�)�"� �L� �W�D� �n�)� �/�Q�]� �E�q�.� �3�.�4� 

�w�h�e�r�e�,� 

�A� �=� �f�r�a�c�t�i�o�n� �o�f� �B�O�D�,� �n�o�t� �r�e�m�o�v�e�d� �a�s� �s�e�t�t�l�e�a�b�l�e� 

�s�o�l�i�d�s� �(�a�s� �d�e�c�i�m�a�l� �f�r�a�c�t�i�o�n�)� �|� 

�A�y� �=� �s�p�e�c�i�f�i�c� �s�u�r�f�a�c�e� �a�r�e�a� �f�o�r� �m�i�c�r�o�b�i�a�l� �a�c�t�i�v�i�t�y�,� �m�?� �/� �m�?� 

�L� �=� �l�e�n�g�t�h�,� �m� 

�W� �=�w�i�d�t�h�,� �m� 

�D� �=� �d�e�s�i�g�n� �d�e�p�t�h�,� �m� 

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

�S�V�B� �d�e�s�i�g�n� �a�r�e� �b�a�s�e�d� �o�n� �B�O�D�,� �r�e�m�o�v�a�l�.� 
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�3�.�1�.� �T�h�e� �S�V�B� �d�e�s�i�g�n� �f�o�r� �t�h�e� �W�P� �S�i�t�e� 

�H�y�d�r�a�u�l�i�c� �r�e�s�i�d�e�n�c�e� �t�i�m�e� �w�a�s� �b�a�s�e�d� �o�n� �p�l�u�g� �f�l�o�w�.� �R�e�e�d� �e�t� �a�l�.� �(�1�9�9�5�)� �h�a�s� �s�h�o�w�n� 

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

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

�3�.�1�1� �D�e�s�i�g�n� �b�a�s�e�d� �o�n� �s�u�r�f�a�c�e� �l�o�a�d�i�n�g� �r�a�t�e� 

�T�V�A� �(�1�9�9�1�)� �i�n�f�o�r�m�a�t�i�o�n� �t�h�a�t� �s�t�a�t�e�s� �t�h�a�t� �t�h�e� �o�p�t�i�m�a�l� �l�o�a�d�i�n�g� �f�o�r� �S�V�B� �i�s� �1�.�3� 

�f�t�?�/�g�p�d�.� 

�H�y�d�r�a�u�l�i�c� �l�o�a�d�,� �Q� �=� �4�.�0� �g�p�d� �=�4� �(�g�a�l� �d!"�'�)� �X� �3�.�7�8�5� �(�L� �g�a�l�)� �X� �1�/�1�0�0�0� �(�m �� �L�"�)� 

�=�0�.�0�1�5�1�4� �(�m �� �d�"�)� �(�0�.�5�3�5� �f�t�?� �d ��)� 
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�i�s� �2�0� �m�g� �L�*�.� 

�A�s� �=� �Q� �(�I�n� �C�o� �-� �I�n� �C�e�)� �K�,� �X�d� �X�n� 

�=� �0�.�1�1�3� �(�I�n� �1�7�0� �-� �I�n� �2�0�)�/� �0�.�2�1� �X� �0�.�3� �X� �0�.�3�5� 

�=� �1�0�.�9�7� �m �� 
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�8�)�.� �t�,� �d�e�t�e�n�t�i�o�n� �t�i�m�e� 

�L� �=� �A�s�/�W� �=� �9�.�3� �m ��?�/� �0�.�3� �m�=� �3�6�.�6� �m� 

�W�=�L�X�W�x�X�D�X�n� 

�=� �3�6�.�6� �X� �0�.�3� �X�0�3� �X�0�.�3�5�=�1�.�1�5� �m� 

�s�o� �t�=� �V�v�/�Q� �=� �1�.�1�5� �m�?�/�0�.�1�1�3� �m ��d�"�=�1�0�.�2� �d�a�y�s� 

�T�h�e� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �b�a�s�e�d� �o�n� �h�y�d�r�a�u�l�i�c� �g�r�a�d�i�e�n�t� �w�a�s� �4� �d�a�y�s� �a�n�d� �b�a�s�e�d� �o�n� �w�i�n�t�e�r� 

�t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �B�O�D�,� �r�e�d�u�c�t�i�o�n� �t�o� �2�0� �m�g�/�L� �w�a�s� �1�0�.�2� �d�a�y�s�.� �T�h�u�s� �b�e�d�s� �w�e�r�e� �s�p�l�i�t� �i�n�t�o� �t�h�r�e�e� 

�e�v�e�n� �i�n�c�r�e�m�e�n�t�s� �4�,� �8� �a�n�d� �1�2� �d�a�y�s� �r�e�t�e�n�t�i�o�n� �t�i�m�e�.� �A�l�s�o� �g�i�v�e�s� �s�o�m�e� �l�a�t�i�t�u�d�e� �i�n� �c�a�s�e� �t�h�e� �w�a�t�e�r� 

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

�I�f�.� �D�a�t�a� �A�n�a�l�y�s�i�s� 

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

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

�T�r�e�a�t�m�e�n�t� �e�f�f�i�c�i�e�n�c�i�e�s� �w�e�r�e� �t�e�s�t�e�d� �b�y� �A�N�O�V�A� �u�s�i�n�g� �t�h�e� �S�t�a�t�i�s�t�i�c�a�l� �A�n�a�l�y�s�i�s� �S�y�s�t�e�m� �(�R�a�y�,� 

�1�9�8�2�;� �S�c�h�l�o�t�z�h�a�u�e�r� �a�n�d� �L�i�t�t�e�l�l�,� �1�9�8�7�)�.� �D�u�n�c�a�n�'�s� �m�u�l�t�i�p�l�e� �r�a�n�g�e� �t�e�s�t� �(�P�<�0�.�0�5�)� �w�a�s� �u�s�e�d� �f�o�r� 

�t�e�s�t�i�n�g� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �m�e�a�n�s� �(�S�c�h�l�o�t�z�h�a�u�e�r� �a�n�d� �L�i�t�t�e�l�l�,� �1�9�8�7�)�.� �T�h�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� 

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

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

�l�i�n�e� �r�e�g�r�e�s�s�i�o�n� �w�a�s� �p�e�r�f�o�r�m�e�d� �b�y� �S�A�S�.� 

�I�l�l�.� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �D�o�m�e�s�t�i�c� �W�a�s�t�e�w�a�t�e�r� 

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

�C�o�n�c�e�n�t�r�a�t�i�o�n�s� �f�o�r� �c�h�e�m�i�c�a�l� �a�n�d� �b�i�o�l�o�g�i�c�a�l� �c�o�n�s�t�i�t�u�e�n�t�s� �i�n� �t�h�e� �S�T�E� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �3�.�1�.� 

�A�c�c�o�r�d�i�n�g� �t�o� �C�a�n�t�e�r� �a�n�d� �K�n�o�x� �(�1�9�8�5�)�,� �b�a�s�e�d� �o�n� �T�K�N�,� �f�e�c�a�l� �c�o�l�i�f�o�r�m�s� �a�n�d� �B�O�D�,� �c�o�n�t�e�n�t�,� 

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

�o�n� �T�D�S� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� �w�a�s�t�e�w�a�t�e�r� �a�t� �b�o�t�h� �s�i�t�e�s� �w�o�u�l�d� �b�e� �c�l�a�s�s�i�f�i�e�d� �a�s� �s�t�r�o�n�g� �w�a�s�t�e�w�a�t�e�r� 
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�(�P�e�t�t�y�g�r�o�v�e� �a�n�d� �A�s�a�n�o�,� �1�9�8�5�)�.� �T�h�e� �S�T�E� �a�t� �t�h�e� �P�R�P� �s�i�t�e� �w�a�s� �s�t�r�o�n�g�e�r� �t�h�a�n� �S�T�E� �a�t� �t�h�e� �W�P� 

�s�i�t�e�.� �T�h�e�r�e� �w�e�r�e� �n�o� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �S�T�E� �a�t� �t�h�e� �t�w�o� �s�i�t�e�s� �f�o�r� �p�H�,� �N�O�,�-�N�,� �B�O�D�,� �a�n�d� 

�f�e�c�a�l� �c�o�l�i�f�o�r�m�s� �i�n� �t�h�e� �S�T�E�s� �(�P�<�0�.�0�1�)�;� �h�o�w�e�v�e�r�,� �T�K�N�,� �N�H�, ��-�N�,� �T�D�S�,� �P�O�,�*�-�P�,� �C�l�,� �a�n�d� �E�C� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �S�T�E� �a�t� �t�h�e� �P�R�P� �s�i�t�e� �w�e�r�e� �h�i�g�h�e�r� �t�h�a�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �p�r�e�s�e�n�t� �i�n� �S�T�E� �a�t� �t�h�e� 

�W�P� �s�i�t�e� �(�P�<�0�.�0�1�)�.� �T�h�e�r�e� �w�a�s� �n�o� �d�i�f�f�e�r�e�n�c�e� �i�n� �N�O�,�-�N� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �s�i�t�e�s�,� �h�o�w�e�v�e�r�,� �a� 

�l�a�r�g�e�r� �p�e�r�c�e�n�t�a�g�e� �o�f� �T�N� �w�a�s� �p�r�e�s�e�n�t� �a�s� �N�H�,�-�N� �a�t� �t�h�e� �P�R�P� �s�i�t�e� �(�8�4�%�)� �t�h�a�n� �a�t� �t�h�e� �W�P� �s�i�t�e� 

�(�7�5�%�)�.� �S�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �w�e�r�e� �h�i�g�h�e�r� �a�t� �t�h�e� �P�R�P� �s�i�t�e� �t�h�a�n� �t�h�e� �W�P� �s�i�t�e� �a�n�d� �t�h�i�s� �m�a�y� �e�x�p�l�a�i�n� 

�t�h�a�t� �h�i�g�h�e�r� �E�C� �a�n�d� �T�D�S� �i�n� �S�T�E� �a�t� �t�h�e� �P�R�P� �s�i�t�e�.� �C�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �m�e�t�a�l�s� �s�u�c�h� �a�s� �K�,� �M�g�,� 

�a�n�d� �M�n� �w�e�r�e� �m�u�c�h� �h�i�g�h�e�r� �i�n� �S�T�E� �a�t� �t�h�e� �P�R�P� �s�i�t�e� �c�o�m�p�a�r�e�d� �t�o� �S�T�E� �a�t� �t�h�e� �W�P� �s�i�t�e�,� �b�u�t� �t�h�e� 

�Z�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �3� �f�o�l�d� �h�i�g�h�e�r� �i�n� �S�T�E� �a�t� �t�h�e� �W�P� �s�i�t�e�.� �T�h�e�s�e� �d�i�f�f�e�r�e�n�c�e�s� �m�a�y� �b�e� �d�u�e� �t�o� 

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

�N�o� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �i�n� �b�i�o�l�o�g�i�c�a�l� �(�F�C� �a�n�d� �B�O�D�,�)� �a�n�d� �s�e�l�e�c�t�e�d� �c�h�e�m�i�c�a�l� 

�p�a�r�a�m�e�t�e�r�s� �(�p�H�,� �E�C�,� �T�D�S�,� �P�,� �a�n�d� �C�l�)� �i�n� �t�h�e� �S�T�E� �b�e�t�w�e�e�n� �t�h�e� �s�u�m�m�e�r� �a�n�d� �f�a�l�l� �p�e�r�i�o�d� �a�n�d� �t�h�e� 

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

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

�s�e�a�s�o�n�s�.� 
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�I�V�.� �E�v�a�p�o�t�r�a�n�s�p�i�r�a�t�i�o�n� �(�E�T�)� �a�t� �t�h�e� �W�P� �s�i�t�e� 

�E�v�a�p�o�t�r�a�n�s�p�i�r�a�t�i�o�n� �(�E�T�)� �a�c�c�o�u�n�t�e�d� �f�o�r� �m�o�s�t� �o�f� �t�h�e� �d�a�i�l�y� �w�a�t�e�r� �l�o�s�s� �f�r�o�m� �t�h�e� �S�V�B�s�.� 

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

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

�e�q�u�a�t�i�o�n� �3�.�1�.� 

�W�a�t�e�r� �l�o�s�s� �%� �/�d�a�y� �=� �T�W�L� �*� �1�0�0�/�V�,� �E�q�.� �3�.�1� 

�w�h�e�r�e� �T�W�L� �i�s� �t�o�t�a�l� �w�a�t�e�r� �l�o�s�s� �w�i�t�h�i�n� �2�4� �h�o�u�r�s� �(�L�)�,� 

�V�,� �i�s� �a�c�t�u�r�a�l� �v�o�i�d� �s�p�a�c�e� �i�n� �t�h�e� �S�V�B� �(�L�)�,� 

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

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

�t�o�t�a�l� �v�o�i�d� �s�p�a�c�e� �i�n� �t�h�e� �S�V�B�s� �(�L�)�,� �w�h�i�c�h� �c�a�n� �e�s�t�i�m�a�t�e�d� �u�s�i�n�g� �e�q�u�a�t�i�o�n� �a�s� �f�o�l�l�o�w�i�n�g�,� 

�V�,�y�=�L�D�W�n�.� �V�,�,�c�a�n� �a�l�s�o� �b�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �m�e�a�s�u�r�i�n�g� �t�o�t�a�l� �a�m�o�u�n�t� �o�f� �w�a�t�e�r� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� 

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

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

�T�h�e� �d�a�i�l�y� �w�a�t�e�r� �l�o�s�s� �d�u�e� �t�o� �E�T� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �3�.�2�.� �D�e�t�e�n�t�i�o�n� �t�i�m�e� �a�n�d� �p�l�a�n�t� 

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

�b�e�t�w�e�e�n� �p�l�a�n�t� �s�p�e�c�i�e�s�,� �p�l�a�n�t�s� �h�a�d� �a� �s�i�g�n�i�f�i�c�a�n�t� �i�m�p�a�c�t� �o�n� �w�a�t�e�r� �l�o�s�s� �i�n� �t�h�e� �S�V�B�s�.� �W�a�t�e�r� �l�o�s�s� 

�a�v�e�r�a�g�e�d� �2�0�%� �i�n� �v�e�g�e�t�a�t�e�d� �b�e�d�s� �a�s� �c�o�m�p�a�r�e�d� �t�o� �1�-�2�%� �d�a�i�l�y� �w�a�t�e�r� �l�o�s�s�e�s� �i�n� �b�e�d�s� �w�i�t�h�o�u�t� 

�p�l�a�n�t�s� �(�T�a�b�l�e� �3�.�2�)�.� �W�a�t�e�r� �l�o�s�s� �i�n� �t�h�e� �S�V�B�s� �p�l�a�n�t�e�d� �w�i�t�h� �c�a�t�t�a�i�l�s� �w�a�s� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� 

�S�V�B�s� �p�l�a�n�t�e�d� �w�i�t�h� �w�o�o�l�g�r�a�s�s�,� �a�n�d� �3�.�9� �d�a�y�s� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �w�i�t�h� �r�e�c�i�r�c�u�l�a�t�i�o�n� �t�e�n�d�e�d� �t�o� �h�a�v�e� 

�t�h�e� �h�i�g�h�e�s�t� �w�a�t�e�r� �l�o�s�s� �i�n� �t�h�e� �S�V�B�s� �f�o�r� �b�o�t�h� �p�l�a�n�t� �s�p�e�c�i�e�s� �(�T�a�b�l�e� �3�.�2�)�.� 

�H�o�w�e�v�e�r�,� �w�a�t�e�r� �l�o�s�s� �w�a�s� �l�o�w�e�r� �t�h�a�n� �t�h�o�s�e� �r�e�p�o�a�t�e�d� �b�y� �M�c�I�n�t�y�r�e� �a�n�d� �R�i�h�a�'�s� �(�1�9�9�1�)� 

�w�h�e�r�e� �w�a�t�e�r� �l�o�s�s� �b�y� �c�a�t�t�a�i�l� �r�a�n�g�e�d� �f�r�o�m� �3�2� �t�o� �6�3�%�,� �a�n�d� �w�a�t�e�r� �l�o�s�s� �b�y� �w�o�o�l�g�r�a�s�s� �r�a�n�g�e�d� �f�r�o�m� 

�3�1� �t�o� �4�7�%� �i�n� �t�h�e� �l�a�b� �r�e�s�e�a�r�c�h� �e�n�v�i�r�o�n�m�e�n�t�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �w�a�t�e�r� �l�o�s�s� �b�e�t�w�e�e�n� �p�l�a�n�t�s� �w�a�s� 

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

�t�o�t�a�l� �a�m�o�u�n�t� �o�f� �w�a�s�t�e�w�a�t�e�r� �a�p�p�l�i�e�d�,� �a�t� �l�e�a�s�t� �3�0� �t�o� �6�0�%� �o�f� �a�p�p�l�i�e�d� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �l�o�s�t� �v�i�a� �E�T� 

�d�a�i�l�y� �d�u�r�i�n�g� �t�h�e� �s�u�m�m�e�r� �a�n�d� �f�a�l�l� �p�e�r�i�o�d�s�,� �t�h�e� �h�i�g�h�e�s�t� �w�a�t�e�r� �l�o�s�s� �r�a�t�e�s� �w�e�r�e� �f�o�u�n�d� �i�n� �t�h�e� �S�V�B�s� 
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�w�i�t�h� �t�h�e� �l�o�n�g�e�s�t� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �(�T�a�b�l�e� �3�.�3�)�.� 

�W�a�t�e�r� �l�o�s�s� �%� �/�d�a�y� �=� �T�W�L� �*� �1�0�0�/�(�V�,�)� �E�q�.� �3�.�2� 

�w�h�e�r�e� �T�W�L� �i�s� �t�o�t�a�l� �w�a�t�e�r� �l�o�s�s� �w�i�t�h�i�n� �2�4� �h�o�u�r�s� �(�L�)�,� 

�V�,�,� �i�s� �t�o�t�a�l� �a�m�o�u�n�t� �o�f� �w�a�t�e�r� �a�p�p�l�i�e�d� �t�o� �t�h�e� �S�V�B�s� �i�n� �2�4� �h�o�u�r�s� �(�L�)�,� 

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

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

�w�a�s� �m�u�c�h� �h�i�g�h�e�r�,� �a�n�d� �3�0�%� �o�r� �m�o�r�e� �o�f� �t�h�e� �t�o�t�a�l� �w�a�s�t�e�w�a�t�e�r� �i�n� �t�h�e� �S�V�B�s� �w�e�r�e� �l�o�s�t� �b�y� �t�h�i�s� 

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

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

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

�m�e�a�s�u�r�i�n�g� �D�O� �a�n�d� �E�h� �i�n� �s�i�t�u�.� 
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�C�h�a�p�t�e�r� �I�V�:� 

�B�I�O�L�O�G�I�C�A�L� �I�N�D�I�C�A�T�O�R�S� 

�A�B�S�T�R�A�C�T� 

�S�t�u�d�i�e�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �a�t� �t�h�e� �W�P� �s�i�t�e� �i�n� �B�l�a�c�k�s�b�u�r�g�,� �V�A�,� �a�n�d� �t�h�e� �P�R�P� �s�i�t�e� �i�n� �W�i�s�e� 

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

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

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

�r�e�s�i�d�e�n�c�e� �a�t� �t�h�e� �W�P� �s�i�t�e�.� �T�r�e�a�t�m�e�n�t�s� �i�n�c�l�u�d�e�d� �t�h�r�e�e� �d�e�t�e�n�t�i�o�n� �t�i�m�e�s� �(�2�.�6�,� �3�.�9�,� �a�n�d� �5�.�9� �d�a�y�s�)�,� 

�t�w�o� �r�e�c�i�r�c�u�l�a�t�i�o�n� �r�a�t�i�o�s� �(�0� �a�n�d� �0�.�5�)�,� �a�n�d� �t�w�o� �p�l�a�n�t� �s�p�e�c�i�e�s� �w�o�o�l�g�r�a�s�s� �a�n�d� �c�a�t�t�a�i�l�.� �T�r�e�a�t�m�e�n�t�s� 

�f�o�r� �t�h�e� �P�R�P� �e�x�p�e�r�i�m�e�n�t�a�l� �s�i�t�e� �c�o�n�s�i�s�t�e�d� �o�f� �t�h�r�e�e� �d�e�t�e�n�t�i�o�n� �t�i�m�e�s� �(�4�,� �8�,� �1�2� �d�a�y�s�)� �a�n�d� �t�h�e� �s�a�m�e� 

�p�l�a�n�t� �s�p�e�c�i�e�s� �(�c�a�t�t�a�i�l� �a�n�d� �w�o�o�l�g�r�a�s�s�)�.� �T�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �t�h�e� �S�V�B� �d�e�s�i�g�n� �v�a�r�i�a�b�l�e�s� �a�n�d� 

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

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

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

�e�f�f�l�u�e�n�t� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �S�V�B�s� �a�t� �b�o�t�h� �e�x�p�e�r�i�m�e�n�t�a�l� �s�i�t�e�s�,� �a�n�d� �m�o�r�e� �t�h�a�n� 

�9�9�%� �o�f� �F�C� �i�n� �t�h�e� �S�V�B�E� �w�e�r�e� �r�e�m�o�v�e�d� �a�t� �b�o�t�h� �s�i�t�e�s�.� �E�f�f�l�u�e�n�t� �s�a�m�p�l�e�s� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �t�h�e� 

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

�F�C�.� �T�h�e�r�e� �w�a�s� �n�o� �s�e�a�s�o�n�a�l� �i�m�p�a�c�t� �o�n� �t�h�e� �F�C� �a�n�d� �c�o�l�i�p�h�a�g�e� �n�u�m�b�e�r�s� �i�n� �t�h�e� �S�V�B�E� �a�t� �t�h�e� �W�P� 

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

�a�t� �t�h�e� �P�R�P� �s�i�t�e�.� �P�l�a�n�t� �s�p�e�c�i�e�s� �h�a�d� �n�o� �i�m�p�a�c�t� �o�n� �F�C� �a�n�d� �p�h�a�g�e�s� �i�n� �t�h�e� �S�V�B�E� �a�t� �e�i�t�h�e�r� 

�e�x�p�e�r�i�m�e�n�t�a�l� �s�i�t�e�.� 
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�I�.� �I�N�T�R�O�D�U�C�T�I�O�N� 

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

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

�s�y�s�t�e�m�s� �a�p�p�e�a�r� �t�o� �b�e� �r�e�l�i�a�b�l�e� �a�n�d� �c�o�s�t� �e�f�f�i�c�i�e�n�t� �i�n� �r�e�m�o�v�a�l� �o�f� �B�O�D� �f�r�o�m� �w�a�s�t�e�w�a�t�e�r� �(�B�r�o�w�n� 

�a�n�d� �R�e�e�d�,� �1�9�9�4�)�.� �H�o�w�e�v�e�r�,� �a� �m�a�i�n� �c�o�n�c�e�r�n� �i�s� �w�h�e�t�h�e�r� �S�V�B� �s�y�s�t�e�m�s� �p�r�o�v�i�d�e� �a�n� �a�c�c�e�p�t�a�b�l�e� 

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

�f�a�t�e� �o�f� �F�C� �a�n�d� �p�a�t�h�o�g�e�n�i�c� �v�i�r�u�s�e�s� �i�n� �t�h�e� �S�V�B� �s�y�s�t�e�m�.� 

�F�e�i�e�r�a�b�e�n�d� �(�1�9�8�9�)� �a�n�d� �G�e�a�r�h�e�a�r�t� �(�1�9�8�9�)� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �f�e�c�a�l� �c�o�l�i�f�o�r�m� �(�F�C�)� �r�e�m�o�v�a�l� 

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

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

�p�l�a�n�t� �r�o�o�t� �e�x�c�r�e�t�i�o�n�s� �o�n� �e�n�t�e�r�i�c� �o�r�g�a�n�i�s�m�s�.� �I�n� �g�e�n�e�r�a�l�,� �t�h�e� �S�V�B� �s�y�s�t�e�m�s� �h�a�v�e� �e�f�f�i�c�i�e�n�t� �F�C� 

�r�e�m�o�v�a�l� �r�a�t�e�s�,� �a�n�d� �F�C� �r�e�m�o�v�a�l� �r�a�t�e�s� �a�r�e� �h�i�g�h�e�r� �t�h�a�n� �i�n� �f�r�e�e� �w�a�t�e�r� �s�y�s�t�e�m�s�.� �H�e�r�s�k�o�w�i�t�z� �e�t� �a�l�.� 

�(�1�9�8�7�)� �r�e�p�o�r�t�e�d� �F�C� �r�e�d�u�c�t�i�o�n� �o�f� �9�4�-�9�9�%�.� �W�o�l�v�e�r�t�o�n� �(�1�9�8�9�)� �r�e�p�o�r�t�e�d� �9�7�%� �r�e�d�u�c�t�i�o�n� �o�f� �F�C� 

�a�f�t�e�r� �w�a�s�t�e�w�a�t�e�r� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �o�v�e�r� �2�0� �m�e�t�e�r�s� �i�n� �a� �r�o�c�k�/�p�l�a�n�t� �f�i�l�t�e�r� �e�m�p�l�o�y�e�d� �t�o� �t�r�e�a�t� �S�T�E�.� 

�G�e�r�s�b�u�r�g� �e�t� �a�l�.� �(�1�9�8�9�)� �a�l�s�o� �r�e�p�o�r�t�e�d� �t�h�a�t� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �a�t� �A�r�c�a�t�a�,� �C�A� �a�n�d� �S�a�n�t�e�e�,� �C�A� 

�h�a�d� �e�f�f�i�c�i�e�n�c�i�e�s� �o�f� �9�0� �t�o� �9�9�%� �i�n� �r�e�m�o�v�a�l� �o�f� �b�a�c�t�e�r�i�a�l� �i�n�d�i�c�a�t�o�r�s�.� �H�o�w�e�v�e�r� �G�e�a�r�h�e�a�r�t� �e�t� �a�l�.� 

�(�1�9�8�9�)� �r�e�p�o�r�t�e�d� �a�n� �a�v�e�r�a�g�e� �8�6�%� �r�e�d�u�c�t�i�o�n� �i�n� �F�C� �n�u�m�b�e�r�s� �i�n� �c�o�n�s�t�r�u�c�t�e�d� �f�r�e�e� �s�u�r�f�a�c�e� 

�w�e�t�l�a�n�d�s� �e�m�p�l�o�y�e�d� �t�o� �t�r�e�a�t� �w�a�s�t�e�w�a�t�e�r�.� 

�V�i�r�u�s�e�s� �i�n� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r� �r�a�n�g�e� �f�r�o�m� �1�x�1�0 ��-�2�.�4�5�x�1�0�°� �P�F�U�/�1�0�0� �m�l� �(�S�i�e�g�r�i�s�t�,� 

�1�9�7�7�;� �G�e�r�s�b�u�r�g�,� �1�9�8�6�)� �a�n�d� �t�h�e� �a�v�e�r�a�g�e� �v�i�r�a�l� �c�o�n�t�e�n�t� �o�f� �d�o�m�e�s�t�i�c� �s�e�w�a�g�e� �i�n� �t�h�e� �U�n�i�t�e�d� �S�t�a�t�e�s� 

�i�s� �a�b�o�u�t� �7� �X� �1�0�*�P�F�U�/� �1�0�0� �m�l� �(�M�e�l�n�i�c�k�,� �e�t� �a�l�.�,�1�9�7�8�)�.� �T�h�e�r�e� �a�r�e� �o�v�e�r� �1�0�0� �d�i�f�f�e�r�e�n�t� �k�i�n�d�s� �o�f� 

�v�i�r�u�s�e�s� �k�n�o�w�n� �t�o� �b�e� �e�x�c�r�e�t�e�d� �f�r�o�m� �h�u�m�a�n� �f�e�c�e�s� �(�W�o�r�l�d� �H�e�a�l�t�h� �o�r�g�a�n�i�z�a�t�i�o�n�,� �1�9�7�9�)�,� �a�n�d� �t�h�e� 

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

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

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

�5�3



�i�s� �a�l�s�o� �m�o�r�e� �r�e�s�i�s�t�a�n�t� �t�o� �e�n�v�i�r�o�n�m�e�n�t�a�l� �s�t�r�e�s�s� �s�u�c�h� �a�s� �c�h�l�o�r�i�n�e� �d�i�s�i�n�f�e�c�t�i�o�n� �(�A�P�H�A�,� �1�9�9�2�)�,� 

�h�e�a�t� �(�C�r�a�m�e�r� �e�t� �a�l�.�,� �1�9�7�6�)� �a�n�d� �s�u�n�l�i�g�h�t� �(�K�a�p�u�s�c�i�n�s�k�i� �a�n�d� �M�i�t�c�h�e�l�l�,� �1�9�8�3�)� �t�h�a�n� �c�o�l�i�f�o�r�m�s�.� �I�n� 

�a�d�d�i�t�i�o�n� �t�h�e� �c�o�l�i�p�h�a�g�e� �a�s�s�a�y� �i�s� �r�e�l�a�t�i�v�e�l�y� �s�i�m�p�l�e�,� �f�a�s�t� �(�8�-�1�6� �h�r�)� �a�n�d� �i�n�e�x�p�e�n�s�i�v�e� �(�G�e�r�s�b�e�r�g�,� �e�t� 

�a�l�.�,� �1�9�8�7�)�.� �T�h�e�r�e�f�o�r�e�,� �c�o�l�i�p�h�a�g�e� �(�F�-�s�p�e�c�i�f�i�c� �p�h�a�g�e�s�)� �h�a�v�e� �b�e�e�n� �s�u�g�g�e�s�t�e�d� �a�s� �a�n� �i�d�e�a�l� �i�n�d�i�c�a�t�o�r� 

�o�f� �v�i�r�a�l� �p�o�l�l�u�t�i�o�n� �(�K�o�t�t� �e�t� �a�l�,� �1�9�7�4�;� �W�e�n�t�s�e�l� �e�t� �a�l�,� �1�9�8�2�;� �S�t�e�t�l�e�r�,� �1�9�8�4�)�,� �a�n�d� �a� �v�i�r�u�s� �b�e�h�a�v�i�o�r� 

�i�n�d�i�c�a�t�o�r� �i�n� �w�a�t�e�r� �h�y�g�i�e�n�e� �(�H�a�v�e�l�a�a�r� �a�n�d� �P�o�t�-�H�o�g�e�b�o�o�m�,� �1�9�8�9�)�.� �B�u�t� �t�h�e�r�e� �i�s� �n�o� �c�o�n�s�e�n�s�u�s� 

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

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

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

�a�r�e� �p�r�e�s�e�n�t� �i�n� �w�a�s�t�e�w�a�t�e�r�.� �B�e�r�g� �(�1�9�7�3�)� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �a�l�l� �c�o�n�v�e�n�t�i�o�n�a�l� �s�e�c�o�n�d�a�r�y� �t�r�e�a�t�m�e�n�t� 

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

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

�d�i�s�i�n�f�e�c�t�i�o�n� �p�r�o�c�e�s�s�e�s�.� �G�e�r�b�a� �(� �1�9�8�0�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �c�o�n�v�e�n�t�i�o�n�a�l� �t�r�e�a�t�m�e�n�t� �o�n�l�y� �r�e�m�o�v�e�d� 

�a�b�o�u�t� �5�0�%� �o�f� �v�i�r�u�s�e�s� �i�n� �t�h�e� �w�a�s�t�e�w�a�t�e�r�,� �a�n�d� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �f�a�c�t�o�r�s� �k�n�o�w�n� �t�o� �i�n�a�c�t�i�v�a�t�e� 

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

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

�i�n� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s�.� �G�e�r�s�b�u�r�g� �e�t� �a�l�.� �(�1�9�8�6�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �v�e�g�e�t�a�t�e�d� �w�e�t�l�a�n�d� �b�e�d�s� �w�i�t�h� 

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

�r�e�m�o�v�a�l� �w�a�s� �>� �9�9�%�.� �B�u�t�l�e�r� �e�t� �a�l�.� �(�1�9�9�3�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �v�i�r�u�s�e�s� �w�e�r�e� �r�e�m�o�v�e�d� �m�o�r�e� 

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

�(�1�9�8�9�)� �a�l�s�o� �r�e�p�o�r�t�e�d� �t�h�a�t� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �a�t� �A�r�c�a�t�a�,� �C�A� �a�n�d� �S�a�n�t�e�e�,� �C�A� �h�a�d� �e�f�f�i�c�i�e�n�c�i�e�s� 

�o�f� �9�0� �t�o� �9�9�%� �i�n� �r�e�m�o�v�a�l� �o�f� �v�i�r�a�l� �i�n�d�i�c�a�t�o�r�s�.� 
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�I�l�.� �M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�1�.� �F�i�e�l�d� �e�x�p�e�r�i�m�e�n�t�s� �a�n�d� �D�a�t�a� �a�n�a�l�y�s�i�s�:� �R�e�f�e�r� �t�o� �C�h�a�p�t�e�r� �I�I�.� 

�2�.� �B�i�o�l�o�g�i�c�a�l� �a�n�a�l�y�s�i�s� 

�2�.�1�.� �F�e�c�a�l� �c�o�l�i�f�o�r�m�s� 

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

�(�A�P�H�A�,� �1�9�9�2�)�.� �I�f� �s�a�m�p�l�e�s� �w�e�r�e� �p�o�s�i�t�i�v�e� �u�s�i�n�g� �t�h�e� �C�o�l�i�l�e�r�t� �t�e�s�t�,� �a� �p�r�e�s�e�n�c�e� �-�a�b�s�e�n�c�e� �t�e�s�t� �b�y� 

�E�n�v�i�r�o�n�e�t�i�c�s� �I�n�c�.�,� �B�r�a�n�d�f�o�r�d�,� �C�T� �(�E�d�b�e�r�g� �e�t� �a�l�.�,� �1�9�8�8�)�,� �t�h�e�n� �f�e�c�a�l� �c�o�l�i�f�o�r�m�s� �a�n�d� �c�o�l�i�p�h�a�g�e�s� 

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

�e�f�f�l�u�e�n�t� �s�a�m�p�l�e� �w�a�s� �f�i�l�t�e�r�e�d� �t�h�o�u�g�h� �a� �g�r�i�d�d�e�d� �0�.�4�5� �u�m� �f�i�l�t�e�r�,� �4�7� �m�m� �i�n� �d�i�a�m�e�t�e�r� �u�s�i�n�g� �a� 

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

�o�f�a� �5�0� �x� �1�2� �m�m� �p�e�t�r�i� �d�i�s�h� �c�o�n�t�a�i�n�i�n�g� �m�F�C� �a�g�a�r�.� �T�h�e� �p�e�t�r�i� �d�i�s�h�e�s� �w�e�r�e� �i�n�v�e�r�t�e�d�,� �p�l�a�c�e�d� �i�n�t�o� 

�a� �p�l�a�s�t�i�c� �b�a�g�,� �a�n�d� �t�h�e� �p�l�a�s�t�i�c� �b�a�g� �s�u�b�m�e�r�g�e�d� �i�n�t�o� �a� �4�4�.�5� �°�C� �w�a�t�e�r� �b�a�t�h� �f�o�r� �2�4�h�.� �A�f�t�e�r� �2�4�h� 

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

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

�2�.�2�.� �C�o�l�i�p�h�a�g�e� 

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

�t�e�m�p�e�r�a�t�u�r�e� �t�h�e�n� �w�a�s� �a�d�j�u�s�t�e�d� �t�o� �4�8� �°�C� �i�n� �a� �w�a�t�e�r� �b�a�t�h�.� �F�i�f�t�y� �m�l� �o�f� �s�a�m�p�l�e� �w�a�s� �p�o�u�r�e�d� �i�n�t�o� 

�s�t�e�r�i�l�e� �g�l�a�s�s� �c�o�n�t�a�i�n�e�r� �a�n�d� �0�.�5� �m�l� �o�f� �0�.�1�2� �M� �C�a�C�l�,� �s�o�l�u�t�i�o�n� �a�d�d�e�d�.� �T�h�e� �s�a�m�p�l�e� �w�a�s� �a�d�j�u�s�t�e�d� 

�t�o� �4�8� �°�C� �i�n� �t�h�e� �w�a�t�e�r� �b�a�t�h�,� �2�.�5� �m�l� �o�f� �o�v�e�r�n�i�g�h�t� �h�o�s�t� �c�u�l�t�u�r�e� �a�d�d�e�d�,� �a�n�d� �s�a�m�p�l�e� �a�n�d� �c�u�l�t�u�r�e� �w�a�s� 

�m�i�x�e�d� �a�t� �4�8� �°�C� �f�o�r� �3� �m�i�n�.� �P�A�C� �a�n�d� �s�a�m�p�l�e�-�c�u�l�t�u�r�e� �m�i�x�t�u�r�e�s� �w�e�r�e� �t�h�e�n� �c�o�m�b�i�n�e�d� �g�e�n�t�l�y� �t�o� 

�a�v�o�i�d� �f�o�r�m�a�t�i�o�n� �o�f� �b�u�b�b�l�e�s�,� �t�h�e� �m�i�x�t�u�r�e�s� �w�e�r�e� �t�h�e�n� �p�o�u�r�e�d� �i�n�t�o� �1�0�0� �X� �1�5� �m�m� �P�e�t�r�i� �d�i�s�h�e�s�,� 

�a�n�d� �a�l�l�o�w�e�d� �t�o� �s�o�l�i�d�i�f�y�.� �P�l�a�t�e�s� �w�e�r�e� �i�n�v�e�r�t�e�d� �a�n�d� �i�n�c�u�b�a�t�e�d� �a�t� �3�7� �°�C� �a�n�d� �p�l�a�q�u�e�s� �c�o�u�n�t�e�d� 
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�a�f�t�e�r� �8� �h� �(�A�P�H�A�,� �1�9�9�2�)�.� 

�2�.�3�.� �E�s�t�i�m�a�t�i�n�g� �K�,� �f�o�r� �F�C� �r�e�m�o�v�a�l� 

�B�a�s�e� �o�n� �e�q�u�a�t�i�o�n� �3�.�3� �(�I�n� �C�/�C�,� �=� �-� �K�,� �t�)� �,� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�t� �f�i�r�s�t� �o�r�d�e�r� 

�r�e�a�c�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t� �(�K�,�,� �d ��'�)� �w�a�s� �e�s�t�i�m�a�t�e�d� �b�y� �u�s�i�n�g� �F�C� �n�u�m�b�e�r�s� �i�n� �t�h�e� �S�V�B�E� �(�C�,�)� �a�n�d� �i�n� 

�t�h�e� �S�T�E� �(�C�,�)�.� �T�h�e� �t� �i�s� �t�h�e� �d�e�s�i�g�n�e�d� �i�n�f�l�u�e�n�t� �d�e�t�e�n�t�i�o�n� �t�i�m�e�.� 

�I�I�I�.� �R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N�S� 

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

�e�x�p�e�r�i�m�e�n�t�a�l� �s�i�t�e�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �b�i�o�l�o�g�i�c�a�l� �i�n�d�i�c�a�t�o�r� �r�e�m�o�v�a�l� �r�a�t�e�s� �i�n� �t�h�e� �S�V�B� �w�a�s� �>�9�9�%� �f�o�r� 

�F�C� �a�n�d� �>�9�5�%� �f�o�r� �c�o�l�i�p�h�a�g�e�s�.� 

�1�.� �F�e�c�a�l� �c�o�l�i�f�o�r�m�s� 

�A�l�t�h�o�u�g�h� �F�C� �w�e�r�e� �r�e�d�u�c�e�d� �b�y� �9�9�%� �i�n� �t�h�e� �e�f�f�l�u�e�n�t� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �b�o�t�t�o�m� �o�f� �t�h�e� �S�V�B�s� 

�a�t� �b�o�t�h� �e�x�p�e�r�i�m�e�n�t�a�l� �s�i�t�e�s� �(�T�a�b�l�e�s� �4�.�1� �a�n�d� �4�.�2�)�,� �t�h�e�r�e� �w�e�r�e� �n�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �F�C� �n�u�m�b�e�r�s� 

�a�m�o�n�g� �t�h�e� �t�h�r�e�e� �d�e�t�e�n�t�i�o�n� �t�i�m�e�s� �(�T�a�b�l�e�s� �4�.�1� �a�n�d� �4�.�2�)�.� �T�h�i�s� �i�m�p�l�i�e�d� �t�h�a�t� �a� �l�a�r�g�e� �r�e�d�u�c�t�i�o�n� �i�n� 

�F�C� �n�u�m�b�e�r�s� �o�c�c�u�r�r�e�d� �w�i�t�h�i�n� �t�h�e� �f�i�r�s�t� �2�.�6� �d�a�y�s� �d�e�t�e�n�t�i�o�n� �t�i�m�e�.� �F�e�c�a�l� �c�o�l�i�f�o�r�m� �r�e�m�o�v�a�l� 

�p�e�r�c�e�n�t�a�g�e�s� �t�e�n�d�e�d� �t�o� �b�e� �h�i�g�h�e�r� �a�t� �t�h�e� �P�R�P� �s�i�t�e� �t�h�a�n� �a�t� �t�h�e� �W�P� �s�i�t�e�,� �b�u�t� �t�h�e� �K�,� �w�a�s� �h�i�g�h�e�r� �a�t� 

�t�h�e� �W�P� �s�i�t�e�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �F�C� �r�e�d�u�c�t�i�o�n� �w�a�s� �f�a�s�t�e�r� �a�t� �t�h�i�s� �s�i�t�e� �t�h�a�t� �t�h�e� �P�R�P� �s�i�t�e� �(�T�a�b�l�e�s� �4�.�1� 

�a�n�d� �4�.�2�)�.� �W�i�t�h� �i�n�c�r�e�a�s�e�d� �d�e�t�e�n�t�i�o�n� �t�i�m�e�,� �r�e�m�o�v�a�l� �r�a�t�e�s� �w�e�r�e� �d�e�c�r�e�a�s�e�d� �(�t�h�e� �l�o�n�g�e�r� �d�e�t�e�n�t�i�o�n� 

�t�i�m�e�,� �t�h�e� �s�m�a�l�l�e�r� �K�,�)�.� 

�T�h�e�r�e� �w�e�r�e� �n�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �F�C� �n�u�m�b�e�r�s� �i�n� �e�f�f�l�u�e�n�t� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� 

�S�V�B�s� �a�n�d� �t�h�e� �m�i�d�d�l�e� �p�a�r�t� �o�f� �t�h�e� �S�V�B�s� �a�t� �t�h�e� �P�R�P� �s�i�t�e� �(�T�a�b�l�e� �4�.�3�)�.� �F�e�c�a�l� �c�o�l�i�f�o�r�m� �n�u�m�b�e�r�s� 
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�T�a�b�l�e� �4�.�1� �T�h�e� �i�m�p�a�c�t� �o�f� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �o�n� �r�e�m�o�v�a�l� �r�a�t�e�s� �o�f� �b�i�o�l�o�g�i�c�a�l� �i�n�d�i�c�a�t�o�r�s� �i�n� 

�t�h�e� �S�V�B�E� �a�t� �t�h�e� �W�P� �(�W�h�i�t�e�t�h�o�r�n�e� �P�l�a�n�t�a�t�i�o�n�)� �s�i�t�e� 

� � 

� � 

� � 

� � 

� � 

�0 �� �5�2�9�1�7�8� �1�5�7�.�7� 

�2�.�6� �2�8�0�8� �a�"� �9�9�.�4�6� �a�a� �2�.�0�1� �3�.�5�4� �9�7�.�8� �a� 

�3�.�9� �4�8�6�7� �a� �9�9�.�0�6� �a� �1�.�2� �5�.�4�a� �9�6�.�6� �a� 

�5�.�9� �4�1�3�5�a� �9�9�.�2�2� �a� �0�.�8�2� �6�.�8� �a� �9�5�.�7�4� 

�a�v�e�r�a�g�e� �3�9�3�7� �9�9�.�2�5� �1�.�3�4� �5�.�2� �9�6�.�7� � � � � � � � � � � � � 

�*�K�,�,�,� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�t� �f�i�r�s�t� �o�r�d�e�r� �r�e�a�c�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t�,� �d ��.� 
�*�*� �i�n�f�l�u�e�n�t� �(�S�T�E�)�.� 
�*�*�*�m�e�a�n�s� �w�i�t�h�i�n� �t�h�e� �s�a�m�e� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� 
�d�i�f�f�e�r�e�n�t� �a�t� �5�%� �l�e�v�e�l�,� �d�e�t�e�r�m�i�n�e�d� �b�y� �D�u�n�c�a�n�'�s� �m�u�l�t�i�p�l�e� �r�a�n�g�e� �t�e�s�t�.� 
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�T�a�b�l�e� �4�.�2� �T�h�e� �i�m�p�a�c�t� �o�f� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �o�n� �r�e�m�o�v�a�l� �r�a�t�e�s� �o�f� �b�i�o�l�o�g�i�c�a�l� �i�n�d�i�c�a�t�o�r�s� 
�i�n� �t�h�e� �S�V�B�E� �a�t� �t�h�e� �P�R�P� �(�P�o�w�e�l�l� �R�i�v�e�r� �P�r�o�j�e�c�t�)� �s�i�t�e� 

� � 

� � � � 

� � 

� � 

� � 

� � � � � � � � � � 

!"� �2�2�7�2�4�5� 

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

�8� �8�l�a� �9�9�.�9�6� �a� �0�.�9�9� �9�4�a� 

�1�2� �3�0�3� �a� �9�9�.�8�7� �a� �0�.�5�5� �2�0�.�8� �a� 

�a�v�e�r�a�g�e� �_�2�3�6� �9�9�.�9� �1�1� �1�3�.�7� 
� � 

�*�K�_�,� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�t� �f�i�r�s�t� �o�r�d�e�r� �r�e�a�c�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t�,� �d!"�.� 
�*�*� �i�n�f�l�u�e�n�t� �(�S�T�E�)�.� 
�*�*�m�e�a�n�s� �w�i�t�h�i�n� �t�h�e� �s�a�m�e� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� 
�d�i�f�f�e�r�e�n�t� �a�t� �5�%� �l�e�v�e�l�,� �d�e�t�e�r�m�i�n�e�d� �b�y� �D�u�n�c�a�n�'�s� �m�u�l�t�i�p�l�e� �r�a�n�g�e� �t�e�s�t�.� 
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�T�a�b�l�e� �4�.�3� �T�h�e� �i�m�p�a�c�t� �o�f� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �o�n� �b�i�o�l�o�g�i�c�a�l� �i�n�d�i�c�a�t�o�r�s� �i�n� �t�h�e� �e�f�f�l�u�e�n�t�s� 
�c�o�l�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �d�i�f�f�e�r�e�n�t� �p�a�r�t�s� �o�f� �t�h�e� �S�V�B�s� �a�t� �t�h�e� �P�R�P� �s�i�t�e� 

� � � � 
� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � 

�S�T�E� �2�2�7�2�4�5� 

�S�h�a�l�l�o�w� �s�a�m�p�l�e�s� �(�1�0� �c�m� �b�e�l�o�w� �t�h�e� �w�a�t�e�r� �l�e�v�e�l�)� 

�4� �4�5�4� �a�b� �|� �9�9�.�8�0� �a�b� 

�8� �2�2� �b� �9�9�.�9�9� �a� 

�1�2� �2�5�1� �a�b� �9�9�.�8�9� �a�b� 

�D�e�e�p� �s�a�m�p�l�e�s� �(�1�0� �c�m� �a�b�o�v�e� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �S�V�B�s�)� 

�4� �6�4�4� �a� �9�9�.�7�2� �b� �1�0�.�9�a� 

�8� �1�1�1� �a�b� �9�9�.�9�5� �a�b� �9�4�a� 

�1�2� �2�6�8� �a�b� �9�9�.�8�8� �a�b� �2�0�.�8� �a� � � � � 
� � �*�m�e�a�n�s� �w�i�t�h�i�n� �t�h�e� �s�a�m�e� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� 

�d�i�f�f�e�r�e�n�t� �a�t� �5�%� �l�e�v�e�l�,� �d�e�t�e�r�m�i�n�e�d� �b�y� �D�u�n�c�a�n�'�s� �m�u�l�t�i�p�l�e� �r�a�n�g�e� �t�e�s�t�.� 
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�w�e�r�e� �i�n�i�t�i�a�l�l�y� �r�e�d�u�c�e�d� �t�o� �<�1�-�2�%� �w�i�t�h�i�n� �2�.�6� �d�a�y�s� �r�e�s�i�d�e�n�c�e� �i�n� �t�h�e� �S�V�B�s�,� �t�h�e�n� �t�h�e�s�e� �s�m�a�l�l� 

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

�S�V�B�s�.� �T�h�i�s� �r�e�s�u�l�t� �i�s� �s�i�m�i�l�a�r� �t�o� �r�e�s�u�l�t�s� �o�f� �o�t�h�e�r� �r�e�s�e�a�r�c�h�e�r�s� �(�S�c�h�e�u�e�r�m�a�n� �e�t� �a�l�.�,� �1�9�9�3�)�.� 

�T�h�e�r�e� �w�a�s� �n�o� �s�e�a�s�o�n�a�l� �i�m�p�a�c�t� �o�n� �F�C� �n�u�m�b�e�r�s� �i�n� �t�h�e� �S�V�B�s� �a�t� �t�h�e� �W�P� �s�i�t�e� �(�T�a�b�l�e� �4�.�4�)�,� 

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

�a�t� �t�h�e� �P�R�P� �s�i�t�e� �(�T�a�b�l�e� �4�.�5�)� �P�l�a�n�t� �s�p�e�c�i�e�s� �d�i�d� �n�o�t� �i�m�p�a�c�t� �o�n� �F�C� �n�u�m�b�e�r�s� �i�n� �t�h�e� �S�V�B�E� �a�t� �e�i�t�h�e�r� 

�e�x�p�e�r�i�m�e�n�t�a�l� �s�i�t�e� �(�T�a�b�l�e� �4�.�6�)�.� 

�2�.� �C�o�l�i�p�h�a�g�e� 

�V�i�r�u�s�e�s� �i�n� �m�u�n�i�c�i�p�a�l� �w�a�s�t�e�w�a�t�e�r� �r�a�n�g�e�d� �f�r�o�m� �1�x�1�0 ��-�2�.�4�5�x�1�0�°� �F�P�U�/�1�0�0� �m�l� �(�S�i�e�g�r�i�s�t�,� 

�1�9�7�7�;� �G�e�r�s�b�u�r�g�,� �1�9�8�6�)�.� �T�h�e�r�e� �w�e�r�e� �v�e�r�y� �l�o�w� �p�h�a�g�e� �n�u�m�b�e�r�s� �i�n� �t�h�e� �S�V�B�E� �a�t� �b�o�t�h� 

�e�x�p�e�r�i�m�e�n�t�a�l� �s�i�t�e�s� �(�T�a�b�l�e�s� �4�.�1� �a�n�d� �4�.�2�)�,� �w�h�i�c�h� �m�a�y� �i�n�d�i�c�a�t�e� �t�h�a�t� �a�t� �l�e�a�s�t� �9�9�%� �o�f� �v�i�r�u�s�e�s� �h�a�d� 

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

�t�h�e� �t�h�r�e�e� �d�e�t�e�n�t�i�o�n� �t�i�m�e�s� �a�t� �b�o�t�h� �e�x�p�e�r�i�m�e�n�t�a�l� �s�i�t�e�s� �(�T�a�b�l�e�s� �4�.�1� �a�n�d� �4�.�2�)�.� �T�h�e�r�e� �w�a�s� �n�o� 

�s�e�a�s�o�n�a�l� �i�m�p�a�c�t� �o�n� �p�h�a�g�e� �n�u�m�b�e�r�s� �i�n� �t�h�e� �S�V�B�E� �(�T�a�b�l�e� �4�.�4�)�.� �P�l�a�n�t� �s�p�e�c�i�e�s� �a�l�s�o� �d�i�d� �n�o�t� 

�i�n�f�l�u�e�n�c�e� �p�h�a�g�e� �n�u�m�b�e�r�s� �i�n� �t�h�e� �S�V�B�E� �a�t� �e�i�t�h�e�r� �e�x�p�e�r�i�m�e�n�t�a�l� �s�i�t�e� �(�T�a�b�l�e� �4�.�6�)�.� 
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�T�a�b�l�e� �4�.�4� �T�h�e� �i�m�p�a�c�t� �o�f� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �o�n� �b�i�o�l�o�g�i�c�a�l� �i�n�d�i�c�a�t�o�r� �r�e�m�o�v�a�l� �u�n�d�e�r� �t�h�e� 

�d�i�f�f�e�r�e�n�t� �s�e�a�s�o�n�s� �i�n� �t�h�e� �S�V�B�E� �a�t� �t�h�e� �W�P� �(�W�h�i�t�e�t�h�o�r�n�e� �P�l�a�n�t�a�t�i�o�n�)� �s�i�t�e� 

� � 

�0 �� �5�2�9�1�7�8� �1�5�7�.�7� 
� � 

�S�u�m�m�e�r� �a�n�d� �f�a�l�l� �p�e�r�i�o�d�s� 
� � 

� � 

� � 

�2�.�6� �3�5�1�9� �a�"� �9�9�3� �a� �5�.�3� �a�b� �9�6�.�6� �a�b� 

�3�.�9� �5�4�5�4� �a� �9�9�.�0�a� �8�.�1� �a�b� �9�4�.�9� �a�b� 

�5�.�9� �2�9�1�4�a� �9�9�.� �4�a� �1�0�.�2�a� �9�3�.�5�b� 
� � 

�W�i�n�t�e�r� �a�n�d� �s�p�r�i�n�g� �p�e�r�i�o�d�s� 
� � 

� � 

� � 

�2�.�6� �2�3�0�7� �a� �9�9�.�6�a� �2�.�6�b� �9�8�.�4�4� 

�3�.�9� �3�8�7�4� �a� �9�9�.�3� �a� �4�.�1� �a�b� �9�7�.�4� �a�b� 

�5�.�9� �6�0�6�5� �a� �9�9�.�0�a� �5�.�1� �a�b� �9�6�.�8� �a�b� � � � � � � � � � � 

�*�*�m�e�a�n�s� �w�i�t�h�i�n� �t�h�e� �s�a�m�e� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� 
�d�i�f�f�e�r�e�n�t� �a�t� �5�%� �l�e�v�e�l�,� �d�e�t�e�r�m�i�n�e�d� �b�y� �D�u�n�c�a�n�'�s� �m�u�l�t�i�p�l�e� �r�a�n�g�e� �t�e�s�t�.� 
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�T�a�b�l�e� �4�.�5� �T�h�e� �i�m�p�a�c�t� �o�f� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �o�n� �F�C� �r�e�m�o�v�a�l� �i�n� �t�h�e� �S�V�B�E� 
�u�n�d�e�r� �t�h�e� �d�i�f�f�e�r�e�n�t� �s�e�a�s�o�n�s� �a�t� �t�h�e� �P�R�P� �s�i�t�e� 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � � � � � 

�S�u�m�m�e�r� �a�n�d� �f�a�l�l� �p�e�r�i�o�d�s� 

�4� �4�3�2� �b �!"� �9�9�.�8� �a� �4�6�7� �a� �9�9�.�8� �a� 

�8� �1�0�b� �9�9�.�9� �a� �2�8�a� �9�9�.�9� �a� 

�1�2� �2�9� �b� �9�9�.�9� �a� �4�7�3� �a� �9�9�.�8� �a� 

�W�i�n�t�e�r� �a�n�d� �s�p�r�i�n�g� �p�e�r�i�o�d�s� 

�4� �1�9�7�3� �a� �9�9�.�1�b� �2�2�5� �a� �9�9�.�9� �a� 

�8� �9�0� �b� �9�9�.�9� �a� �1�2�0�a� �9�9�.�9� �a� 

�1�2� �3�7�1�b� �9�9�.�8� �a� �2�1�0�a� �9�9�.�9� �a� 
�*� �i�n�f�l�u�e�n�t� �(�S�T�E�)�.� 

�*�*�m�e�a�n�s� �w�i�t�h�i�n� �t�h�e� �s�a�m�e� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� 
�d�i�f�f�e�r�e�n�t� �a�t� �5�%� �l�e�v�e�l�,� �d�e�t�e�r�m�i�n�e�d� �b�y� �D�u�n�c�a�n�'�s� �m�u�l�t�i�p�l�e� �r�a�n�g�e� �t�e�s�t�.� 
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�T�a�b�l�e� �4�.�6� �T�h�e� �i�m�p�a�c�t� �o�f� �p�l�a�n�t� �s�p�e�c�i�e�s� �o�n� �f�e�c�a�l� �c�o�l�i�f�o�r�m� �a�n�d� 
�c�o�l�i�p�h�a�g�e� �n�u�m�b�e�r�s� �(�n�o�.�/�1�0�0� �m�l�)� �i�n� �t�h�e� �S�V�B�E� 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � � � � � 

�C�a�t�t�a�i�l� 

�4� �6�.�2�a �� �4�8�2�a� �2�.�6� �5�.�0�a� �2�6�5�1� �a� 

�8� �7�4�a� �4�4�a� �3�.�9� �5�.�2�a� �6�7�7�4� �a� 

�1�2� �1�7�.�8� �a� �4�1�2�a� �5�.�9� �6�.�7�4� �2�6�2�4� �a� 

�W�o�o�l�g�r�a�s�s� 

�4� �1�5�.�8�a� �5�4�l�a� �2�.�6� �2�.�0�a� �3�3�2�7� �a� 

�8� �1�1�.�2�a� �9�6�a� �3�.�9� �5�.�6�a� �3�3�0�2� �a� 

�1�2� �2�3�.�9� �a� �8�2�a� �5�.�9� �6�.�9�a� �5�9�6�1� �a� 
� � 

�*�T�h�e� �P�R�P� �s�i�t�e�-�t�h�e� �P�o�w�e�l�l� �R�i�v�e�r� �P�r�o�j�e�c�t� �s�i�t�e�;� �T�h�e� �W�P� �s�i�t�e�-�t�h�e� �W�h�i�t�e�t�h�o�r�n�e� �P�l�a�n�t�a�t�i�o�n� �s�i�t�e�.� 
�*�*�m�e�a�n�s� �w�i�t�h�i�n� �t�h�e� �s�a�m�e� �c�o�l�u�m�n� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� 
�d�i�f�f�e�r�e�n�t� �a�t� �5�%� �l�e�v�e�l�,� �d�e�t�e�r�m�i�n�e�d� �b�y� �D�u�n�c�a�n�'�s� �m�u�l�t�i�p�l�e� �r�a�n�g�e� �t�e�s�t�.� 
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�I�V�.� �C�O�N�C�L�U�S�I�O�N�S� 

�1�.� �T�h�e� �S�V�B� �t�y�p�e� �o�f� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �w�a�s� �h�i�g�h�l�y� �e�f�f�i�c�i�e�n�t� �a�t� �F�C� �a�n�d� �c�o�l�i�p�h�a�g�e� �r�e�m�o�v�a�l�.� 

�I�t� �m�a�y� �n�o�t� �b�e� �p�o�s�s�i�b�l�e� �t�o� �a�c�h�i�e�v�e� �z�e�r�o� �F�C� �a�n�d� �c�o�l�i�p�h�a�g�e� �d�i�s�c�h�a�r�g�e� �f�r�o�m� �t�h�e� �S�V�B�.�.� 

�2�.� �H�i�g�h� �r�e�m�o�v�a�l� �r�a�t�e�s� �o�f� �F�C� �a�n�d� �c�o�l�i�p�h�a�g�e�s� �w�e�r�e� �a�c�h�i�e�v�e�d� �i�n� �t�h�e� �S�V�B�s� �w�i�t�h�i�n� �a� �s�h�o�r�t� �p�e�r�i�o�d� 

�o�f� �t�i�m�e� �(�<�2�.�6� �-�4� �d�a�y�s� �d�e�t�e�n�t�i�o�n� �t�i�m�e�)�.� 

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

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

�i�n� �t�h�e� �S�V�B�s�.� 

�4�.� �D�e�p�t�h� �t�h�a�t� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �S�V�B� �d�i�d� �n�o�t� �a�f�f�e�c�t� �F�C� �n�u�m�b�e�r�s� �(�t�h�e�r�e� �w�e�r�e� 

�n�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �F�C� �n�u�m�b�e�r�s� �i�n� �t�h�e� �S�V�B�E� �b�e�t�w�e�e�n� �d�e�e�p� �s�a�m�p�l�e�s� �a�n�d� �s�h�a�l�l�o�w� �s�a�m�p�l�e�s�)�.� 

�L�I�T�E�R�A�T�U�R�E�S� �C�I�T�E�D� 

�1�.� �A�P�H�A�.� �1�9�9�2�.� �S�t�a�n�d�a�r�d� �m�e�t�h�o�d�s� �f�o�r� �t�h�e� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �w�a�t�e�r� �a�n�d� �w�a�s�t�e�w�a�t�e�r�.� �1�8�t�h� 
�e�d�i�t�i�o�n�.� �p�.� �9�2�3�-�9�-�2�4�.� 

�2�.� �B�e�r�g�,� �G�.� �1�9�7�3�.� �R�e�m�o�v�a�l� �o�f� �v�i�r�u�s�e�s� �f�r�o�m� �s�e�w�a�g�e�,� �e�f�f�l�u�e�n�t�,� �a�n�d� �w�a�t�e�r�s�.� �1�.� �A� �r�e�v�i�e�w�,� �B�u�l�l�.� 
�W�o�r�l�d� �h�e�a�l�t�h� �O�r�g�.� �4�9�:�4�5�1�-�4�6�0�.� 

�3�.� �B�r�o�w�n�,� �D�.� �S�.�,� �a�n�d� �S�.� �C�.� �R�e�e�d�.� �1�9�9�4�.� �I�n�v�e�n�t�o�r�y� �o�f� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �i�n� �t�h�e� �U�n�i�t�e�d� 
�S�t�a�t�e�s�.� �W�a�t�.� �S�c�i�.� �T�e�c�h�.� �2�9�:�3�0�9�-�3�1�8�.� 

�4�.� �C�r�a�m�e�r�,� �W�.� �N�.�,� �K�.� �K�a�w�a�t�a�,� �a�n�d� �C�.� �W�.� �K�r�u�s�e�.� �1�9�7�6�.� �C�h�l�o�r�i�n�a�t�i�o�n� �a�n�d� �i�o�d�i�n�a�t�i�o�n� �o�f� 
�p�o�l�i�o�v�i�r�u�s� �a�n�d� �f�2�.� �J�.� �W�a�t�e�r� �P�o�l�l�u�.� �C�o�n�t�r�o�l� �F�e�d�.� �4�8�:�6�1�-�7�6�.� 

�5�.� �E�d�b�u�r�g�,� �S�.� �C�.�,� �M�.� �J�.� �A�l�l�e�n�,� �D�.� �B�.� �S�m�i�t�h�,� �a�n�d� �T�h�e� �N�a�t�i�o�n�a�l� �C�o�l�l�a�b�o�t�a�t�i�v�e� �S�t�u�d�y�.� �1�9�8�8�.� 
�N�a�t�i�o�n�a�l� �f�i�e�l�d� �e�v�a�l�u�a�t�i�o�n� �o�f� �a� �d�e�f�i�n�e�d� �s�u�b�s�t�r�a�t�e� �m�e�t�h�o�d� �f�o�r� �t�h�e� �s�i�m�u�l�t�a�n�e�o�u�s� �e�n�u�m�e�r�a�t�i�o�n� 
�o�f� �t�o�t�a�l� �c�o�l�i�f�o�r�m� �a�n�d� �E�s�c�h�e�r�i�c�h�i�a� �c�o�l�i� �f�r�o�m� �d�r�i�n�k�i�n�g� �w�a�t�e�r�.� �C�o�m�p�a�r�i�s�i�o�n� �o�f� �t�h�e� �s�t�a�n�d�a�r�d� 
�m�u�l�t�i�p�l�e� �t�u�b�e� �f�e�r�m�e�n�t�a�t�i�o�n� �m�e�t�h�o�d�.� �A�p�p�l�.� �E�n�v�i�r�o�n�.� �M�i�c�r�o�b�i�o�l�.� �5�4�:�1�5�9�5�-�1�6�0�1�.� 

�6�.� �F�e�i�e�r�a�b�e�n�d�,� �J�.� �S�.� �1�9�8�9�.� �W�e�t�l�a�n�d�s�:� �T�h�e� �l�i�f�e�b�l�o�o�d� �o�f� �w�i�l�d�l�i�f�e�.� �J�n� �D�.� �A�.� �H�a�m�m�e�r� �(�e�d�.�)� 
�C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� �m�u�n�i�c�i�p�a�l�,� �i�n�d�u�s�t�r�i�a�l� �a�n�d� �a�g�r�i�c�u�l�t�u�r�a�l�.� 
�L�e�w�i�s� �P�u�b�l�.� �C�h�e�l�s�e�a�,� �M�I�.� 

�7�.� �G�e�a�r�h�e�a�r�t�,� �R�.� �A�.�,� �F�.� �K�l�o�p�p�,� �a�n�d� �G�.� �A�l�l�e�n�.� �1�9�8�9�.� �C�o�n�s�t�r�u�c�t�e�d� �f�r�e�e� �s�u�r�f�a�c�e� �w�e�t�l�a�n�d�s� �t�o� 

�6�4



�8�.� 

�9�.� 

�1�0� 

�1�1�.� 

�1�2�.� 

�1�3�.� 

�1�4�.� 

�1�5�.� 

�1�6�.� 

�1�7�.� 

�1�8�.� 

�1�9�.� 

�2�0�.� 

�2�1�.� 

�C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� �m�u�n�i�c�i�p�a�l�,� �i�n�d�u�s�t�r�i�a�l� �a�n�d� �a�g�r�i�c�u�l�t�u�r�a�l�.� 
�L�e�w�i�s� �P�u�b�l�.� �C�h�e�l�s�e�a�,� �M�I�.� 

�.� �G�e�a�r�h�e�a�r�t�,� �R�.� �A�.�,� �F�.� �K�l�o�p�p�,� �a�n�d� �G�.� �A�l�l�e�n�.� �1�9�8�9�.� �C�o�n�s�t�r�u�c�t�e�d� �f�r�e�e� �s�u�r�f�a�c�e� �w�e�t�l�a�n�d�s� �t�o� 
�t�r�e�a�t� �a�n�d� �r�e�c�e�i�v�e� �w�a�s�t�e�w�a�t�e�r�:� �p�i�l�o�t� �p�r�o�j�e�c�t� �t�o� �f�u�l�l� �s�c�a�l�e�.� �p�.� �1�2�5�.� �J�n� �D�.� �A�.� �H�a�m�m�e�r� �(�e�d�.�)� 
�C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� �m�u�n�i�c�i�p�a�l�,� �i�n�d�u�s�t�r�i�a�l� �a�n�d� �a�g�r�i�c�u�l�t�u�r�a�l�.� 
�L�e�w�i�s� �P�u�b�l�.� �C�h�e�l�s�e�a�,� �M�I�.� 
�G�e�r�b�a�,� �C�.� �P�.� �1�9�8�0�.� �V�i�r�u�s� �s�u�r�v�i�v�a�l� �i�n� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�,� �i�n� �v�i�r�u�s�e�s� �a�n�d� �w�a�s�t�e�w�a�t�e�r� 
�t�r�e�a�t�m�e�n�t�.� �J�n� �M�.� �G�o�d�d�a�r�d� �a�n�d� �M�.� �B�u�t�l�e�r� �(�e�d�.�)�.� �p�.� �3�9�-�4�8�.� �P�e�r�g�a�m�o�n� �P�r�e�s�s�,� �I�n�c�.� �N�Y�.� 
�G�e�r�s�b�e�r�g�,� �R�.� �M�.�,� �S�.� �R�.� �L�y�o�n�,� �R�.� �B�r�e�n�n�e�r�,� �a�n�d� �B�.� �V�.� �E�l�k�i�n�s�.� �1�9�8�7�.� �F�a�t�e� �o�f� �v�i�r�u�s�e�s� �i�n� 
�a�r�t�i�f�i�c�i�a�l� �w�e�t�l�a�n�d�s�.� �A�p�p�l�.� �E�n�v�i�r�n�.� �M�i�c�r�o�b�i�o�l�.� �5�3�:�7�3�1�-�7�3�6�.� 

�.� �G�e�r�s�b�u�r�g�,� �R�.� �A�.�,� �R�.� �M�.�,� �R�.� �A�.� �G�e�a�r�h�e�a�r�t�,� �a�n�d� �M�.� �I�v�e�s�.� �1�9�8�9�.� �P�a�t�h�o�g�e�n� �r�e�m�o�v�a�l� �i�n� 
�c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s�.� �p�.� �4�3�1�-�4�4�5�.� �J�n� �D�.� �A�.� �H�a�m�m�e�r� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� 
�f�o�r�w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� �m�u�n�i�c�i�p�a�l�,� �i�n�d�u�s�t�r�i�a�l� �a�n�d� �a�g�r�i�c�u�l�t�u�r�a�l�.� �L�e�w�i�s� �p�u�b�l�.� 
�C�h�e�l�s�e�a�,�M�I�.� 
�H�a�v�e�l�a�a�r�,� �A�.� �H�.�,� �a�n�d� �W�.� �M�.� �P�o�t�-�H�o�g�e�b�o�o�m�.� �1�9�8�9�.� �F�-�s�p�e�c�i�f�i�c� �R�N�A�-�b�a�c�t�e�r�i�o�p�h�a�g�e�s� �a�s� 
�m�o�d�e�l� �v�i�r�u�s�e�s� �i�n� �w�a�t�e�r� �h�y�g�i�e�n�e�:� �e�c�o�l�o�g�i�c�a�l� �a�s�p�e�c�t�s�.� �W�a�t�e�r� �S�c�i�.� �T�e�c�h�n�o�l�.� �2�0�:�3�3�9�.� 
�H�e�r�s�k�o�w�i�t�z�,� �J�.�,� �S�.� �B�l�a�c�k�.�,� �a�n�d� �W�.� �L�e�w�a�n�d�o�w�s�k�i�.� �1�9�8�7�.� �L�i�s�t�o�w�e�l� �A�r�t�i�f�i�c�i�a�l� �M�a�r�s�h� 
�T�r�e�a�t�m�e�n�t� �P�r�o�j�e�c�t�.� �p�.� �2�4�7�-�2�6�1�.� �I�n� �K�.� �R�.� �R�e�d�d�y� �a�n�d� �W�.� �H�.� �S�m�i�t�h� �(�e�d�s�.�)� �A�q�u�a�t�i�c� �p�l�a�n�t�s� 
�f�o�r� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �a�n�d� �r�e�s�o�u�r�c�e� �r�e�c�o�v�e�r�y�.� �M�a�g�n�o�l�i�a� �P�u�b�l�.� �I�n�.� �O�r�l�a�n�d�o�,� �F�L�.� 
�K�a�p�u�s�c�i�n�s�k�i�,� �R�.� �B�.�,� �a�n�d� �R�.� �M�i�t�c�h�e�l�l�.� �1�9�8�3�.� �S�u�n�l�i�g�h�t�-�i�n�d�u�c�e�d� �m�o�r�t�a�l�i�t�y� �o�f� �v�i�r�u�s�e�s� �a�n�d� 
�E�s�c�h�e�r�i�c�h�i�a� �c�o�l�i� �i�n� �c�o�a�s�t�a�l� �s�e�a�w�a�t�e�r�.� �E�n�v�i�r�o�n�.� �S�c�i�.� �T�e�c�h�n�o�l�.� �1�7�:�1�-�6�.� 
�K�n�o�t�t�,� �Y�.�,� �N�.� �R�o�z�e�,� �S�.� �S�p�e�r�b�e�r�,� �a�n�d� �N�.� �B�e�t�z�e�r�.� �1�9�7�4�.� �B�a�c�t�e�r�i�o�p�h�a�g�e�s� �a�s� �v�i�r�a�l� �p�o�l�l�u�t�i�o�n� 
�i�n�d�i�c�a�t�o�r�s�.� �W�a�t�e�r� �R�e�.� �8�:�6�6�8�-�6�7�0�.� 
�M�e�l�n�i�c�k�,� �J�.� �L�.�,� �C�.� �P�.� �G�e�r�b�a�,� �a�n�d� �C�.� �W�a�l�l�i�s�.� �1�9�7�8�.� �V�i�r�u�s�e�s� �i�n� �w�a�t�e�r�.� �B�u�l�l�.� �W�o�r�l�d� �H�e�a�l�t�h� 
�O�r�g�.� �5�6�:�4�9�9�-�5�0�8�.� 
�S�c�h�e�u�e�r�m�a�n�,� �P�.� �R�.�,� �G�.� �B�i�t�t�o�n�,� �a�n�d� �S�.� �R�.� �F�a�r�r�a�h�.� �1�9�8�9�.� �F�a�t�e� �o�f� �m�i�c�r�o�b�i�a�l� �i�n�d�i�c�a�t�o�r�s� �a�n�d� 
�v�i�r�u�s�e�s� �i�n� �a� �f�o�r�e�s�t�e�d� �w�e�t�l�a�n�d�.� �p�.� �6�5�7�-�6�6�3�.� �J�n� �D�.� �A�.� �H�a�m�m�e�r� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� 
�f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� �m�u�n�i�c�i�p�a�l�,� �i�n�d�u�s�t�r�i�a�l� �a�n�d� �a�g�r�i�c�u�l�t�u�r�a�l�.� �L�e�w�i�s� �P�u�b�l�.� �C�h�e�l�s�e�a�,� 
�M�I�.� 
�S�i�e�g�r�i�s�t�,� �R�.� �1�9�7�7�.� �W�a�s�t�e�w�a�t�e�r� �s�e�g�r�e�g�a�t�i�o�n� �a�s� �a� �m�e�a�n�s� �o�f� �e�n�h�a�n�c�i�n�g� �o�n�-�s�i�t�e� �w�a�s�t�e�w�a�t�e�r� 
�m�a�n�a�g�e�m�e�n�t�,� �J�.� �E�n�v�i�r�o�n�.� �H�e�a�l�t�h�.� �4�0�(�1�)�:� �5�-�8�.� 
�S�t�e�t�l�e�r�,� �R�.� �E�.� �1�9�8�4�.� �C�o�l�i�p�h�a�g�e�s� �a�s� �i�n�d�i�c�a�t�o�r�s� �o�f� �e�n�t�e�r�o�v�i�r�u�s�.� �A�p�p�l�.� �E�n�v�i�r�o�n�.� �M�i�c�r�o�b�i�o�l�.� 
�4�8�:�6�6�8�-�6�7�0�.� 
�W�e�n�t�a�l�,� �R�.� �S�.�,� �P�.� �E�.� �O�'�N�e�i�l�l�,� �a�n�d� �J�.� �F�.� �K�i�t�c�h�e�n�s�.� �1�9�8�2�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �c�o�l�i�p�h�a�g�e� �d�e�t�e�c�t�i�o�n� 
�a�s� �a� �r�a�p�i�d� �i�n�d�i�c�a�t�o�r� �o�f� �w�a�t�e�r� �q�u�a�l�i�t�y�.� �A�p�p�l�.� �E�n�v�i�r�o�n�.� �M�i�c�r�o�b�i�o�l�.� �4�3�:�4�3�0�-�4�3�4�.� 
�W�o�l�v�e�r�t�o�n�,� �B�.� �C�.� �1�9�8�9�.� �A�q�u�a�t�i�c� �p�l�a�n�t�/�m�i�c�r�o�b�i�a�l� �f�i�l�t�e�r�s� �f�o�r� �t�r�e�a�t�i�n�g� �s�e�p�t�i�c� �t�a�n�k� �e�f�f�l�u�e�n�t�.� 
�p�.� �1�7�3�-�1�7�7�.� �I�n� �D�.� �A�.� �H�a�m�m�e�r� �(�e�d�.�)� �C�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d� �f�o�r� �w�a�s�t�e�w�a�t�e�r� �t�r�e�a�t�m�e�n�t�:� 
�m�u�n�i�c�i�p�a�l�,� �i�n�d�u�s�t�r�i�a�l� �a�n�d� �a�g�r�i�c�u�l�t�u�r�a�l�.� �L�e�w�i�s� �P�u�b�l�.� �C�h�e�l�s�e�a�,� �M�I�.� 
�W�o�r�l�d� �H�e�a�l�t�h� �o�r�g�a�n�i�z�a�t�i�o�n�.� �1�9�7�9�.� �H�u�m�a�n� �v�i�r�u�s�e�s� �i�n� �w�a�t�e�r�,� �w�a�s�t�e�w�a�t�e�r� �a�n�d� �s�o�i�l�.� �W�H�O�,� 
�T�e�c�h�.� �R�e�p�.� �S�e�r�.� �n�o�.� �6�3�9�.� 
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�C�h�a�p�t�e�r� �V�:� 

�B�I�O�C�H�E�M�I�C�A�L� �O�X�Y�G�E�N� �D�E�M�A�N�D� 

�A�B�S�T�R�A�C�T� 

�T�h�i�s� �r�e�s�e�a�r�c�h� �c�o�n�s�i�s�t�e�d� �o�f� �s�t�u�d�i�e�s� �c�o�n�d�u�c�t�e�d� �a�t� �t�h�e� �W�P� �s�i�t�e� �i�n� �B�l�a�c�k�s�b�u�r�g�,� �V�A� �a�n�d� 

�t�h�e� �P�R�P� �s�i�t�e� �i�n� �W�i�s�e� �C�o�u�n�t�y�,� �V�A�,� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �S�V�B� �f�o�r�m� �o�f� �c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s�.� 

�D�o�m�e�s�t�i�c� �w�a�s�t�e�w�a�t�e�r� �w�a�s� �s�u�p�p�l�i�e�d� �t�o� �s�m�a�l�l� �s�c�a�l�e� �S�V�B�s� �f�r�o�m� �a� �p�u�m�p� �c�h�a�m�b�e�r� �p�l�a�c�e�d� 

�b�e�t�w�e�e�n� �t�h�e� �s�e�p�t�i�c� �t�a�n�k� �a�n�d� �t�h�e� �e�x�i�s�t�i�n�g� �d�r�a�i�n�f�i�e�l�d�.� �S�i�x�t�e�e�n� �s�m�a�l�l� �s�c�a�l�e� �S�V�B�s� �w�e�r�e� �i�n�s�t�a�l�l�e�d� 

�d�o�w�n� �s�l�o�p�e� �o�f� �t�h�e� �r�e�s�i�d�e�n�c�e� �a�t� �t�h�e� �W�P� �s�i�t�e�.� �T�r�e�a�t�m�e�n�t�s� �i�n�c�l�u�d�e�d� �t�h�r�e�e� �d�e�t�e�n�t�i�o�n� �t�i�m�e�s� �(�2�.�6�,� 

�3�.�9�,� �a�n�d� �5�.�9� �d�a�y�s�)�,� �t�w�o� �r�e�c�i�r�c�u�l�a�t�i�o�n� �r�a�t�i�o�s� �(�0� �a�n�d� �0�.�5�)�,� �a�n�d� �t�w�o� �p�l�a�n�t� �s�p�e�c�i�e�s� �(�w�o�o�l�g�r�a�s�s� �a�n�d� 

�c�a�t�t�a�i�l�)�.� �T�r�e�a�t�m�e�n�t�s� �f�o�r� �t�h�e� �P�R�P� �s�i�t�e� �c�o�n�s�i�s�t�s� �o�f� �t�h�r�e�e� �d�e�t�e�n�t�i�o�n� �t�i�m�e�s� �(�4�,� �8�,� �1�2� �d�a�y�s�)� �a�n�d� �t�h�e� 

�s�a�m�e� �p�l�a�n�t� �s�p�e�c�i�e�s� �(�c�a�t�t�a�i�l� �a�n�d� �w�o�o�l�g�r�a�s�s�)�.� �T�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �t�h�e� �S�V�B� �d�e�s�i�g�n� �i�s�s�u�e�s� �a�n�d� 

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

�B�O�D�,�,� �D�O� �a�n�d� �E�h� 

�W�i�t�h� �i�n�c�r�e�a�s�e�d� �d�e�t�e�n�t�i�o�n� �t�i�m�e�,� �D�O� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�t� �t�h�e� �d�e�e�p� �p�a�r�t� �o�f� �t�h�e� �w�a�s�t�e�w�a�t�e�r� 

�c�o�l�u�m�n� �(�d�e�e�p� �s�a�m�p�l�e�)� �w�e�r�e� �i�n�c�r�e�a�s�e�d� �a�t� �t�h�e� �W�P� �s�i�t�e�,� �b�u�t� �t�h�e�r�e� �w�e�r�e� �n�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �D�O� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�t� �t�h�e� �P�R�P� �s�i�t�e�.� �D�O� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �m�u�c�h� �h�i�g�h�e�r� �d�u�r�i�n�g� �t�h�e� �w�i�n�t�e�r� �a�n�d� 

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

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

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

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

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

�S�V�B�s� �p�l�a�n�t�e�d� �t�o� �w�o�o�l�g�r�a�s�s� �w�e�r�e� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �S�V�B�s� �p�l�a�n�t�e�d� �t�o� �c�a�t�t�a�i�l� �a�t� �b�o�t�h� �s�i�t�e�s�.� �L�i�n�e�a�r� 
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�r�e�l�a�t�i�o�n�s�h�i�p�s� �(�r�e�g�r�e�s�s�i�o�n� �a�n�a�l�y�s�i�s� �o�f� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �w�i�t�h� �E�h�)� �w�e�r�e� �p�r�e�s�e�n�t� �b�e�t�w�e�e�n� �d�e�t�e�n�t�i�o�n� 

�t�i�m�e�s� �a�n�d� �E�h� �v�a�l�u�e�s� �a�t� �b�o�t�h� �s�i�t�e�s�.� 

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

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

�t�i�m�e�.� �T�h�e� �5�.�9� �d�a�y�s� �d�e�t�e�n�t�i�o�n� �t�i�m�e� �(�1�.�7� �c�m� �d!"� �l�o�a�d�i�n�g� �r�a�t�e�)� �h�a�d� �t�h�e� �h�i�g�h�e�s�t� �r�e�m�o�v�a�l� 

�c�a�p�a�b�i�l�i�t�i�e�s�.� �T�h�e� �B�O�D�,� �r�e�m�o�v�a�l� �r�a�t�e�s� �r�a�n�g�e�d� �f�r�o�m� �5�4� �t�o� �7�0�%�.� �A�l�t�h�o�u�g�h� �t�h�e�r�e� �w�a�s� �l�i�t�t�l�e� 

�s�e�a�s�o�n�a�l� �i�m�p�a�c�t� �o�n� �B�O�D�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�r� �t�r�e�a�t�m�e�n�t� �e�f�f�i�c�i�e�n�c�i�e�s� �a�t� �t�h�e� �W�P� �s�i�t�e�,� �p�o�l�l�u�t�a�n�t� 

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

�A�t� �t�h�e� �P�R�P� �s�i�t�e�,� �t�h�e�r�e� �w�e�r�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �B�O�D�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�m�o�n�g� �t�h�e� �t�h�r�e�e� 

�d�e�t�e�n�t�i�o�n� �t�i�m�e�s�.� �B�O�D�,� �r�e�m�o�v�a�l� �r�a�t�e�s� �r�a�n�g�e�d� �f�r�o�m� �3�0� �t�o� �7�5�%� �a�n�d� �s�h�a�l�l�o�w� �s�a�m�p�l�e�s� �e�x�h�i�b�i�t�e�d� 

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

�t�h�a�n� �s�u�m�m�e�r� �a�n�d� �f�a�l�l� �p�e�r�i�o�d�s�.� �P�l�a�n�t� �s�p�e�c�i�e�s� �d�i�d� �n�o�t� �a�f�f�e�c�t� �D�O� �c�o�n�t�e�n�t� �a�n�d� �B�O�D�,� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�t� �e�i�t�h�e�r� �s�i�t�e�.� �|� 

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

�w�a�s� �0�.�2�4� �d!"� �f�o�r� �B�O�D�,� �r�e�m�o�v�a�l� �a�t� �t�h�e� �W�P� �s�i�t�e�.� �T�h�e� �K�,� �v�a�l�u�e� �a�t� �t�h�i�s� �s�i�t�e� �w�a�s� �0�.�2�8� �d!"� �f�o�r� 

�s�a�m�p�l�e�s� �c�o�l�l�e�c�t�e�d� �d�u�r�i�n�g� �t�h�e� �s�u�m�m�e�r� �a�n�d� �w�i�n�t�e�r� �p�e�r�i�o�d�s�,� �a�n�d� �0�.�1�9� �d!"� �f�o�r� �s�a�m�p�l�e�s� �c�o�l�l�e�c�t�e�d� 

�d�u�r�i�n�g� �t�h�e� �w�i�n�t�e�r� �a�n�d� �s�p�r�i�n�g� �p�e�r�i�o�d�s�.� �A�t� �t�h�e� �P�R�P� �s�i�t�e�,� �t�h�e� �K�,� �v�a�l�u�e� �w�a�s� �0�.�1�4� �d!"� �f�o�r� �s�h�a�l�l�o�w� 

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

�H�o�w�e�v�e�r�,� �t�h�e� �K�,� �v�a�l�u�e� �w�a�s� �m�u�c�h� �s�m�a�l�l�e�r� �f�o�r� �d�e�e�p� �s�a�m�p�l�e�s� �a�t� �t�h�e� �P�R�P� �s�i�t�e�.� 
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�I�.� �I�N�T�R�O�D�U�C�T�I�O�N� 

�I�n� �t�h�e� �S�V�B� �s�y�s�t�e�m�s� �e�m�p�l�o�y�e�d� �t�o� �t�r�e�a�t� �d�o�m�e�s�t�i�c� �w�a�s�t�e�w�a�t�e�r�,� �B�O�D�,� �i�s� �t�h�e� �m�o�s�t� 

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

�i�n� �p�r�o�p�e�r�l�y� �d�e�s�i�g�n�e�d� �S�V�B� �s�y�s�t�e�m�s�,� �i�t� �s�h�o�u�l�d� �n�o�t� �b�e� �d�i�f�f�i�c�u�l�t� �t�o� �a�c�h�i�e�v�e� �7�0� �t�o� �9�0�%� �o�f� �B�O�D�,� 

�r�e�d�u�c�t�i�o�n�.� �A�c�c�o�r�d�i�n�g� �t�o� �K�n�i�g�h�t� �e�t� �a�l�.� �(�1�9�9�3�)� �a�n�d� �W�a�s�t�o�n� �e�t� �a�l�.� �(�1�9�8�9�)�,� �B�O�D�,� �r�e�m�o�v�a�l� 

�p�e�r�c�e�n�t�a�g�e� �r�a�n�g�e�d� �f�r�o�m� �1�8� �t�o� �9�6�%� �i�n� �2�0� �o�p�e�r�a�t�i�o�n�a�l� �S�V�B� �s�y�s�t�e�m�s�,� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �r�e�m�o�v�a�l� 

�r�a�t�e� �o�f� �6�7�%�.� �W�h�i�l�e� �B�a�s�t�i�a�n� �a�n�d� �H�a�m�m�e�r� �(�1�9�9�3�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �B�O�D�,� �r�e�m�o�v�a�l� �e�f�f�i�c�i�e�n�c�i�e�s� �i�n� 

�c�o�n�s�t�r�u�c�t�e�d� �w�e�t�l�a�n�d�s� �r�a�n�g�e�d� �f�r�o�m� �5�0�-�9�0�%�.� 

�D�e�g�r�a�d�a�t�i�o�n� �o�f� �B�O�D�,� �i�n�t�e�g�r�a�t�e�s� �t�h�e� �p�r�o�c�e�s�s� �o�f� �o�r�g�a�n�i�c� �a�n�d� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �i�n� �t�h�e� 

�w�a�s�t�e�w�a�t�e�r� �c�o�l�u�m�n�.� �B�O�D�,� �r�e�m�o�v�a�l� �i�n� �t�h�e� �S�V�B� �s�y�s�t�e�m�s� �h�a�s� �b�e�e�n� �d�e�s�c�r�i�b�e�d� �a�s� �a� �f�i�r�s�t�-�o�r�d�e�r� 

�r�e�a�c�t�i�o�n� �(�E�P�A�,� �1�9�8�8�)�.� �T�h�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �B�O�D� �i�n� �t�h�e� �S�V�B� �s�y�s�t�e�m� �o�c�c�u�r�s� �m�i�c�r�o�b�i�a�l�l�y�,� 

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

�K�n�i�g�h�t� �e�t� �a�l�.� �(�1�9�9�3�)� �c�o�n�d�u�c�t�e�d� �a� �l�i�n�e�a�r� �r�e�g�r�e�s�s�i�o�n� �t�o� �p�r�e�d�i�c�t� �B�O�D�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� 

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

�B�O�D�,�,�,�=�0�.�0�9�7� �H�L�R� �+�0�.�1�9�2� �B�O�D�,�,� �R�?�=�0�.�7�2� �E�q�.� �5�.�1� 

�W�h�e�r�e� �B�O�D�,�,�,�-�B�O�D�,� �o�u�t�f�l�o�w� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �m�g�/�L�,� 

�B�O�D�,�,�-�B�O�D�,� �i�n�f�l�o�w� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �m�g�/�L� 

�H�L�R�-�h�y�d�r�a�u�l�i�c� �l�o�a�d�i�n�g� �r�a�t�e�,� �c�m�/�d�.� 

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

�a�n�d� �t�h�e� �E�h� �i�n� �t�h�e� �S�V�B�s�,� �t�h�e� �s�l�o�w�e�r� �t�h�e� �B�O�D� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �c�o�l�u�m�n�.� �T�h�e� �m�a�i�n� 

�s�o�u�r�c�e�s� �o�f� �O�,� �f�o�r� �t�h�e� �S�V�B� �i�s� �1�)� �O�,� �d�i�f�f�u�s�i�o�n� �f�r�o�m� �t�h�e� �a�t�m�o�s�p�h�e�r�e� �i�n�t�o� �t�h�e� �w�a�s�t�e�w�a�t�e�r� 

�c�o�l�u�m�n� �a�n�d� �2�)� �O�,� �d�i�f�f�u�s�i�o�n� �v�i�a� �p�l�a�n�t� �s�t�r�u�c�t�u�r�e�s� �f�r�o�m� �t�h�e� �a�t�m�o�s�p�h�e�r�e� �t�o� �t�h�e� �p�l�a�n�t� �r�o�o�t�,� �t�h�e�n� 

�t�h�e� �r�o�o�t�s� �r�e�l�e�a�s�e� �e�x�c�e�s�s� �O�,� �t�o� �t�h�e� �r�h�i�z�o�s�p�h�e�r�e� �(�B�r�i�x�,� �1�9�8�7�)�.� �H�o�w�e�v�e�r�,� �i�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� 
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�d�e�t�e�r�m�i�n�e� �O�,� �c�h�a�n�g�e� �w�i�t�h� �f�i�e�l�d� �e�q�u�i�p�m�e�n�t�.� �E�h� �q�u�a�n�t�i�t�a�t�i�v�e�l�y� �m�e�a�s�u�r�e�s� �t�h�e� �t�e�n�d�e�n�c�y� �o�f� �t�h�e� 

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

�r�e�d�u�c�t�i�o�n� �i�s� �t�h�e� �g�a�i�n� �o�f� �e�l�e�c�t�r�o�n�s�.� �A� �g�e�n�e�r�a�l�i�z�e�d� �r�e�a�c�t�i�o�n� �i�s� �g�i�v�e�n� �i�n� �E�q�u�a�t�i�o�n� �5�.�2�,� 

�O�x� �+� �n�e �� �+� �m�H�*� �=� �R�e�d� �+� �H�*� 

�E�q�.� �5�.�2� 

�a�n�d� �E�h� �c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d� �b�y� �E�q�u�a�t�i�o�n� �5�.�2�,� 

�E�h� �=�E�?�-�0�.�0�5�9� �(�m�/�n�)� �p�H�+�(�0�.�0�5�9�/�n�)� �l�o�g� �[�(�o�x�i�d�a�n�t�)�/�(�r�e�d�u�c�t�a�n�t�)�]� �E�q�.� �5�.�3� 

�W�h�e�r�e� 

�E�®� �i�s� �t�h�e� �s�t�a�n�d�a�r�d� �p�o�t�e�n�t�i�a�l�;� 

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

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

�A�s� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �o�r�g�a�n�i�c� �m�a�t�e�r�i�a�l�s� �o�c�c�u�r�s� �i�n� �t�h�e� �S�V�B�s�,� �t�h�e� �D�O� �i�n� �t�h�e� �w�a�s�t�e�w�a�t�e�r� 

�c�o�l�u�m�n� �i�s� �d�e�p�l�e�t�e�d� �a�n�d� �t�h�e� �E�h� �d�e�c�r�e�a�s�e�s�.� �B�O�D�,� �c�a�n� �b�e� �d�e�c�o�m�p�o�s�e�d� �u�n�d�e�r� �b�o�t�h� �a�e�r�o�b�i�c� �a�n�d� 

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

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

�p�r�i�o�r� �t�o� �t�h�e� �c�o�m�p�l�e�t�e� �d�i�s�a�p�p�e�a�r�a�n�c�e� �o�f� �O�,� �A�f�t�e�r� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n�,� �t�h�e�n� �M�n�*�*� �i�s� �c�o�n�v�e�r�t�e�d� �t�o� 

�M�n ��,� �a�n�d� �F�e�*� �i�s� �c�o�n�v�e�r�t�e�d� �t�o� �F�e�,� �H�y�d�r�o�g�e�n� �s�u�l�f�i�d�e� �a�n�d� �C�H�,� �d�o� �n�o�t� �a�p�p�e�a�r� �u�n�t�i�l� �r�e�d�u�c�t�i�o�n� 

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

�T�h�e� �S�V�B� �s�y�s�t�e�m�s� �i�n� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t� �w�e�r�e� �d�e�s�i�g�n�e�d�,� �b�a�s�e�d� �o�n� �B�O�D�,� �r�e�m�o�v�a�l�,� �t�o� 

�a�c�h�i�e�v�e� �m�a�x�i�m�u�m� �B�O�D�,� �r�e�d�u�c�t�i�o�n� �f�r�o�m� �S�T�E� �w�i�t�h� �m�i�n�i�m�u�m� �l�a�n�d� �r�e�q�u�i�r�e�m�e�n�t� �a�n�d� �a�t� �l�o�w� 

�c�o�s�t�.� 
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�I�l� �M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�1�.� �F�i�e�l�d� �e�x�p�e�r�i�m�e�n�t�s� �a�n�d� �d�a�t�a� �a�n�a�l�y�s�i�s�:� �R�e�f�e�r� �t�o� �C�h�a�p�t�e�r� �I�I�I�.� 

�2�.� �C�h�e�m�i�c�a�l� �a�n�d� �B�i�o�l�o�g�i�c�a�l� �a�n�a�l�y�s�i�s� 

�2�.�1�.� �R�e�d�o�x� �p�o�t�e�n�t�i�a�l� �(�K�h�)� 

�E�h� �v�a�l�u�e�s� �r�e�l�a�t�i�v�e� �t�o� �H�,�/�H�*� �w�e�r�e� �m�e�a�s�u�r�e�d� �a�t� �v�a�r�i�o�u�s� �p�o�i�n�t�s� �i�n� �t�h�e� �S�V�B�s� �b�e�f�o�r�e� 

�d�o�s�i�n�g� �w�i�t�h� �a� �p�H� �m�e�t�e�r� �(�A�P�H�A�,� �1�9�8�5�)�.� �T�h�e� �c�a�l�o�m�e�l� �e�l�e�c�t�r�o�d�e� �p�o�t�e�n�t�i�a�l� �(�E�h� �=� �E�h�,� �s�i�n�g� �+� �2�4�3�;� 

�J�a�c�k�s�o�n�,� �1�9�7�5�)� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �i�n�i�t�i�a�l� �r�e�a�d�i�n�g� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�c�t�u�a�l� �E�h� �v�a�l�u�e�s�.� �E�h� �v�a�l�u�e�s� 

�f�o�r� �e�a�c�h� �S�V�B� �w�e�r�e� �m�e�a�s�u�r�e�d� �a�t� �t�w�o� �d�e�p�t�h�s� �(�2�.�5� �a�n�d� �2�5� �c�m� �f�r�o�m� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �S�V�B�)� �a�t� 

�t�h�e� �W�P� �s�i�t�e� �a�n�d� �a�t� �t�h�r�e�e� �d�e�p�t�h�s� �(�2�.�5�,� �1�5�,� �2�5� �c�m� �f�r�o�m� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �S�V�B�s�)� �a�t� �t�h�e� �P�R�P� �s�i�t�e�.� 

�2�.�2�.� �D�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �(�D�O�)� 

�D�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�e� �S�V�B�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �a�f�t�e�r� �E�h� �d�e�t�e�r�m�i�n�a�t�i�o�n�,� 

�b�u�t� �p�r�i�o�r� �t�o� �d�o�s�i�n�g�.� �A� �Y�I�S� �D�O� �m�e�t�e�r� �w�a�s� �c�a�l�i�b�r�a�t�e�d� �w�i�t�h� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �a�n�d� �a�d�j�u�s�t�e�d� �f�o�r� 

�t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �a�l�t�i�t�u�d�e� �(�A�P�H�A�,� �1�9�8�5�)�.� 

�2�.�3�.� �B�i�o�c�h�e�m�i�c�a�l� �o�x�y�g�e�n� �d�e�m�a�n�d� �(�B�O�D�,�)� 

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

�w�a�t�e�r� �w�a�s� �a� �m�i�x�t�u�r�e� �o�f� �1� �m�l� �p�h�o�s�p�h�a�t�e� �b�u�f�f�e�r�,� �1� �m�l� �M�g�S�O�,�,� �1� �m�l� �C�a�C�l� �,� �a�n�d� �1� �m�l� �F�e�C�l�,� 

�s�o�l�u�t�i�o�n�s� �i�n� �1�0�0�0� �m�l� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r�.� �U�n�f�i�l�t�e�r�e�d� �s�u�b�s�a�m�p�l�e�s� �w�e�r�e� �d�i�l�u�t�e�d� �w�i�t�h� �B�O�D� �d�i�l�u�t�i�o�n� 

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

�a�n�d� �f�i�n�a�l� �D�O� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�f�t�e�r� �5� �d�a�y�s� �i�n�c�u�b�a�t�i�o�n� �a�t� �2�0�°�C�.� �B�O�D�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� 

�c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �D�O� �d�i�f�f�e�r�e�n�c�e�s� �a�n�d� �d�i�l�u�t�i�o�n� �v�o�l�u�m�e�s� �(�A�P�H�A�,� �1�9�8�5�)�.� 
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�I�I�I�.� �R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�1�.� �D�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �(�D�O�)� 

�A�q�u�a�t�i�c� �p�l�a�n�t� �g�r�o�w�t�h� �i�m�p�o�r�t�s� �l�i�f�e� �a�n�d� �a�c�t�i�v�i�t�y� �t�o� �t�h�e� �S�V�B� �s�y�s�t�e�m�s�.� �O�x�y�g�e�n� �i�s� 

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

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

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

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

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

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

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

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

�S�V�B�s� �a�t� �b�o�t�h� �s�i�t�e�s� �(�T�a�b�l�e� �5�.�1�)�,� �e�s�p�e�c�i�a�l�l�y� �d�u�r�i�n�g� �t�h�e� �s�u�m�m�e�r� �a�n�d� �f�a�l�l� �p�e�r�i�o�d�s� �d�u�e� �t�o� �h�i�g�h� 

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

�(�T�a�b�l�e� �5�.�2�)�.� �H�o�w�e�v�e�r�,� �D�O� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �m�u�c�h� �h�i�g�h�e�r� �d�u�r�i�n�g� �t�h�e� �w�i�n�t�e�r� �a�n�d� �s�p�r�i�n�g� 

�p�e�r�i�o�d�s�,� �e�s�p�e�c�i�a�l�l�y� �i�n� �t�h�e� �s�h�a�l�l�o�w� �p�a�r�t� �o�f� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �c�o�l�u�m�n� �S�V�B�s� �(�T�a�b�l�e� �5�.�2�)�.� �T�h�e�s�e� 

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

�S�V�B�s� �a�n�d� �d�i�f�f�u�s�i�o�n� �o�f� �O�,� �f�r�o�m� �t�h�e� �a�i�r� �i�n�t�o� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �w�a�s�t�e�w�a�t�e�r� �c�o�l�u�m�n�.� �T�h�e� 

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

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

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

�e�i�t�h�e�r� �s�i�t�e� �(�T�a�b�l�e� �5�.�3�)�.� �A�p�p�a�r�e�n�t�l�y� �b�o�t�h� �c�a�t�t�a�i�l� �a�n�d� �w�o�o�l�g�r�a�s�s� �c�a�n� �t�r�a�n�s�p�o�r�t� �s�i�m�i�l�a�r� �q�u�a�n�t�i�t�i�e�s� 

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

�r�h�i�z�o�s�p�h�e�r�e�.� 
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