
Nitrogen Transport and Dynamics in Grass Filter Strips 

by 

Aida Méndez-Delgado 

Dissertation submitted to the Faculty of the 

Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

in Agricultural Engineering 

APPROVED 

    

    

    

T. A. Dillaha III, Co-chairman S. Mostaghimi, Co-chairman 

D. Gallagher G. V. Géganathan 

“J. E. Parsons J. V. Perumpral 

February, 1996 

Blacksburg, Virginia 

KEYWORDS: Nonpoint source pollution, water quality, runoff, grass buffer, riparian ecosystem



Nitrogen Transport and Dynamics in Grass Filter Strips 

by 

Aida Méndez-Delgado 

Theo A. Dillaha ITI, Co-chairman 

Saied Mostaghimi, Co-chairman 

Biological Systems Engineering 

(ABSTRACT) 

Field research was conducted to investigate the impact of vegetative filter strips (VFSs) on 

surface runoff water quality and to determine if this impact decreases with time. The field research 

provided information for the development and testing of a model to describe the dynamics and fate of 

nitrogen (N) in VFSs. The experiment had a completely randomized design, with 3 treatments and 2 

replicates per treatment. The treatments were 3 VFS lengths: 0, 4.27, and 8.5 m VFSs. 

The distribution free Kruskal-Wallis test indicated that the runoff, TSS, NO3;-N, NH,"-N, and 

TKN yields and concentrations from the 8.5 m VFSs were significantly less (@ = 0.05) than the influent 

values. The TSS and NH,’-N yields and concentrations and the TKN concentration from the 4.27 m VFSs 

were significantly less than the influent yields and concentrations. The Mann-Kendall test indicated that 

the yields of TSS, NO3-N, NH,"-N, and TKN from the filters did not significantly increase from 1992 to 

1993 and neither did the FTKN yield nor the FTKN concentration from the beginning to the end of 1993. 

The mean percentage reductions in influent runoff, TSS, NO;-N, NH,"-N, and TKN yields from 

the 8.5 m filters were 73, 91, 79, 86, and 83%, respectively. The mean percentage reductions in influent 

TSS, NO;-N, NH,"-N, and TKN concentrations from the 8.5 m filters were 88, 50, 66, and 75%. The 

mean percentage reductions in influent runoff, TSS, NO3;-N, NH,"-N, and TKN yields from the 4.27 m 

filters were 43, 83, 55, 40, and 56%, respectively. The mean percentage reductions in influent TSS, 

NO;-N, NH,’-N, and TKN concentrations from the 4.27 m filters were 81, 45, 26, and 41%. 

Based on the information gathered from the experiment results and the literature, a continuous, 

long-term, field scale model (Grass Filter Strip Model, GFSM) was developed to describe N transport and 

dynamics in VFSs. The model was based on GRAPH (GRAssed-strip-PHosphorus), a field scale, event- 

based model that describes sediment and P transport in runoff. The model simulates sediment, nitrate, 

sediment-bound and dissolved ammonium, and sediment-bound organic N transport during a runoff 

event. The model simulates the daily percolation and evapotranspiration and dynamics of nitrate, 

sediment-bound and dissolved ammonium, and sediment-bound organic N in the filter between runoff



events. The model predicts the amount of N and sediment exiting the VFSs, and it can be used to estimate 

the site specific effectiveness and length of VFSs. The model can also be run for an event to assess the 

effectiveness of VFSs in reducing nonpoint source pollution loading from a single design storm. 

The model was validated using runoff, sediment, NO; and NH," yield field data gathered from 

April to December, 1993. The model predicted reasonably well (within a factor of 2) the cumulative runoff 

volume and the yields of TSS. NO;, and NH,”. The model was most sensitive to the runoff rate, depth of 

the EDI, soil water storage depth, field capacity, and the steady-state infiltration rates. 

The model was used to determine the minimum length of VFS required for a 1.3 ha field in 

Georgia to achieve 75% and 40% sediment and nutrient reductions, respectively, over a 10-year period. 

The model results indicated that a buffer length of 6.3 m was sufficient to reduce sediment and nitrogen 

losses by the specified percentages.
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CHAPTER 1 

INTRODUCTION 

Most of water quality problems in the United States are caused by nonpoint source pollution 

(USEPA, 1993). Since the late 1960’s, a series of measures have been developed to control nonpoint 

source (NPS) pollution. These measures are mainly voluntary for agricultural pollution. Since voluntary 

agricultural pollution programs have been largely unsuccessful in reducing pollution, Congress and 

federal government developed a regulatory program called the Coastal Zone Act Reauthorization 

Amendments of 1990 (CZARA). This act, for the first time required states to develop enforceable NPS 

pollution control programs. These programs relied on best management practices (BMP) to reduce NPS 

pollution. 

Agricultural BMPs are techniques that minimize soil, water, and chemical losses from agricultural 

fields while permitting productive use of the land. These practices do not usually require structural 

changes. Vegetative filter strips (VFSs) which are bands of planted or indigenous vegetation situated 

between pollutant source areas and receiving waters are used as BMPs. Although VFSs do not prevent soil 

or chemical losses from cropland, they decrease pollutant transport to adjoining waterbodies. The 

vegetation of the filters offers resistance to shallow overland flow, decreasing overland flow velocity 

immediately upslope and within the filter. A decrease in runoff velocity reduces sediment transport 

Capacity and sediment and sediment-bound pollutants deposit. The decrease in runoff velocity also allows 

more runoff water and subsequently dissolved and small particle size sediment-bound pollutants to 

infiltrate. Forested filters have two additional functions: they provide a wildlife habitat and they contribute 

to the landscape diversity (Johnson, 1978 as cited by Lowrance et al., 1985). Some researchers report that 

forested filters are more effective in retaining sediment, phosphorous, and nitrogen (N) than planted grass 

filters (Daniel and Gilliam, 1990; Lowrance, 1983). However they cannot always replace grass filters 

because forested filters can interfere with crop production, 1.e., by shading the crop from light and rain. In 

fact, grass filters and riparian filters complement each other as NPS control measures (Welsch, 1991). 

Researchers have reported that VFSs are effective in removing sediment and sediment-bound 

pollutants from runoff (Parsons et al., 1994; Dillaha et al.; Magette et al., 1989); however most of the 

research conducted on VFSs has short duration (1 or 2 yr) with data collected from few runoff events. 

Since VFSs are expected to be operative for their structural life, ideally 10 years (Dillaha and Hayes, 

1991), it is necessary to understand the long-term fate of sediment, organic N (org-N), nitrate-N (NO3-N), 

ammonium-N (NH,"-N), and phosphorous (P) in the filter. A major concern of VFSs researchers is that 

VFSs trapping efficiency may decline with time and that VFSs may eventually become a source of mineral 
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N and P. For example, if organic N trapped in the filters is mineralized, the mineral N forms may be 

washed off with runoff exiting the filters (Patterson et al., 1977; Young et al., 1980; and Dillaha et al., 

1987)). 

The objective of research is to discover how a system works under a given set of conditions 

(initial and boundary conditions) by formulating hypotheses regarding the system, and then designing an 

experiment to test the hypotheses. When the system is very complex, the hypotheses are expressed with 

mathematical formulae that constitute a mathematical model. This model is tested using the data from the 

experiment. If the conditions were not very restrictive, the model would be able to describe the system 

under a similar set of conditions avoiding the need to repeat the experiment for those conditions. 

Based on short-term VFS research, event-based models have been developed to describe sediment 

transport and deposition, runoff routing, and P and N transport in VFSs. Researchers at the University of 

Kentucky studied sediment movement and trapping in a VFS and developed, GRASSF, a model that 

describes these processes (Hayes, 1979; Barfield and Hayes, 1980). Lee (1987) developed a model, 

GRAPH, to describe sediment-bound and dissolved P transport in runoff. Mufioz-Carpena (1993) 

developed a model to describe runoff in a filter. Based on the same runoff routing approach, Chaubey et 

al. (1994) and Wang et al. (1994) developed two models to describe N movement in VFSs. 

In 1990, at the time that this research was started, there were little research data available to 

determine why VFSs sometimes released nitrate and sometimes did not, and how the N dynamics in VFSs 

would change over the expected life of a filter. The answers to these questions are interesting from a 

scientific point of view and extremely important from environmental and economic points of view. If 

VFSs release nitrate over time, a means is needed to quantify the impact of this nitrate in receiving 

waters. Since installation of VFSs usually requires the loss of some cropland, it is of economic interest to 

determine the minimum required size of VFS that is required for water quality protection at specific sites. 

Objective 

The overall goal of this study was to investigate the short and long term dynamics of N in VFSs. 

Specific objectives of this study were: 

1. Initiate a long-term plot study to experimentally evaluate the short and long-term effectiveness of grass 

buffer strips in removing N from cropland runoff. 

2. Select an existing event-based model to serve as a basis for the development of a VFS long-term 

continuous simulation N model that could be used to ascertain the site specific 

effectiveness of VFSs. 

3. Develop a N transport and fate model to simulate NO;-N, dissolved and sediment-bound NH,*-N, and 

sediment-bound org-N transport in VFSs. 
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4. Convert the event-based VFS model into a long-term, continuous simulation model by incorporating 

crop growth, soil moisture, and evapotranspiration components into the model. 

5. Investigate the sensitivity of the model to input parameters and identify those model parameters 

requiring the most careful estimation. 

6. Validate the model by comparing its predictions of runoff, sediment, and nutrient losses, and soil 

NO;-N and NH,"-N content with measured data from the experiment and demonstrate the use of the 

VFS model. 
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CHAPTER 2 

LITERATURE REVIEW 

While many studies have been conducted on the effectiveness of VFS in removing sediment and 

nitrogen (N) forms from runoff, most have been of short duration. The data from these studies are of 

limited value in evaluating the long-term effectiveness of VFS or in evaluating models for simulating 

long-term VFS effectiveness. However, the data are useful for understanding the processes involved in 

sediment and N removal in VFS during a runoff event, and consequently for developing physically-based 

VFS models of the component processes of a more comprehensive long-term simulation model. This 

chapter reviews the experiments investigating the behavior of VFSs regarding sediment and nutrient 

removal; runoff routing, sediment, and nutrient transport processes; VFS hydrology; the physical. 

chemical, and biological processes that may affect N in a VFS; and the models that have been developed 

to describe N and sediment transport in runoff. 

Previous Research on Vegetative Filter Strips 

Field Experiments 

Doyle et al. (1977) investigated the effectiveness of grass buffer strips in improving water quality. 

Six 7 x 5 m fescue plots with a slope of 10% were established. Dairy manure was surface-applied at a rate 

of 90 Mg/ha to three of the plots. Surface runoff from 5 naturally occurring rainfall events was collected at 

0.0 m, 0.5 m, 1.5 m, and 4.0 m from the downslope edge of the 6 plots and analyzed for NO3;-N and 

NH,*-N. The first and 5" storms occurred 11 and 36 days after manure application, respectively. 

Ammonia N losses from the plots not treated (control) with dairy manure were larger than the NH,*-N 

losses from the plots treated with dairy manure. Also, NH,*-N losses from the 1.5 m and 4.0 m buffers 

located downslope of the treated and control plots were higher than NH,"-N losses from the downslope 

edge of treated and control plots. The NO;-N exiting the buffers downslope of control plots was higher 

than the NO;-N losses from the downslope edge of the control plots. Nitrate N losses from the plots 

treated with dairy manure decreased by 0, 57, and 68%, after passing through 0.5 m, 1.5 m, and 4.0 m 

fescue buffers, respectively. 

Liquid dairy waste was applied to a 35 m fescue VFS with a 3.4% slope (Patterson et al., 1977). 

After applying dairy waste to the filter for one year, pollutant reduction loads averaged 38 and 71% for 

NH," and TSS, respectively. Nitrate loss (NO; ) from the filter was greater than NO; loading to the 
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filter, presumably due to mineralization of TKN and nitrification of NH," that had been previously trapped 

in the filter. 

Research was conducted by Thompson et al. (1978) to investigate the effectiveness of grass cover, 

corn stubble, and corn-tilled residue as buffer zones downslope of dairy facilities. Twelve 3 x 60 m plots 

were constructed; 4 had a grass cover, 4 had a corn stubble cover, and 4 had a corn tilled residue cover. 

Manure was applied to the upper 3 x 24 m area of 6 plots; 2 plots of each cover condition. The soil was 

snow covered and frozen. Runoff from naturally occurring events was collected in winter and early spring 

of 1976 and 1977, 12, 36, and 60 m from the upper edge of the plots. Samples were analyzed for TKN, 

NH3;, and NO;. It was observed that the two year average concentrations of TKN and NH; decreased 

significantly as the runoff water moved downslope. The two year average concentration of NO; decreased 

although not statistically significant, as the runoff water moved downslope; the average concentration 

reduction for a buffer zone of 12 m was 62%, compared with a 73% overall reduction after a 36 m length 

buffer zone. 

Young et al. (1980) used a rainfall simulator to study the ability of VFS to contro! pollution from 

feedlot runoff. Field plots were constructed on a 4% slope with the upper 13.7 m in an active feedlot and 

the lower 27.4 m planted in either corn, oats, orchardgrass, or a sorghum-sudangrass mixture. In two 

consecutive years, two events that simulated a 25-year, 24-hour duration storm events were generated. 

Total runoff, sediment, and total nitrogen (total Kjeldahl nitrogen and nitrate) were reduced by 81, 66, 

and 87%, respectively, by the orchardgrass and by 61, 82 and 84%, respectively, with the sorghum- 

sudangrass mixture. While the TKN mass leaving the plots was reduced, there was an increase in the 

NO; mass leaving the plots. 

Rainfall and runoff quantity and TKN, NO;-N, NH,"-N, total phosphorus (TP), chemical oxygen 

demand (COD), total organic carbon (TOC), and chloride (Cl) concentrations were measured 13 and 26 

m; 16 m; and 18.2 and 33.4 m downslope of 13 m x 12 m; 10 m x 12 m; and a 13 x 12 m plots, 

respectively, where caged-layer poultry wastes were applied. Poultry manure was frequently applied to the 

plots, so that the amount of TKN that could be washed from the plots after each waste application was 

about 100 kg/ha. Runoff producing rainfall occurred from 3 to 21 days after waste application. Runoff was 

collected, sampled, and then redistributed at each sampling distance. It was observed that to reduce the 

pollutants concentrations in runoff leaving the VFS to the pollutants concentrations in runoff entering the 

poultry manure treated area, a VFS of the same area as the treated area was required. It was also observed 

that the availability of pollutants for runoff transport decreased with time after waste application. Nitrate 

was never detected in the runoff, presumably, because either nitrification of organic N did not occur, or 

NO; -N utilization was equal to NO; -N production (Bingham et al., 1980). 
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Storm runoff was monitored for 3 years from a paved feedlot and after passing through two 

consecutive 30.5 m long fescue filter strips (Edwards et al., 1983). Runoff, total suspended solids (TSS), 

and total N (N;) were reduced by -2, 50 and 48%, respectively, after passing through the first filter and by 

an additional -6, 45, and 49%, respectively, after passing through the second filter. Total runoff from the 

filters was greater than the incoming runoff because rainfall rates during runoff events exceeded the 

infiltration capacity of the filters. 

An experiment was set up to study the effectiveness of vegetated filter strips of 4.6 m and 9.2 m 

in removing N,, TP, and sediment from agricultural runoff (Magette et al., 1989). Three sets of three plots 

were constructed. Each plot had a fallow area ( 22 x 5.5 m) and either a 0, 4.6 or 9.2 m VFS. Two series 

of 6 tests were conducted. For the first series of tests, liquid N as 30 % urea-ammonium-nitrate solution 

was surface-applied without incorporation to the fallow area of each plot at a rate of 112 kg N/ha. Within 

48 hr following fertilizer application, artificial rainfall of 1 hr duration and 48.25 mm/h intensity was 

applied to each plot. This event was followed by a second event of 0.5 hr duration and 48.25 mm/h 

rainfall intensity 24 hr later and by a third event also of 0.5 hr duration and 48.25 mm/h rainfall intensity 

half an hour after the second event. A week later, a set of 3 simulated rainfalls with the same rainfall 

intensities, durations, and time lags as the previous simulated rainfalls were applied to the plots. For the 

second series of tests, broiler litter was applied to the plots at a rate of 252 kg N/ha approximately 1 

month after the first set of tests were conducted. The same sequence of 6 artificial rainfall events were 

then applied to the plots. Magette et al. (1989) found that: VFSs are more effective in removing suspended 

solids from runoff than in removing N, and TP; VFSs performance regarding N, and TP trapping is highly 

variable; and VFSs effectiveness in removing N,, TP, and sediment decreased as the number of runoff 

events increased. The average N, and TSS mass losses for the two series of tests were 115% and 48%, 

respectively, for 4.6 m VFS length; and 65% and 25%, respectively, for 9.2 m VFS lengths. The Maryland 

researchers concluded that VFS should not be the single means of controlling nonpoint source pollution 

from agricultural lands. 

Dillaha et al. (1987) conducted studies to evaluate the effectiveness of VFS in removing TSS and 

other suspended solids contained in surface runoff from feedlots. Nine 18.3 x 5.5 m plots were constructed 

with either a 0, 4.5 or 9.1 m vegetated filter. Two sets of experiments were conducted. The first 

experiment was conducted in 1984 and 7500 kg/ha dairy lot manure was applied to the plots. Within 24 to 

48 br following the manure application, an artificial rainfall of 1 hr duration and 50 mm/h intensity was 

applied to the plot. This event was followed by a second event of 0.5 br duration and 50 mm/h rainfall 

intensity 24 hr later and by a third event also of 0.5 hr duration and 50 mm/h rainfall intensity half an 

hour after the second event. The second experiment was conducted 7 to 21 days after the last artificial 

rainfall application and the amount of manure applied to the plots was doubled. Artificial rainfalls of the 
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same duration and rainfall intensity, and with the same time lag were applied to the plots. The authors 

concluded that the VFS were effective in removing sediment from runoff, but the effectiveness of the VFS 

for sediment removal decreased with time as sediment accumulated within the filter. Total N was not 

removed as effectively as sediment. In some cases, NO; increased as the runoff passed through a filter, it 

was suggested that some N trapped in the filter during previous runs was being mineralized and released 

to the runoff (Dillaha et al., 1987). Six months later, another study was conducted by Dillaha et al. 

(1989a) to evaluate the effectiveness of VFS for the removal of TSS, N and P from cropland runoff. The 

same plots were used. Fertilizers were applied to the bare plots at rates of 222 kg/ha of liquid N, and 112 

kg/ha of P,Os; and K,0O. An artificial rainfall of 1 br duration and 50 mm/h intensity was applied to the 

plot. This event was followed by a second event of 0.5 hr duration and 50 mm/h rainfall intensity 24 hr 

later and by a third event also of 0.5 hr duration and 50 mm/h rainfall intensity half an hour after the 

second event. These artificial rainfall events were followed a week later by 3 rainfall events with the same 

characteristics. The results of this experiment supported the findings of the feedlot experiment, namely, 

the VFS were effective in removing sediment from runoff, but the effectiveness of the VFS for sediment 

removal decreased with time, and N, was not removed as effectively as sediment. However, in this 

experiment, the VFSs were effective in removing soluble N from cropland runoff. 

A 3 x 2 factorial experiment (3 manure application rates with 2 rainfall intensities) with 3 

replicates was conducted by Edwards and Daniel (1992) to determine how runoff quality from pastures is 

affected by manure application rate and rainfall intensity for storms occurring one day following waste 

application. Eighteen 6 x 1.5 m plots with a 4 % slope were installed in 1990, and poultry manure slurry 

was applied at rates of 0 (control), 220, and 879 kg N/ha. Simulated rainfall was applied 24 hr following 

Slurry application at intensities of 5 and 10 cm/h until runoff occurred for 0.5 hr. It was observed that the 

concentrations of TKN and NH,*-N, but not NO;-N, increased when the slurry application rate increased. 

Total Kjeldahl N and NH,"-N concentrations in the runoff decreased as rainfall intensity increased. Mass 

losses of TKN and NH,’-N increased with application rate and with rainfall intensity. Losses of NO3-N 

did not increase with either an increase in the slurry application rate or an increase in the rainfall 

intensity. The concentration of NO3;-N was approximately 80 times smaller than the concentration of 

NH,’-N in the poultry manure slurry. 

Schellinger and Clausen (1992) conducted an experiment from December 1984 through May 

1986 to evaluate the effectiveness of a single vegetative filter strip in reducing TSS, Boron (B), P, and 

bacteria in dairy barnyard runoff in Vermont. The filter was 22.9 m x 7.6 m and was seeded with a 

mixture of fescue, perennial ryegrass, and Kentucky bluegrass. Two 48 hr and one 72 hr composite 

samples were collected of filter influent and surface and subsurface effluent weekly during periods of flow. 

The samples were analyzed and the pollutant concentration and flow data were examined to determine if 
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the data were normally distributed using the Shapiro-Wilk w-statistic. An analysis of variance followed 

by Duncan’s multiple range test was used to compare mean concentrations between filter strip influent 

and effluent, and mean pollutant concentrations between seasons (winter, snowmelt, growing, and 

spring/fall). The concentrations of TSS, P, N,, and bacteria in surface runoff were not significantly 

reduced after flowing across the filter strip. The concentrations of these pollutants were significantly 

higher during the spring, summer and fall than in the early spring. The percentage mass retention of the 

pollutants was low compared to the percentage mass retention of these pollutants reported by other studies 

(Barker and Young, 1984; Schwer and Clausen, 1989; as cited by Schellinger and Clausen, 1992). The 

greatest mass retention of TSS, and N, in the filter was during the growing season and the smallest 

retention occurred during the snowmelt period. Mass retention varied greatly among runoff events. On 

some events, mass export from the filter exceeded mass inputs to the filter. The authors indicated that the 

experimental results seem to support the hypothesis that the percentage mass retention declines as 

hydraulic loading increases. 

A research project was conducted by Barfield et al. (1992) to evaluate the effectiveness of grass 

buffer strips in removing sediment and agricultural chemicals from surface runoff produced from 

conventional and no tillage plots. Six plots of 4.5 m x 22.1 m with an average slope of 9% were 

constructed; three plots were conventionally-tilled and the other three were no-tilled. Each plot had either 

a 4.5 m, 9.1 m, or 13.7 m length buffer. Granular ammonium nitrate and triple super phosphate were 

surface applied to the plots at rates of 170 kg N/ha and 44 kg P,O./ha, respectively. Immediately 

following the fertilizer application, the plots were wetted to the point of runoff and then an artificial 

rainfall (63.5 mm/hr) was applied for 2 hr to simulate a 10-yr storm. This rainfall event was repeated 3 

weeks later. Runoff samples were collected at the entry and exit of the buffers. The samples were analyzed 

for TSS, NO;-N, NH,-N, P, and atrazine and it was found that the VFSs reduced TSS, NO3-N and NH,-N 

by an average (over lengths, treatments and events) of 97, 95, and 92%, respectively. 

An experiment was conducted to study the effectiveness of vegetative filter strips for the removal 

of sediment, nutrients, and organic matter from land areas treated with poultry manure (Chaubey et al., 

1993). Three 1.5 x 24.4 m plots were constructed. Each plot was planted with fescue grass. Wooden 

gutters were installed across each plot at 3.1, 6.1, 9.2, 15.2, and 21.4 m from the upper edge of the plot to 

enable sampling of runoff at these points. Poultry litter was applied at 5 Mg/ha to the upper 3.1 m of each 

plot. Artificial rainfall was applied at an intensity of 5 cm/h until a 1 br runoff duration was obtained. 

Rainfall was applied two days following litter application. Runoff samples were collected and analyzed for 

TKN, NH;-N, NO3-N, TSS, TP, PO,-P, and COD. Analyses of variance were performed to determine the 

effects of VFS lengths on average concentration, mass loss, and proportion of mass loss reduction for the 

pollutants. Least significant difference (LSD) testing was performed to determine significant differences 
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in VFS length performance when analyses of variance indicated an overall significant VFS length effect. 

The flow-weighted mean runoff concentration of NH3-N and TSS did not decrease after a 3.1m VFS 

length. Mass transport of NH3-N, TKN, and TSS decreased significantly up to VFS lengths of 9.2 m, 

6.1m, and 3.1m, respectively. The mass transport of NO;-N tended to increase, although not significantly 

with VFS length. The authors suggested that the increase could be due to the artificial rainfall NO;-N 

content. The effectiveness of the filters did not significantly increase beyond 3.1 m for TSS, 9.2 m for 

TKN, and 15.2 m for NH;-N. 

A long-term study is being conducted in North Carolina (NC) to provide quantitative data on the 

effectiveness of grass and riparian filter strips in removing sediment and nutrients from surface runoff 

(Parsons et al., 1994). The research sites are in NC Piedmont and Coastal Plain. Each site consists of six 

cropland runoff plots, 4 x 37 m in size, with either a 0 m, 4 m, or 8 m buffer length. The data collection 

was initiated in June 1990 at the Piedmont site and August 1990 at the Coastal Plain. Runoff from the 

plots with no buffer is collected and routed to riparian buffers of 1.5 m x 8.5.m. Runoff samples are 

collected automatically during storm events. Total suspended solids and total silt + clay are analyzed in all 

the samples. Total Kjeldahl nitrogen (TKN), NH«-N, NO3-N, TP, TSS, and PO,*-P are analyzed in 

samples from major storms, or runoff produced immediately after fertilization. Bi-monthly biomass 

samples are taken to determine biomass production along with the uptake of N and P over the year by the 

filter vegetation. Soil samples of the upper 5 cm of soil are taken from the filters and cultivated plots. 

Sediment deposition was determined by topographic survey of the plots. Soil samples collected in 1992 

showed that nutrients accumulated in the filters. Topographic survey showed that sediment accumulates in 

the lower edge of the plots and in the VFSs. Runoff samples collected in 1990 at the Coastal Plain site 

showed that the filters did not remove either runoff or sediment, mainly due to the sparse vegetation in the 

filters. In 1991, the vegetation in the filters was dense, and the filters were working properly; the volume 

of runoff, and sediment, TKN, and NO; -N loads leaving the grass filters were smaller than the volume of 

runoff and the pollutant loads entering the filters. Data collected in 1990 at the Piedmont site indicated 

that the filters did not reduce runoff volume, however, TKN, NH,-N, NO;-N, TP, TSS, and PO,*-P loads 

were reduced. In 1991, samples from 5 storms were analyzed for TKN, NH,-N, NO;-N, TP, TSS, and 

PO,°-P; the loads of these chemicals were greater at the field edge than at the lower edge of the filters. 

Samples from other 18 storms were analyzed for TSS. In general, the volume of runoff and the load of 

sediment leaving the filters were smaller than the runoff volume and sediment entering the filters, except 

for a 4.1 m VFS, where the opposite occurred. 

Vegetative Filter Strips Models 

The several event-based models have been developed to describe sediment and other potential 
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pollutants removal mechanisms in VFSs. Barfield et al. (1979) developed a steady state model (the 

Kentucky filter strip model) for determining the sediment filtration capacity of grass media as a function 

of flow, sediment load, particle size, flow duration, slope, and media density. The Kentucky filter strip 

model was extended for unsteady flow and non-homogeneous sediment by Hayes et al. (1979). This model 

was based on studies on sediment transport in VFS conducted at the University of Kentucky (Barfield et 

al., 1977; 1979; Kao and Barfield, 1978; Tollner et al., 1976; 1978; 1982; Hayes et al., 1979; 1983). 

Tollner et al. (1976) presented design equations relating the fraction of sediment trapped in simulated 

vegetative media to the mean flow velocity, flow depth, particle fall velocity, filter length, and the spacing 

hydraulic radius of the simulated media. The Kentucky researchers observed that the majority of sediment 

deposition occurred just upslope of and within the first m of the filter, until the upper portions of the filter 

were buried in sediment, then any additional sediment moved down through the filter as an advancing 

sediment wedge. This model, GRASSF (Hayes, 1979; Barfield and Hayes, 1980) was incorporated in 

SEDIMOT II (Wilson et al., 1981), a watershed scale model. 

Lee (1987) developed an event-based model, GRAPH (GRAss PHosphorus), to simulate P 

transport in VFS by incorporating a P dynamics and transport subroutine into a modified version of 

GRASSF (Hayes, 1979; Barfield and Hayes, 1980). GRAPH considers the effects of advection processes, 

infiltration, biological uptake. P desorption from the land surface to runoff and adsorption of dissolved P 

to suspended solids in runoff on P transport. Required input data for the model included: rainfall intensity 

and duration; an inflow hydrograph; a sediment graph; sediment size distribution; VFS dimensions and 

hydraulic characteristics; inflow graphs for dissolved P; P desorption and adsorption reaction coefficients 

for soil and plant matter; and the P content of each soil particle size class. GRAPH simulates time 

varying infiltration, surface runoff, sediment yield, particle size distribution, and dissolved and sediment- 

bound P discharge along with P and sediment trapping efficiencies in VFS. 

An event-based model was developed to simulate runoff and sediment transport in VFSs by 

Mufioz-Carpena (1993) and Mufioz-Carpena et al. (1992, 1993a, 1993b). This model accounts for field 

variability and changes in buffer topography and infiltration characteristics during the simulation period. 

Runoff transport was modeled with a finite approximation of the kinematic wave overland flow routing 

equation and with a modified Green-Ampt infiltration equation (Mein and Larson, 1973). The overland 

flow routing model describes water movement over the land surface and calculates flow rates at positions 

along the hill slope. Sediment transport was based on the equations developed by Hayes (1979) and 

Barfield and Hayes (1980); the model predicts the distribution of sediment concentrations along the hill 

slope at different time steps. Inputs to the model are the rainfall hyetograph, the field runoff inflow into 

the buffer, the vertical saturated hydraulic conductivity, particle diameter, sediment density, fall velocity, 

grass spacing, sediment load inflow into the buffer, grass height and porosity of the deposited sediment. 
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Chaubey et al. (1994) developed an event-based model that simulates N transport in runoff. In 

this model, runoff transport and infiltration were also described by the kinematic wave overland flow 

equation and by a modified Green-Ampt infiltration equation (Mein and Larson, 1973), respectively. The 

nutrient transport component was based on the Overcash et al. (1981) pollutant reduction model. An 

assumption of the mathematical model is that infiltration is the only pollutant removal mechanism in the 

VFS. An event-based mode! developed by Wang et al. (1994) simulates runoff transport of animal waste 

constituents. This model has a hydrology, sediment, manure, and solute transport components. Runoff 

transport was also simulated with the kinematic overland flow equation coupled with a modified Green- 

Ampt infiltration equation (Mein and Larson, 1973). The sediment and manure transport were simulated 

with the continuity equation and the solute (dissolved pollutant) transport was described with the 

advection equation. The movement of pollutant into the soil was assumed to be only due to infiltration. 

The movement of pollutant out of the soil and into the runoff was assumed to be due to dispersion. 

The applicability of the field scale model, CREAMS, (Chemicals, Runoff, and Erosion from 

Agricultural Management Systems), (Knisel , 1980) for describing sediment transport and deposition in 

VFSs was studied by Flanagan et al. (1986). CREAMS performance was studied for a single event and for 

a continuous period (20 years). The authors concluded that CREAMS adequately described the 

depositional processes occurring in a VFS, and consequently CREAMS could be a useful tool for 

evaluating VFSs sediment trapping efficiency for a single event and for a continuous period; although the 

authors found that CREAMS overestimated sediment trapping in the VFS for a continuous period. Several 

researchers thereafter, including Flanagan et al. (1986) have used CREAMS to predict VFSs short and 

long term performances regarding the removal of sediment, sediment-bound and soluble pollutants from 

runoff. Flanagan et al. (1986) observed that the sediment leaving a grass strip was largely a function of 

the soil particle types entering the strip, the excess rainfall rate, and the ratio of cultivated slope length to 

entire slope length. Williams and Nicks (1988) used CREAMS to simulate filter strip effectiveness in a 

1.6 ha watershed in Oklahoma and found that the effectiveness of filter strips depended on the strip 

length, its slope, slope shape and Manning's n!. Nicks et al. (1991) used CREAMS to simulate a 30-year 

period of runoff, erosion, and chemical transport with and without filter strip from 230 fields randomly 

selected from 2776 contract sites of the SCS’s Conservation Reserve Program (CRP). The authors found 

that VFSs reduced the sediment and sediment-bound pollutants leaving the fields by 10 to 80%. VFSs 

seemed to have no effect on dissolved pollutants. 

  

1 This Manning’s n coefficient, should be called modified Manning’s n coefficient. It has the same 
physical meaning as Manning’s n, but was developed for grass filters and may have smaller values than 

Manning’s n 
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Nitrogen Dynamics in Vegetated Areas 

Nitrogen (N) is an important plant nutrient and is required by non-leguminous plants in larger 

amounts than other nutrients. The concentration of N in the soils ranges from 0.07 to 0.3%, or about 1500 

to 6000 kg/ha in the top 15 cm of soil (Novotny and Chester, 1981). Sources of N include microbial and 

chemical reactions, geological weathering, and precipitation. Atmospheric contribution of N ranges 

between 6 to 11 kg/ha per year (Van Der Leeden, 1990). The major pathways of N loss from the topsoil 

are plant harvesting, erosion, and leaching. Nitrogen can be present in either organic or inorganic forms 

and in either dissolved or particulated forms. Most soil N is in the organic form (90%) and is composed of 

humic, fulvic, amino, and nucleic acids and amino sugars. The inorganic N forms include NO3, NH,’, 

nitrite (NO, ), and N gases. Nitrate and NO,,, are usually dissolved in the soil water; NO, exists in small 

quantities and accumulates only under anaerobic conditions. 

Nitrogen in the VFS is usually in the forms of NO;, NH,", and organic-N (org-N). These N 

forms are in equilibrium and their concentrations are determined by nitrification, mineralization, 

immobilization, ammonification, denitrification, plant uptake, and volatilization. Ammonium and org-N 

are also in equilibrium between their adsorbed and dissolved phases. These processes, along with the N 

movement in the soil, determine the amount of each N species available for runoff. Figure 1 gives a 

summary of the processes involved in the N cycle. The next section contains a description of the N 

biological and chemical transformations, and N transport in the soil and runoff; the equations that have 

been used to represent those processes; and a brief discussion about the advantages and disadvantages of 

each equation for modeling purposes. 

Nitrogen Biological and Chemical Processes 

Nitrification 

Nitrification is the conversion of NH,” to NO;.. It takes place in two steps; first NH,” is oxidized 

to NO, by nitrosomonas bacteria and then the NO, is oxidized to NO; by nitrobacter bacteria. These two 

reactions are controlled by the conversion of NH,* to NO, which is the slowest step. The ammonia is 

transformed to NO; at soil temperatures greater than 10 °C. Optimum conversion of NH,* to NO.” occurs 

at 22 °C, 80% soil moisture content and pH of 8 to 9 (Novotny and Chesters, 1981). Optimum conversion 

of NO, to NO; occurs between 30 °C and 35 °C (Alexander, 1965). Nitrification ceases at soil 

temperatures lower than 10 °C or greater than 45 °C and it practically ceases in very wet and dry soils 

(Schmidt, 1992). 

Nitrification has been modeled as a first order reaction by Kaluarachchi and Parker (1988); 

Deizman and Mostaghimi (1991); Johnsson et al., 1987; Selim and Iskandar (1981); Watts and Hanks 
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Figure 1. Flow chart of the N cycle (adapted from Keeney, 1983) 
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(1978); and Freere et al. (1980). Johnsson et al. (1987) described nitrification as: 

+ - 

SINF a] og e QNHt]—- NO) (1) 

dt n, 

where 

k, = nitrification rate, 1/d 

Ng = nitrate-ammonium ratio 
e = soil temperature response function 

€&¢ ~ = Soil moisture response function 

[NH.*] = concentration of NH," in the soil solution, ug/cm? 

[NO3] = concentration of NO; in the soil solution, g/cm? 

Selim and Iskandar (1981) also modeled nitrification as a one step process: 

[NHj ] =[NH; ]p -e“™** (2) 

where @ is the soil water content, cm?/cm? 

Watts and Hanks (1978) stated that the amount of ammonium transformed in time t is: 

[NH*+]=[NH?],-R,,-e*"" (3) 

where 

Re nduction coefficient f srect emtjem | Pill@ 9.0850.9 
= reduction coefficient for water content effect, cm’/cm 

10-10-86 0.9<6<1.0 

(0.0105 -T + 0.00095 .T*)-k,, O<T<10 

ki «= nitrification rate, (0.032 -T—0.12)- ky, 10<T<35 
(-0.1-T + 4.5)-k,, 35<T< 45 

[NH,*] = concentration of NH,’ in the soil solution converted into NO;, pg/cm’ 

[NH,"]o = concentration of NH,* in the soil solution at time t = 0, g/cm? 

T = soil temperature, °C 
k35 = nitrification rate at 35 °C, 1/d 

Dutt et al. (1972) proposed the following empirical equation to describe the nitrification rate: 

k, = 4.64+0.00162 T-({NH; ], +[NH; }, )+ 0.238: log((NH; ], +[NH; ly) (4) 

—2.51-log([NO, ], +[NO; ],, ) 

where 

kai = first order nitrification rate, 1g/g/day 
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[NH,"], = concentration of NH," in the soil, g/g 

(NH.*]. = concentration of NH,’ in the soil solution, g/cm? 

[NO;], = concentration of NO; in the soil, ug/g 
[NO ]w = concentration of NO; in the soil solution, g/cm? 
T = temperature, °C 

The following empirical equation was proposed by Duffy et al. (1975) to model the nitrification 

rate, k,, (1/d) when fertilizer is applied to the soil: 

FER 
k, wel ty Sty St, +20 (5) 

0.005 ty, >t, +20 

where 

FER = amount of applied N fertilizer, mg N/cm? 
tr = day of fertilizer application 

ty = days since application 

Beek and Frissel (1973) described the nitrification rate based on microbial kinetics. In this 

equation, the nitrification rate is independent of the substrate concentration: 

k,, =AO-r, -€,, -€n, (6) 

where 

kn? = nitrification rate, mg of N/d/soil layer 

AO = number of ammonium oxidizers, number/layer 
To = specific rate of oxidation, mg N/d/number 

en = temperature coefficient 

Cm? = soil water content coefficient 

The nitrification rate has also been expressed as (Donigian and Crawford, 1976): 

_ T-35 k, =k,,:7 (7) 

where 

ka3 = first order nitrification rate, 1/hr 

tT = temperature correction coefficient 

The nitrification rate has also been defined as a function of the soil temperature and moisture 

content (Cabon et al., 1991): 

k 5 QO 8 gcre 
k,, = RC (8) 

kos Quy = O8>FC 
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where 

Th = optimum nitrification temperature, usually taken as 35°C 
Qa = 1.071 for nitrification (Prat, 1982, as cited by Cabon et al., 1991) 

FC = field capacity, cm*/cm?* 

Nitrification is primarily a function of soil temperature and water content. The most accurate 

nitrification equation would be one that would consider both factors. While equations (1) and (3) include 

both factors, equation (2) does not. Equations (4) through (8) describe the nitrification rate. None of these 

equations except for Equation (8) describe the nitrification rate as both a function of soil temperature and 

soil moisture content. Equation (4) is more difficult to implement in a FORTRAN program than the other 

equations. The number of ammonium oxidizers per soil layer in Equation (6) is not normally measured in 

the lab and values for this variable are scarce in the literature, consequently, Equation (6) is less suitable 

for modeling purposes. Table 1 presents values that have been reported for k,. 

Mineralization and Immobilization 

., Mineralization is the transformation of N from organic to inorganic form of NH," or NO; by 

heterotrophic soil organisms that utilize nitrogenous organic substances as an energy source (Jansson and 

Persson, 1982). Immobilization is the opposite of mineralization; through immobilization microorganisms 

and plants transform NH,” and NO; to organic matter. The mineralization and immobilization rates 

depend on the soil temperature, pH, and soil carbon (C) and inorganic N content. The annual distribution 

of mineralization is proportional to the amount that the upper 15 cm of soil exceeds 10 °C (Saxton et al., 

1977). Immobilization occurs when soil pH, NH,", organic-N, and calcium carbonate content are high. 

The total annual decay of organic matter is usually assumed to be compensated for by the total annual 

amount of residue returned to the soil. In general, the greatest change in org-N occur in the plow layer 

which amounts to 0.5 to 1.5% of the plow layer N,, about 17 to 50 kg of N/ha annually (Jenny, 1941; Legg 

and Meisinger, 1982; Stevenson, 1982; as cited by Meisinger and Randall, 1991). Mineralization and 

immobilization occur continuously and simultaneously in the soil and are difficult to quantify separately. 

In most studies the net mineralization, the amount of N released in excess of that immobilized, is 

measured (Keeney, 1981). In most agricultural systems, NH," is rapidly oxidized to NO; such that little 

NH,’ is present in the soil at any given time. For this reason, the measured accumulation of NO; is often 

used to indicate net mineralization (Reddy, 1980). Net mineralization increases exponentially with an 

increase in temperature up to 35 °C (Stanford et al., 1973) and linearly with an increase in soil moisture 

content up to the field capacity (Freere et al., 1980). 
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Table 1. Nitrification rate constant, k, 

  

  

      
  

k, Soil Temperature 

(1/d) (°C) 

0.24! Tydall silty clay loam, org-C = 2.5%, pH = 7.4, ---- 

depth = 0-15cm, @ = 80% of saturation 

0.87 Silty clay loam, OM = 2.8%, depth = 0-15cm ---- 

0.57 Silty loam, OM = 3%, depth = 0-15cm ---- 

0.014° ---- ---- 

2.8" Clay loam, pH = 6.3, 0 = 35% 35 

1.8" Clay loam, pH = 6.3, 8 = 25% 35 

0.684 Clay loam, pH = 6.3, @ = 15% 35 

0.1° 

Note 
‘Wagenet et al., 1977 “Cameron and Kowalenko, 1976 
*Cabon et al., 1991 °Rao et al., 1976 
*Bhat et al., 1981 ----_ information not available 
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�(�P�O�T�S�O�)� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� �(�K�n�i�s�e�l� �e�t� �a�l�.�,� �1�9�9�3�,� �b�a�s�e�d� �o�n� �S�h�a�r�p�l�e�y� �a�n�d� �W�i�l�l�i�a�m�s�,� �1�9�9�0�)�:� 

�(�O�R�G�A�C�'�"�Y� 
�(�O�R�G�A�C�?�!� �+� �O�R�G�S�T�*�"�)� 
� � �P�O�T�S�O� �=� �B�K�N� �|� �_� �O�R�G�S�T!"� �(�2�0�)� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �2�1



�w�h�e�r�e� 

�B�K�N� � �=�r�a�t�e� �c�o�n�s�t�a�n�t� �o�f� �t�h�e� �d�a�i�l�y� �f�l�o�w� �b�e�t�w�e�e�n� �a�c�t�i�v�e� �a�n�d� �s�t�a�b�l�e� �o�r�g�a�n�i�c� �p�o�o�l�s�,� �1�0�7�°�/�d�a�y� 
�j� �=� �t�i�m�e� �s�t�e�p�,� �(�T�)� 
�O�R�G�A�C�=� �a�c�t�i�v�e� �o�r�g�a�n�i�c� �m�a�t�t�e�r�,� �U�2�/�¢� 
�O�R�G�S�T� �=� �s�t�a�b�l�e� �o�r�g�a�n�i�c� �m�a�t�t�e�r�,� �g�/�g� 

�I�f� �P�O�T�S�O� �i�s� �p�o�s�i�t�i�v�e�,� �t�h�e�n� �t�h�e� �f�l�u�x� �o�c�c�u�r�s� �f�r�o�m� �t�h�e� �a�c�t�i�v�e� �p�o�o�l� �t�o� �t�h�e� �s�t�a�b�l�e� �p�o�o�l�,� �o�t�h�e�r�w�i�s�e� �t�h�e� 

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

�S�h�a�f�f�e�r� �e�t� �a�l�.� �(�1�9�9�1�)� �d�e�f�i�n�e� �t�h�e� �a�m�o�u�n�t� �o�f� �N� �i�n� �t�h�e� �r�e�s�i�d�u�e� �t�h�a�t� �i�s� �b�e�i�n�g� �m�i�n�e�r�a�l�i�z�e�d�,� �N�R�E�S�R�,� �a�s� 

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

� � 

�N�R�E�S�R� �=� �C�R�E�S�R� �-� �_�_�1�  �� �_�+�)� �(�2�1�)� 
�(�C�/�N�)� �e�r�s� �2�4� 

�@�- ��W�P� �T� 
�C�R�E�S�R� �=� �k�,�,�.�.�  ��C�R�E�S�:�-� �F�C�  �� �W�P� �T� �$�+� �0�0�:�3�-�0�3�1�2�7�)� �(�2�2�)� 

�C�R�E�S�!� �=� �P�.� �-�R�E�S�O� �t�=�t�,� �4� 
�~� �)�C�R�E�S�*�!�- ��C�R�E�S�R� �t�>�t�,� �°�°�)� 

�P�.�-�R�E�S�O� �|� 
�i� �_�J� �N�R�E�S�O� �°� 

�(�C�/� �N�)�r�e�s� �=� �C�R�E�S� �(�2�4�)� 
 � ��_� �t�>�t�,� 
�N�R�E�S� 

�N�R�E�S�O� �t�=�t�,� 
�N�R�E�S�!� �=� �N�R�E�S�*�?� �t�>�t�,� �C�/�N�2�2�4� �(�2�5�)� 

�N�R�E�S�'�-�N�R�E�S�R� �t�>�t�,� �C�/�N�<�2�4� 

�w�h�e�r�e� 

�R�E�S�O� �=�d�r�y� �m�a�t�t�e�r� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �s�o�i�l� �a�t� �t�i�m�e� �t�o�,� �k�g�/�h�a� 
�N�R�E�S�O� �=� �n�i�t�r�o�g�e�n� �i�n� �t�h�e� �d�r�y� �m�a�t�t�e�r� �i�n�c�o�r�p�o�r�a�t�e�d� �t�o� �t�h�e� �s�o�i�l� �a�t� �t�i�m�e� �t�o�,� �k�g�/�h�a� 
�C�R�E�S�R� �=� �r�e�s�i�d�u�e� �C�,� �m�e�t�a�b�o�l�i�z�e�d� �i�n� �a� �d�a�y�,� �k�g�/�h�a� 
�K�r�e�s�r� �=� �f�i�r�s�t� �o�r�d�e�r� �r�a�t�e� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �t�h�e� �r�e�s�i�d�u�e�,� �1�/�d� 
�C�R�E�S� �=�C� �c�o�n�t�e�n�t� �o�f� �t�h�e� �r�e�s�i�d�u�e�,� �k�g�/�h�a� 
�N�R�E�S� �=�W�N� �c�o�n�t�e�n�t� �o�f� �t�h�e� �r�e�s�i�d�u�e�,� �k�g�/�h�a� 
�P�,� �=� �r�e�s�i�d�u�e� �f�r�a�c�t�i�o�n� �t�h�a�t� �i�s� �c�a�r�b�o�n� 

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

�(�C�/�N�)� �r�e�s�=� �C�/�N� �r�a�t�i�o� �o�f� �t�h�e� �r�e�s�i�d�u�e� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �2�2



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

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

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

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

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

�d�e�t�a�i�l� �b�y� �t�h�e� �s�e�t� �o�f� �e�q�u�a�t�i�o�n�s� �d�e�v�e�l�o�p�e�d� �b�y� �J�o�h�n�s�s�o�n� �e�t� �a�l�.� �(�1�9�8�7�)�.� �H�o�w�e�v�e�r�,� �t�h�e� �n�u�m�b�e�r� �o�f� �v�a�r�i�a�b�l�e�s� �t�h�a�t� 

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

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

�a�l�.� �(�1�9�8�7�)� �e�q�u�a�t�i�o�n�s� �p�r�o�b�a�b�l�y� �d�e�s�c�r�i�b�e� �b�e�t�t�e�r� �t�h�e� �m�i�n�e�r�a�l�i�z�a�t�i�o�n� �p�r�o�c�e�s�s� �t�h�a�n� �l�e�s�s� �e�l�a�b�o�r�a�t�e�d� �e�q�u�a�t�i�o�n�s�.� 

�T�a�b�l�e� �2� �c�o�n�t�a�i�n�s� �s�o�m�e� �v�a�l�u�e�s� �t�h�a�t� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �f�o�r� �k�y�)�,� �k�j� �a�n�d� �k�y�:� 

�A�m�m�o�n�i�f�i�c�a�t�i�o�n� 

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

�c�a�t�a�l�y�z�e�d� �r�e�a�c�t�i�o�n�s� �t�o� �N�H�,�"� �(�L�a�d�d� �a�n�d� �J�a�c�k�s�o�n�,� �1�9�8�2�)�.� �T�h�e� �o�r�g�a�n�i�c� �N� �c�o�m�e�s� �f�r�o�m� �e�x�t�r�a� �c�e�l�l�u�l�a�r� 

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

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

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

�b�e�e�n� �m�o�d�e�l�e�d� �a�s� �a� �f�i�r�s�t� �o�r�d�e�r� �k�i�n�e�t�i�c� �r�e�a�c�t�i�o�n�.� �O�t�h�e�r� �o�r�g�a�n�i�c�-�N� �i�s� �m�i�n�e�r�a�l�i�z�e�d� �t�o� �N�H�,�"� �a�t� �a� �s�l�o�w�e�r� �p�a�c�e� �b�u�t� 

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

�f�i�r�s�t� �o�r�d�e�r� �k�i�n�e�t�i�c�s� �i�f� �t�h�e� �s�o�i�l� �o�r�g�a�n�i�c� �m�a�t�t�e�r� �i�s� �m�o�r�e� �o�r� �l�e�s�s� �h�o�m�o�g�e�n�e�o�u�s� �(�B�u�r�n�s�,� �1�9�8�0�)�.� 

�A�d�s�o�r�p�t�i�o�n�-�D�e�s�o�r�p�t�i�o�n� 

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

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

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

�a�m�o�u�n�t� �o�f� �N�H�, �� �a�n�d� �b�e�c�a�u�s�e� �t�h�e� �f�i�x�a�t�i�o�n� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �s�o�i�l�s� �i�s� �f�i�n�i�t�e�,� �i�t� �h�a�s� �b�e�e�n� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �N�H�,�"� 

�f�i�x�a�t�i�o�n� �c�a�n�n�o�t� �b�e� �c�o�n�s�i�d�e�r�e�d� �a� �m�a�j�o�r� �s�i�n�k� �o�f� �N� �(�K�e�e�n�e�y�,� �1�9�8�0�)�.� �T�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�e� �N�H�,�"� �i�n� �t�h�e� �s�o�i�l� �i�s� �i�n� 

�t�h�e� �e�x�c�h�a�n�g�e�a�b�l�e� �f�o�r�m� �(�M�e�h�r�a�n� �a�n�d� �T�a�n�j�i�,� �1�9�7�4�)�.� �S�o�i�l�s� �t�h�a�t� �h�a�v�e� �a� �h�i�g�h�e�r� �c�a�t�i�o�n� �e�x�c�h�a�n�g�e� �c�a�p�a�c�i�t�y� 

�(�C�E�C�)�,� �c�l�a�y� �c�o�n�t�e�n�t�,� �a�n�d� �o�r�g�a�n�i�c� �m�a�t�t�e�r� �c�o�n�t�e�n�t� �h�a�v�e� �a� �g�r�e�a�t�e�r� �c�a�p�a�c�i�t�y� �t�o� �a�d�s�o�r�b� �N�H�,� �(�J�e�n�n�y� �e�t� �a�l�.�,� 

�1�9�4�5�;� �G�o�r�i�n�g� �a�n�d� �M�a�r�t�i�n�,� �1�9�5�9�)�.� �A�d�s�o�r�p�t�i�o�n� �o�f� �c�h�e�m�i�c�a�l�s� �t�o� �s�o�i�l� �d�e�p�e�n�d�s� �o�n� �t�h�e� �s�i�z�e� �o�f� �t�h�e� �s�o�i�l� �p�a�r�t�i�c�l�e�s� 

�(�B�a�i�l�y� �a�n�d� �W�h�i�t�e�,� �1�9�7�0�;� �a�s� �c�i�t�e�d� �b�y� �A�s�h�r�a�f� �a�n�d� �B�o�r�a�h�,� �1�9�9�0�)�.� �T�e�m�p�e�r�a�t�u�r�e� �a�f�f�e�c�t�s� �a�d�s�o�r�p�t�i�o�n� �a�n�d� 

�d�e�s�o�r�p�t�i�o�n� �r�a�t�e�s� �s�i�m�i�l�a�r�l�y� �(�D�o�n�i�g�i�a�n� �a�n�d� �C�r�a�w�f�o�r�d�,� �1�9�7�6�;� �a�s� �c�i�t�e�d� �b�y� �D�e�i�z�m�a�n� �a�n�d� �M�o�s�t�a�g�h�i�m�i�,� �1�9�9�1�)�.� 

�A�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �p�o�o�l� �o�f� �N�H�,�"� �l�e�a�d�s� �t�o� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �a�m�o�u�n�t� �o�f� �N�H�,�"� �t�h�a�t� �i�s� �a�d�s�o�r�b�e�d� �u�p� �t�o� �a� �c�e�r�t�a�i�n� 
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�T�a�b�l�e� �2�.� �R�a�t�e� �c�o�e�f�f�i�c�i�e�n�t�s� �f�o�r� �m�i�n�e�r�a�l�i�z�a�t�i�o�n�,� �i�m�m�o�b�i�l�i�z�a�t�i�o�n� �o�f� �N�H�,�*�,� �i�m�m�o�b�i�l�i�z�a�t�i�o�n� �o�f� �N�O�;�,� �a�n�d� �n�e�t� 

� � 

� � 

� � � � � � � � � � 

�m�i�n�e�r�a�l�i�z�a�t�i�o�n� 

�R�a�t�e�s� �S�o�i�l� �T�e�m�p�e�r�a�t�u�r�e� 

�d�a�y �� �(�°�C�)� 
�K�m� 

�0�.�0�0�0�5�'� �M�i�l�v�i�l�l�e� �l�o�a�m� �s�o�i�l� �2�2� 
�0�.�0�0�1�7� �S�a�l�i�n�a�s� �c�l�a�y� �s�o�i�l�,� �4�-�5�%� �O�M� �2�3�.�9� 

�0�.�0�0�0�3�7� �o�o�o� �n�a�o� 
�K�i�n�H�,�*� 

�0�.�1�5 �� �O�n�t�a�r�i�o� �l�o�a�m� �s�o�i�l�,� �1�.�5�%�C�,� �0�.�1�2�%� �T�N�,� �0� �=� �2�7�%� �3�0�+�1� 
�0�.�0�0�0�3�7� �-�-�-�-� �-�-�-�-� 

�0�.�0�2�?� �S�i�l�t�y� �l�o�a�m�,� �O�M� �=� �3�%�,� �d�e�p�t�h� �=� �0�-�1�5�c�m� �~�-�-�-� 
�0�.�0�2�?� �S�i�l�t�y� �c�l�a�y� �l�o�a�m�,� �O�M� �=� �2�.�8�%�,� �d�e�p�t�h� �=� �0�-�1�5�c�m� �-�-�-�-� 

�k� �i�n�o�;� 
�0�.�0�2�?� �S�i�l�t�y� �c�l�a�y� �l�o�a�m�,� �O�M� �=� �2�.�8�%�,� �d�e�p�t�h� �=� �0�-�1�5�c�m� �-�-�-�-� 
�0�.�0�2�?� �S�i�l�t�y� �l�o�a�m�,� �O�M� �=� �3�%�,� �d�e�p�t�h� �=� �0�-�1�5�c�m� �-�-�-�-� 
�0�.�1�5�!� �O�n�t�a�r�i�o� �l�o�a�m� �s�o�i�l�,� �1�.�5�%�C�,� �0�.�1�2�%� �T�N�,� �0� �=� �2�7�%� �3�0�+�1� 
�0�.�0�0�0�1�2�7� �f�o� �w�e� �-�-�-�-� 

�K�u�m� 

�0�.�0�0�7�7�"� �A�v�e�r�a�g�e� �o�f� �2�9� �s�o�i�l�s� �3�5� 
�0�.�0�0�1�4�°� �C�l�a�y� �l�o�a�m�,� �p�H� �=� �6�.�3�,� �@� �=� �3�5�%� �3�5� 
�0�.�0�0�1�1�°� �C�l�a�y� �l�o�a�m�,� �p�H� �=� �6�.�3�,� �8� �=� �2�5�%� �3�5� 
�0�.�0�0�0�1�°� �C�l�a�y� �l�o�a�m�,� �p�H� �=� �6�.�3�,� �8� �=� �1�5�%� �3�5� 

�N�o�t�e� 

 ��M�e�h�r�a�n� �a�n�d� �T�a�n�j�i�,� �1�9�7�4� �K�n� �m�i�n�e�r�a�l�i�z�a�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t�,� �1�/�d� 
�*�R�a�o� �e�t� �a�l�.�,� �1�9�7�6� �k�y�:� �N�H�«�*� �i�m�m�o�b�i�l�i�z�a�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t�,� �1�/�d� 
�3�C�a�b�o�n� �e�t� �a�l�.�,� �1�9�9�1� �k�o�;� �|� �N�O�s� �i�m�m�o�b�i�l�i�z�a�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t�,� �1�,� 

 ��S�t�a�n�f�o�r�d� �a�n�d� �S�m�i�t�h�,� �1�9�7�2� �K�a�m� 
 ��C�a�m�e�r�o�n� �a�n�d� �K�o�w�a�l�e�n�k�o�,� �1�9�7�6� �a�o�e� 

�n�e�t� �m�i�n�e�r�a�l�i�z�a�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t�,� �1�/�d� 

�i�n�f�o�r�m�a�t�i�o�n� �n�o�t� �a�v�a�i�l�a�b�l�e� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �2�4



�p�o�i�n�t� �(�J�a�m�e�s� �a�n�d� �H�a�r�w�a�r�d�,� �1�9�6�4�;� �P�a�r�r� �a�n�d� �P�a�p�e�n�d�i�c�k�,� �1�9�6�6�)�.� �F�o�r� �m�o�d�e�l�i�n�g� �p�u�r�p�o�s�e�s�,� �w�h�e�n� �t�h�e� �a�d�s�o�r�p�t�i�o�n� 

�a�n�d� �d�e�s�o�r�p�t�i�o�n� �r�a�t�e�s� �a�r�e� �u�n�k�n�o�w�n� �t�h�e�y� �c�a�n� �b�e� �a�p�p�r�o�x�i�m�a�t�e�d� �b�y� �1� �a�n�d� �0�.�2�,� �r�e�s�p�e�c�t�i�v�e�l�y� �(�M�e�h�r�a�n� �a�n�d� �T�a�n�j�i�,� 

�1�9�7�4�;� �D�o�n�i�g�i�a�n� �e�t� �a�l�.�,� �1�9�7�7�;� �H�s�i�e�h� �e�t� �a�l�.�,� �1�9�8�1�)�.� 

�T�h�e� �a�d�s�o�r�p�t�i�o�n�-�d�e�s�o�r�p�t�i�o�n� �p�r�o�c�e�s�s� �c�a�n� �b�e� �m�o�d�e�l�e�d� �(�C�a�m�e�r�o�n� �a�n�d� �K�o�w�a�l�e�n�k�o�,� �1�9�7�6�;� �J�o�h�a�n�s�o�n� �e�t� 

�a�l�.�,� �1�9�8�4�;� �K�a�l�u�a�r�a�c�h�c�h�i� �a�n�d� �P�a�r�k�e�r�,� �1�9�8�8�)� �b�y� �a�n� �i�n�s�t�a�n�t�a�n�e�o�u�s�,� �r�e�v�e�r�s�i�b�l�e� �n�o�n�l�i�n�e�a�r� �F�r�e�u�n�d�l�i�c�h� �i�s�o�t�h�e�r�m� 

�o�f� �t�h�e� �f�o�r�m�:� 

�°� �[�N�H�7�]�,� �=�k�,� �-�(�{�N�H�j�7�]�,�,�)�?� �(�2�6�)� 

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

�a�d�s�o�r�b�e�d� �s�p�e�c�i�e�s�,� �g�/�g�/�m�g� �P�/�L�P� 
�p� �=� �c�o�n�s�t�a�n�t� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �s�o�i�l� �m�a�t�e�r�i�a�l� �a�n�d� �a�d�s�o�r�b�e�d� �s�p�e�c�i�e�s� 

�V�e�e�r�e�c�k�e�n� �e�t� �a�l�.� �(�1�9�9�1�)�,� �S�e�l�i�m� �a�n�d� �I�s�k�a�n�d�a�r� �(�1�9�8�1�)�,� �a�n�d� �A�h�s�r�a�f� �a�n�d� �B�o�r�a�h� �(�1�9�9�0�)� �s�i�m�p�l�i�f�i�e�d� �t�h�e� 

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

�[�N�H�7�]�,� �=�k�,� �-�[�N�H�j�7�]�,�,� �(�2�7�)� 

�S�e�l�i�m� �a�n�d� �I�s�k�a�n�d�a�r� �(�1�9�8�1�)� �r�e�l�a�t�e�d� �k�g� �t�o� �t�h�e� �c�l�a�y� �c�o�n�t�e�n�t�,� �C�L� �(�%�)� �o�f� �t�h�e� �s�o�i�l�:� 

�k�,� �=�1�.�3�4�+�0�.�0�8�3�-�C�L� �(�2�8�)� 

�F�r�e�r�e� �e�t� �a�l�.� �(�1�9�8�0�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �k�y� �v�a�r�i�e�s� �b�e�t�w�e�e�n� �0�.�1� �a�n�d� �5� �g�/�g�/�m�g�/�L�.� �W�a�g�e�n�e�t� �e�t� �a�l�.� �(�1�9�7�7�)� 

�a�s�s�u�m�e�d� �a� �v�a�l�u�e� �o�f� �2�.�8� �u�g�/�g�/�m�g�/�L� �f�o�r� �k�g� 

�D�e�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� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �N�O�;� �t�o� �N�,�O� �o�r� �N�>�2�.� �T�h�i�s� �p�r�o�c�e�s�s� �o�c�c�u�r�s� �i�n� �a�b�s�e�n�c�e� �o�f� �O�;� 

�(�a�n�a�e�r�o�b�i�c� �o�r� �p�o�o�r�l�y� �d�r�a�i�n�e�d� �s�o�i�l�s�)� �a�n�d� �N�O�;� �a�c�t�s� �a�s� �a�n� �e�l�e�c�t�r�o�n� �a�c�c�e�p�t�o�r�.� �B�i�o�l�o�g�i�c�a�l� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �i�s� 

�i�n�h�i�b�i�t�e�d� �a�t� �s�o�i�l� �p�H� �o�f� �l�e�s�s� �t�h�a�n� �6� �(�B�o�l�l�a�g� �e�t� �a�l�.�,� �1�9�7�3�;� �H�a�r�d�y� �e�t� �a�l�.�,� �1�9�7�3�;� �c�i�t�e�d� �b�y� �B�a�r�t�l�e�t�t� �e�t� �a�l�.�,� �1�9�7�9�)� 

�a�n�d� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�l�o�w� �1�0� �°�C� �(�J�o�h�n�s�o�n� �a�n�d� �P�a�r�k�e�r�,� �1�9�9�3�)�.� �D�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �i�n�c�r�e�a�s�e�s� �a�s� �t�h�e� �s�o�i�l� �c�a�r�b�o�n� 

�(�C�)� �c�o�n�t�e�n�t� �i�n�c�r�e�a�s�e�s�.� �D�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �i�s� �u�s�u�a�l�l�y� �m�o�d�e�l�e�d� �a�s� �a� �f�i�r�s�t� �o�r�d�e�r� �r�e�a�c�t�i�o�n� �(�K�a�l�u�a�r�a�c�h�c�h�i� �a�n�d� 

�P�a�r�k�e�r�,� �1�9�8�8�;� �D�e�i�z�m�a�n� �a�n�d� �M�o�s�t�a�g�h�i�m�i�,� �1�9�9�1�;� �F�r�e�e�r�e� �e�t� �a�l�.�,� �1�9�8�0�;� �M�e�h�r�a�n� �e�t� �a�l�.�,� �1�9�8�1�)�.� 

�I�n� �C�R�E�A�M�S� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �i�s� �g�i�v�e�n� �b�y�:� 
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�|�N�O�;�]�,� �=�[�N�O�;�]�,� �(�l�-�e� �a�t�"�)� �(�2�9�)� 

�K�,� �=� �g�e� �°�-�0�6�9�3� �T�+�I�n�(�(�C�}�-�6�1�0� �~�) ��2�.�4�2�5�5� �(�3�0�)� 

�w�h�e�r�e� 
�[�N�O�;� �]�,� �=� �a�m�o�u�n�t� �o�f� �N�O�3�°� �d�e�n�i�t�r�i�f�i�e�d�,� �k�g�/�h�a�-�y�r� 
�[�N�O�]�,� �=� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �N�O�3�°� �a�t� �t�i�m�e� �t�=�0�,� �k�g�/�h�a�-�y�r� 
�[�C�]� �=� �s�o�i�l� �c�a�r�b�o�n�,� �m�g�-�C�/�g�-�s�o�i�l� 

�K�a�n� �=� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t�,� �1�/�d� 
�w�o�m� �t�a�r� �=� �n�u�m�b�e�r� �o�f� �d�r�a�i�n�a�g�e� �d�a�y�s� �s�i�n�c�e� �t�h�e� �l�a�s�t� �s�t�o�r�m�,� �d�.� 

�D�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �h�a�s� �b�e�e�n� �d�e�s�c�r�i�b�e�d� �b�y� �J�o�h�n�s�s�o�n� �e�t� �a�l�.� �(�1�9�8�7�)� �a�s�:� 

�d�[� �N�O�;� �N�O�;� �M�N�O�S� �L�i� �e�e�,� �-� �N�O� �(�3�1�)� 
�d�t� �[�N�O�;�]�+�c�,� 

�w�h�e�r�e� �c�,� �1�S� �t�h�e� �h�a�l�f� �s�a�t�u�r�a�t�i�o�n� �c�o�n�s�t�a�n�t�,� �u�g�/�c�m�3� 

�D�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �h�a�s� �b�e�e�n� �d�e�s�c�r�i�b�e�d� �b�y� �S�e�l�i�m� �a�n�d� �I�s�k�a�n�d�a�r� �(�1�9�8�1�)� �a�s�:� 

�a�n�e�:� �}�_� �-�k�,� �-�@�-�[�N�O�3�]� �(�3�2�)� 

�P�l�a�n�t� �U�p�t�a�k�e� 

�P�l�a�n�t� �u�p�t�a�k�e� �i�s� �t�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �c�o�n�t�r�o�l�l�e�r� �o�f� �n�u�t�r�i�e�n�t� �m�o�v�e�m�e�n�t� �(�V�i�t�o�u�s�e�k�,� �1�9�7�7� �a�s� �c�i�t�e�d� �b�y� 

�J�o�h�n�s�t�o�n� �e�t� �a�l�.�,� �1�9�8�4�)�.� �I�t� �i�s� �t�h�e� �p�r�i�n�c�i�p�a�l� �s�i�n�k� �f�o�r� �n�i�t�r�a�t�e�s� �a�n�d� �c�a�n� �b�e� �e�s�t�i�m�a�t�e�d� �f�r�o�m� �p�l�a�n�t� �r�e�s�i�d�u�e� �a�n�a�l�y�s�i�s�.� 

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

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

�p�r�o�c�e�s�s� �a�n�d� �o�n� �t�h�e� �e�x�t�e�n�t� �o�f� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� �s�u�r�f�a�c�e� �(�M�i�l�t�h�o�r�p�e�,� �1�9�5�6�)�.� �T�h�e� �p�h�o�t�o�s�y�n�t�h�e�t�i�c� �s�u�r�f�a�c�e� �i�s� 

�u�s�u�a�l�l�y� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �l�e�a�f� �a�r�e�a� �i�n�d�e�x� �(�L�A�D�)�,� �t�h�a�t� �i�s� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �a�r�e�a� �t�h�a�t� �t�h�e� �l�e�a�v�e�s� �o�f� �a� �c�r�o�p� �w�o�u�l�d� 

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

�(�1�9�7�7�)� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �N� �u�p�t�a�k�e� �f�r�o�m� �a� �s�o�i�l� �l�a�y�e�r� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �w�a�t�e�r� �u�p�t�a�k�e� �t�i�m�e�s� �t�h�e� �N�O�;� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�a�t� �l�a�y�e�r�;� �K�a�u�l�a�r�a�c�h�c�h�i� �a�n�d� �P�a�r�k�e�r� �(�1�9�8�8�)� �m�o�d�e�l�e�d� �p�l�a�n�t� �u�p�t�a�k�e� �w�i�t�h� �z�e�r�o� �o�r�d�e�r� 

�k�i�n�e�t�i�c�s�.� 

�C�R�E�A�M�S� �(�K�n�i�s�e�l�,� �1�9�8�0�)� �h�a�s� �t�w�o� �m�e�t�h�o�d�s� �f�o�r� �c�o�m�p�u�t�i�n�g� �N� �p�l�a�n�t� �u�p�t�a�k�e�.� �T�h�e� �f�i�r�s�t� �m�e�t�h�o�d� 

�a�s�s�u�m�e�s� �t�h�a�t� �N� �u�p�t�a�k�e� �f�o�l�l�o�w�s� �a� �n�o�r�m�a�l� �p�r�o�b�a�b�i�l�i�t�y� �c�u�r�v�e�:� 
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�P�U�N�=�1�-�0�.�5�-�(�1�.�0�+�0�.�0�1�9�6�8�5�4�X�,�,� �+�0�.�1�1�5�1�9�4�X�,�, �� �+�0�.�0�0�0�3�4�4�X�,�*� �+�0�.�0�1�9�5�7�X�,�*�)�"� �(�3�3�)� 

�w�h�e�r�e� 
�X�.�.� �=� �(�T�-�M�)�/�S�D� 
�P�U�N� �=� �f�r�a�c�t�i�o�n� �o�f� �p�o�t�e�n�t�i�a�l� �a�n�n�u�a�l� �u�p�t�a�k�e� �b�y� �T� �d�a�y�s� �o�f� �g�r�o�w�t�h� 
�M� �=� �d�a�y�s� �r�e�q�u�i�r�e�d� �t�o� �t�a�k�e� �u�p� �5�0�%� �o�f� �t�h�e� �a�n�n�u�a�l� �a�m�o�u�n�t� 
�S�D� �=� �n�u�m�b�e�r� �o�f� �d�a�y�s� �b�e�t�w�e�e�n� �5�0�%� �a�n�d� �8�4�%� �u�p�t�a�k�e� 

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

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

�4� 
�P�W�U� �p�M� �e� 

�w�h�e�r�e� 
�D�M�;� �=�a�c�c�u�m�u�l�a�t�e�d� �d�r�y� �m�a�t�t�e�r� �p�r�o�d�u�c�t�i�o�n� �o�n� �d�a�y� �1�,� �k�g�/�h�a� 
�W�U� �=� �d�a�i�l�y� �p�l�a�n�t� �w�a�t�e�r� �u�p�t�a�k�e� �o�n� �d�a�y� �i�,� �k�g�/�h�a� 
�W�u�;� �=� �t�o�t�a�l� �w�a�t�e�r� �u�s�e�d� �b�y� �t�h�e� �p�l�a�n�t� �f�r�o�m� �e�m�e�r�g�e�n�c�e� �t�o� �d�a�y� �i� 
�P�W�U�_� �=� �p�o�t�e�n�t�i�a�l� �c�r�o�p� �w�a�t�e�r� �u�s�e� �f�o�r� �t�h�e� �e�n�t�i�r�e� �g�r�o�w�i�n�g� �s�e�a�s�o�n� �u�n�d�e�r� �i�d�e�a�l� �c�o�n�d�i�t�i�o�n�s�,� �k�g�/�h�a� 

�Y�P� �=� �p�o�t�e�n�t�i�a�l� �y�i�e�l�d� �o�f� �t�h�e� �h�a�r�v�e�s�t�a�b�l�e� �p�o�r�t�i�o�n� �o�f� �t�h�e� �c�r�o�p�,� �k�g�/�h�a� 
�R�p�m� �=� �r�a�t�i�o� �o�f� �d�r�y� �m�a�t�t�e�r� �t�o� �c�r�o�p� �y�i�e�l�d� �a�t� �m�a�t�u�r�i�t�y�;� �c�o�n�s�t�a�n�t� �t�o� �c�o�n�v�e�r�t� �Y�P� �t�o� �t�o�t�a�l� �d�r�y� �m�a�t�t�e�r� 

�(�g�r�a�i�n� �+� �s�t�o�v�e�r� �+� �r�o�o�t�s�)�,� �k�g�/�h�a� 

�D�r�y� �m�a�t�t�e�r� �p�r�o�d�u�c�t�i�o�n� �i�s� �t�h�e�n� �u�s�e�d� �t�o� �e�s�t�i�m�a�t�e� �N� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �p�l�a�n�t�s�,� �C�;�,� �(�k�g�/�k�g�)� �b�y�:� 

�b�,� �b�,� 

�C�.� �=� �m�i�n� �(�P�e�e� �1�,� �2�M�)� �(�3�5�)� 
�T�D�M� �T�D�M� 

�T�D�M� �=� �t�o�t�a�l� �d�r�y� �m�a�t�t�e�r� �p�r�o�d�u�c�t�i�o�n� �f�o�r� �t�h�e� �g�r�o�w�i�n�g� �s�e�a�s�o�n�,� �k�g� 
�b�,�,�b�2�,�b�3�,�b�4�=� �p�a�r�a�m�e�t�e�r�s� �a�s� �d�e�f�i�n�e�d� �b�y� �S�m�i�t�h� �e�t� �a�l�.� �(�1�9�7�8�)� 

�w�h�e�r�e� 

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

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

�U�N�,� �=�C�,� �-�_�D�M�,�;� �(�3�5�)� 

�I�n� �G�L�E�A�M�S� �(�K�n�i�s�e�l� �e�t� �a�l�.�,� �1�9�9�3�)�,� �N�O�;� �a�n�d� �N�H�, �� �u�p�t�a�k�e� �a�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� 

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

�U�P�N�O�,� �=�0�.�1�-�[�N�O�;�]�,�-�T�R�,� �(�3�6�)� 

�U�P�N�H�,� �=� �0�.�1�-�[�N�H�*�]�,�-� �T�R�,� �(�3�7�)� 
�1� 
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�w�h�e�r�e� 
�U�P�N�O�;� �=� �p�o�t�e�n�t�i�a�l� �N�O�;� �u�p�t�a�k�e� �i�n� �t�h�e� �s�o�i�l� �l�a�y�e�r� �i�,� �k�g�/�h�a� 
�[�N�O�;� �]�;� �=� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �N�O�;� �i�n� �t�h�e� �i� �l�a�y�e�r� �w�a�t�e�r� �p�h�a�s�e�,� �m�g�/�L� 
�U�P�N�H�;� �=� �p�o�t�e�n�t�i�a�l� �N�H�,�"� �u�p�t�a�k�e� �i�n� �t�h�e� �s�o�i�l� �l�a�y�e�r� �i�,� �k�g�/�h�a� 
�[�N�H�.�"�]�;� �=� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �N�H�,�"� �i�n� �t�h�e� �i� �l�a�y�e�r� �w�a�t�e�r� �p�h�a�s�e�,� �m�g�/�L� 

�T�R�;� �=� �t�r�a�n�s�p�i�r�a�t�i�o�n� �i�n� �t�h�e� �i� �l�a�y�e�r�,� �c�m� 

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

�l�a�y�e�r�s�,� �n�t�l�:� 

�n�t�l� 

�U�P�N� �=� �) �� �(�U�P�N�H�;� �+� �U�P�N�O�,� �)� �(�3�8�)� 
�i�=�]� 

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

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

�N�o�i� �=� �C�a�i� �(�S�a�)� �(�3�9�)� 
�P�O�T�L�A�I� 

�w�h�e�r�e� 
�N�p�:� �=� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �N� �(�%� �c�r�o�p� �b�i�o�m�a�s�s�)� 
�C�a�i�,� �C�a�2� �=� �e�m�p�i�r�i�c�a�l� �c�o�e�f�f�i�c�i�e�n�t� 
�S�U�M�L�A�I�=� �a�c�c�u�m�u�l�a�t�e�d� �l�e�a�f� �a�r�e�a� �i�n�d�e�x�,� �m�*�/�m�?� 
�P�O�T�L�A�I�=� �p�o�t�e�n�t�i�a�l� �l�e�a�f� �a�r�e�a� �i�n�d�e�x� �o�n� �t�h�e� �d�a�y� �o�f� �h�a�r�v�e�s�t� �(�o�r� �d�a�t�e� �o�f� �t�r�u�n�c�a�t�i�o�n� �f�o�r� �h�a�y� �c�r�o�p�s�,� 

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

�V�a�l�u�e�s� �o�f� �c�,�;� �a�n�d� �c�,�.� �a�r�e� �r�e�p�o�r�t�e�d� �b�y� �K�n�i�s�e�l� �e�t� �a�l�.� �(�1�9�9�3�)�.� �T�h�e� �r�a�t�i�o� �o�f� �S�U�M�L�A�I� �a�n�d� �P�O�T�L�A�I�,� 

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

�T�D�M� �=� �G�R�T�-� �Y�P�-� �D�M�Y� �(�4�0�)� 

�w�h�e�r�e� 

�T�D�M� �=� �t�o�t�a�l� �d�r�y� �m�a�t�t�e�r�,� �k�g�/�h�a� 
�D�M�Y� �=�d�r�y� �m�a�t�t�e�r� �r�a�t�i�o�,� �r�a�t�i�o� �o�f� �t�o�t�a�l� �d�r�y� �m�a�t�t�e�r� �t�o� �h�a�r�v�e�s�t�a�b�l�e� �y�i�e�l�d� 

�T�h�e� �N� �i�n� �t�h�e� �t�o�t�a�l� �d�r�y� �m�a�t�t�e�r�,� �T�D�M�N�,� �(�k�g�/�h�a�)� �i�s� �c�a�l�c�u�l�a�t�e�d� �b�y� �m�u�l�t�i�p�l�y�i�n�g� �t�h�e� �t�o�t�a�l� �d�r�y� �m�a�t�t�e�r� �b�y� 

�t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �N� �i�n� �d�r�y� �m�a�t�t�e�r�:� 

� � 

�N� �1� �T�D�M�N� �=� �T�D�M� �-� �0�0� �(�4�1�)� 

�T�h�e� �d�a�i�l�y� �N� �d�e�m�a�n�d�,� �D�E�M�N�,�,� �k�g�/�h�a� �i�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �T�D�M�N� �f�o�r� �s�u�c�c�e�s�s�i�v�e� �d�a�y�s�:� 
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�D�E�M�N�,� �=� �T�D�M�N�,� �-� �T�D�M�N�,� �,� �(�4�2�)� 

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

�t�h�e� �d�e�m�a�n�d�.� �A� �d�e�m�a�n�d� �f�a�c�t�o�r�.� �D�M�N�F�A�C�,� �i�s� �c�a�l�c�u�l�a�t�e�d� �a�s� �(�K�n�i�s�e�l� �e�t� �a�l�.�,� �1�9�9�3�)�:� 

�D�E�M�N� 
�D�M�N�F�A�C� �=� �(�4�3�)� 

�U�P�N� 

�a�n�d� �t�h�e� �p�l�a�n�t� �u�p�t�a�k�e� �o�f� �N�O�;� �a�n�d� �N�H�,� �a�r�e� �a�d�j�u�s�t�e�d� �f�o�r� �t�h�e� �d�a�i�l�y� �d�e�m�a�n�d�:� 

�A�J�U�P�N�O�,� �=� �D�M�N�F�A�C�-� �U�P�N�O�.� �(�4�4�)� 

�A�J�U�P�N�H�,� �=� �D�M�N�F�A�C� �-�U�P�N�H�,� �(�4�5�)� 

�w�h�e�r�e� 
�A�J�U�P�N�O�;�=� �a�d�j�u�s�t�e�d� �N�O�;� �p�l�a�n�t� �u�p�t�a�k�e�,� �k�g�/�h�a� 
�A�J�U�P�N�H�;�=� �a�d�j�u�s�t�e�d� �N�H�,�"� �p�l�a�n�t� �u�p�t�a�k�e�,� �k�g�/�h�a� 

�T�h�e� �a�d�j�u�s�t�e�d� �t�o�t�a�l� �u�p�t�a�k�e�,� �T�U�P�N�,� �k�g�/�h�a� �i�s�:� 

�n�t�l� 

�T�U�P�N� �=� �)�)� �(�A�J�U�P�N�H�;� �+� �A�J�U�P�N�O�,� �)� �(�4�6�)� 
�1�=�]� 

�I�f� �N�O�;� �a�n�d� �N�H�,�"� �a�r�e� �l�i�m�i�t�e�d�,� �a�n�d� �U�P�N� �i�s� �l�e�s�s� �t�h�a�n� �D�E�M�N�,� �a� �N� �s�t�r�e�s�s� �f�a�c�t�o�r�,� �S�F�N�,� �i�s� �c�a�l�c�u�l�a�t�e�d� 

�t�o� �r�e�d�u�c�e� �t�h�e� �S�U�M�L�A�I� �b�e�l�o�w� �t�h�a�t� �f�o�r� �w�a�t�e�r� �s�t�r�e�s�s�.� �S�U�M�L�A�I� �i�s� �t�h�e�n� �m�u�l�t�i�p�l�i�e�d� �b�y� �S�F�N� �(�K�n�i�s�e�l� �e�t� �a�l�.�,� 

�1�9�9�3�)�:� 

�2�(�1�-� �U�P�N� �)� 
�D�E�M�N� 

� � 

� � 

�S�E�N� �=�1�-� 

�4� 

�U�P�N� �3�.�3�9�-�1�0�.�9�8�-�2�{�1� �U�P�N� �(�4�7�)� 

�2�-�+�1�-� �s�m�n� �+�e� �D�E�M�N� 

�D�E�M�N� 

�W�h�i�t�m�o�r�e� �e�t� �a�l�.� �(�1�9�9�1�)� �g�a�v�e� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�x�p�r�e�s�s�i�o�n� �f�o�r� �n�i�t�r�o�g�e�n� �u�p�t�a�k�e�:� 

�Y�=� �(�A�A�)� �+�e� �w�e� �T�y� �3� 
�(�4�8�)� 

�w�h�e�r�e� 
�Y� �=� �n�i�t�r�o�g�e�n� �u�p�t�a�k�e�,� �k�g�/�h�a� 
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�n� �=� �s�h�a�p�e� �f�a�c�t�o�r� 
�T�x� �=� �t�h�e�r�m�a�l� �t�i�m�e�:� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �m�e�a�s�u�r�e�d� �s�o�i�l� �t�e�m�p�e�r�a�t�u�r�e� �a�b�o�v�e� �0� �°�C� �e�a�c�h� �d�a�y� �a�t� 

�2�0� �c�m� �d�e�p�t�h� 
�A�A� �=� �m�a�x�i�m�u�m� �v�a�l�u�e� �o�f� �Y�,� �2�0�0� �k�g�/�h�a� 
�K�u�p� �=� �e�m�p�i�r�i�c�a�l� �c�o�n�s�t�a�n�t� �a�s� �g�i�v�e�n� �b�y� �W�h�i�t�m�o�r�e� �a�n�d� �A�d�d�i�s�c�o�t�t�,� �1�9�8�7� �(�c�i�t�e�d� �b�y� �W�h�i�t�m�o�r�e� �e�t� 

�a�l�.�,� �1�9�9�1�)� 

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

�W�a�g�e�n�e�t� �(�1�9�8�2�)�:� 

�U�P�,� �=�2�-�n�-�r�-�[�N�]�-� �(�4�9�)� 
�w�h�e�r�e� 

�U�P�,� �=� �r�a�t�e� �o�f� �n�u�t�r�i�e�n�t� �u�p�t�a�k�e� �p�e�r� �u�n�i�t� �l�e�n�g�t�h� �o�f� �r�o�o�t�,� �g�/�c�m�-�h� 
�r� �=� �r�o�o�t� �r�a�d�i�u�s�,� �c�m� 
�a� �=� �r�o�o�t� �u�p�t�a�k�e� �c�o�e�f�f�i�c�i�e�n�t� �o�r� �r�o�o�t� �a�b�s�o�r�b�i�n�g� �p�o�w�e�r�,� �c�m�/�h� 
�[�N�]� �=� �n�u�t�r�i�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �s�o�l�u�t�i�o�n� �d�u�r�i�n�g� �t�h�e� �u�p�t�a�k�e�,� �g�/�c�m�?� 

�I�n� �E�q�u�a�t�i�o�n� �(�4�9�)� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �r�o�o�t� �r�a�d�i�u�s� �i�s� �c�o�n�s�t�a�n�t� �f�o�r� �a� �p�l�a�n�t� �s�p�e�c�i�e�s�,� �t�h�a�t� �t�h�e� �N� 

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

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

�g�r�o�w�i�n�g� �s�e�a�s�o�n� �(�G�r�e�e�n�w�o�o�d� �e�t� �a�l�.�,� �1�9�7�4�;� �c�i�t�e�d� �b�y� �J�o�h�n�s�s�o�n� �e�t� �a�l�.�,� �1�9�8�7�)�.� �I�t� �w�a�s� �a�s�s�u�m�e�d� �t�h�a�t� �d�i�f�f�u�s�i�o�n� 

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

�u� 
�[�u�c�t�y�a�e� �=� �L�e�n�o� �(�5�0�)� 

�a�b�,� �e�u�e�t� �+�]� 

�U�L� 

�w�h�e�r�e� 
�u� �=� �p�o�t�e�n�t�i�a�l� �d�a�i�l�y� �N� �u�p�t�a�k�e�,� �g�-�N�/�m�?� 
�U�,� �=� �p�o�t�e�n�t�i�a�l� �a�n�n�u�a�l� �N� �u�p�t�a�k�e�,� �g�-�N�/�m�?�-�y�r� 
�U�p� �=� �s�h�a�p�e� �p�a�r�a�m�e�t�e�r� 
�U�c� �=� �s�h�a�p�e� �p�a�r�a�m�e�t�e�r�,� �1�/�d� 

�T�h�e� �d�a�i�l�y� �p�l�a�n�t� �u�p�t�a�k�e� �o�f� �N�O�, �� �a�n�d� �N�H�, �� �w�e�r�e� �t�h�e�n� �d�e�f�i�n�e�d� �a�s� �(�G�r�e�e�n�w�o�o�d� �e�t� �a�l�.�,� �1�9�7�4�;� �c�i�t�e�d� �b�y� �J�o�h�n�s�s�o�n� 

�e�t� �a�l�.�,� �1�9�8�7�)�:� 

�[�N�O�3�]� �_� �U�,�.� �=�M�i�n�|� �,�.� �3�4� �a�e� �E�N�O� �\� �N�O�}� �(� �[�N�O�;� �}�+�[�N�H�z�]�  �!"� �|� �1�]� �(�0�1�)� 
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�w�h�e�r�e� 

�N�H�j� 
�-� �f�.�- ��1�°�"�4�*� �u�t� �(�N�H�?� �5�2� �[�N�O�;� �1�+�[�N�H�i�]� �[� �i�]� �(�5�2�)� 

�U�n�o�,� �=� �d�a�i�l�y� �N�O�, �� �p�l�a�n�t� �u�p�t�a�k�e�,� �g�-�N�/�m�?�*�-�d� 
�U�x�u�,�*� �=� �d�a�i�l�y� �N�H�,�"� �p�l�a�n�t� �u�p�t�a�k�e�,� �g�-�N�/�m ��*�-�d� 

�f�r� �=� �r�e�l�a�t�i�v�e� �r�o�o�t� �f�r�a�c�t�i�o�n� �i�n� �t�h�e� �u�p�p�e�r� �l�a�y�e�r� 
�f�m�a� �=� �m�a�x�i�m�u�m� �a�v�a�i�l�a�b�i�l�i�t�y� �f�r�a�c�t�i�o�n� �o�f� �m�i�n�e�r�a�l� �N� �i�n� �t�h�e� �s�o�i�l�,� �1�/�d� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �p�r�o�c�e�d�u�r�e� �b�y� �C�l�a�a�s�s�e�n� �a�n�d� �B�a�r�b�e�r� �(�1�9�7�6�)� �w�a�s� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n� �S�e�l�i�m� �a�n�d� 

�I�s�k�a�n�d�a�r�'�s� �N� �t�r�a�n�s�p�o�r�t� �m�o�d�e�l� �(�1�9�8�1�)�.� �T�h�e� �p�l�a�n�t� �u�p�t�a�k�e� �r�a�t�e� �o�f� �N� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �r�o�o�t� �d�e�n�s�i�t�y� �a�n�d� �N�O�;� 

�a�n�d� �N�H�,�"� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�e� �s�o�i�l� �s�o�l�u�t�i�o�n� �(�M�i�c�h�a�e�l�i�s�-�M�e�n�t�e�n� �t�y�p�e� �e�q�u�a�t�i�o�n�)�:� 

� � 

� � 

�N�H�;� �G�q�,� �=�I�m�x� �-�R�(�z�,�t�)�-� �L� �~� �a�l� �-� �(�5�3�)� 
�(�k�,� �+�[�N�H�;�]�+�[�N�O�;� �]�)� 

�N�O�,� 
�q�o� �=�I� �*�R�(�z�,�t�)�-� �c�s� �:� �(�5�4�)� 

�(�k�,� �+�[�N�H�;�]�+�[�N�O�;� �]�)� 

�w�h�e�r�e� 
�q�1� �=� �r�a�t�e� �o�f� �p�l�a�n�t� �u�p�t�a�k�e� �o�f� �N�H�,�"� �p�e�r� �u�n�i�t� �s�o�i�l� �v�o�l�u�m�e�,� �t�1�g�/�c�m�?� 
�q�?� �=� �r�a�t�e� �o�f� �p�l�a�n�t� �u�p�t�a�k�e� �o�f� �N�O�s� �p�e�r� �u�n�i�t� �s�o�i�l� �v�o�l�u�m�e�,� �g�/�c�m �� 
�R�(�z�,�t�)� �=� �r�o�o�t� �l�e�n�g�t�h� �(�o�r� �d�e�n�s�i�t�y�)� �p�e�r� �u�n�i�t� �v�o�l�u�m�e� �o�f� �s�o�i�l�,� �c�m�/�c�m�*� 
�T�a�x� �=� �m�a�x�i�m�u�m� �u�p�t�a�k�e� �r�a�t�e� �p�e�r� �u�n�i�t� �r�o�o�t� �l�e�n�g�t�h�,� �u�g�/�c�m�/�h� 

�k�,� �=� �N� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�t� �h�a�l�f� �t�h�e� �I�n�a�,� �g�/�c�m�?� 

�V�o�l�a�t�i�l�i�z�a�t�i�o�n� 

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

�a�r�e� �a�p�p�l�i�e�d� �(�K�i�n�g� �a�n�d� �M�o�r�r�i�s�,� �1�9�7�4�;� �H�o�f�f�,� �1�9�8�1� �a�s� �c�i�t�e�d� �b�y� �D�e�i�z�m�a�n�,� �1�9�9�1�)�.� �I�t� �d�o�e�s� �n�o�t� �a�p�p�e�a�r� �t�o� 

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

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

�r�e�a�c�t�i�o�n� �(�D�e�i�z�m�a�n� �a�n�d� �M�o�s�t�a�g�h�i�m�i�,� �1�9�9�1�)�.� �A� �r�a�t�e� �c�o�n�s�t�a�n�t� �o�f� �0�.�3� �h � �� �h�a�s� �b�e�e�n� �u�s�e�d� �t�o� �a�c�c�o�u�n�t� �f�o�r� �N�H�,�*� 

�v�o�l�a�t�i�l�i�z�a�t�i�o�n� �f�r�o�m� �t�h�e� �s�o�i�l� �s�o�l�u�t�i�o�n� �(�T�i�l�l�o�t�s�o�n� �a�n�d� �W�a�g�e�n�e�t�,� �1�9�8�2�)� �w�h�e�n� �t�h�e� �s�o�i�l� �p�r�o�f�i�l�e� �N�H�,�"� 

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

�a�d�s�o�r�b�e�d� �N�H�, �� �i�s� �u�n�a�v�a�i�l�a�b�l�e� �f�o�r� �n�i�t�r�i�f�i�c�a�t�i�o�n�.� 
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�A�b�i�o�t�i�c� �R�e�s�p�o�n�s�e� �F�u�n�c�t�i�o�n� 

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

�m�o�i�s�t�u�r�e�,� �t�e�m�p�e�r�a�t�u�r�e�,� �p�H�,� �o�x�y�g�e�n�,� �a�n�d� �i�n� �s�o�m�e� �c�a�s�e�s� �C� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �S�o�i�l� �m�o�i�s�t�u�r�e� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �a�r�e� 

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

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

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

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

�f�u�n�c�t�i�o�n�s�.� 

�S�o�i�l� �T�e�m�p�e�r�a�t�u�r�e� �R�e�s�p�o�n�s�e� �F�u�n�c�t�i�o�n� 

�w�h�e�r�e� 

�A� �s�o�i�l� �t�e�m�p�e�r�a�t�u�r�e� �r�e�s�p�o�n�s�e� �f�u�n�c�t�i�o�n� �w�a�s� �d�e�s�c�r�i�b�e�d� �b�y� �J�o�h�n�s�s�o�n� �e�t� �a�l�.� �(�1�9�8�7�)� �a�s�:� 

� � �a�y� 
�&�y� �=� �Q�u�y �� �(�5�5�)� 

�e�y� �=� �s�o�i�l� �t�e�m�p�e�r�a�t�u�r�e� �r�e�s�p�o�n�s�e� �f�u�n�c�t�i�o�n� 
�T� �=� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �s�o�i�l�,� �°�C� 

�t�y� �=� �b�a�s�e� �t�e�m�p�e�r�a�t�u�r�e� �a�t� �w�h�i�c�h� �e�,� �=� �1� 
�Q�i�o� �=� �c�h�a�n�g�e� �i�n� �t�h�e� �r�a�t�e� �f�a�c�t�o�r� �w�i�t�h� �a� �1�0� �°�C� �i�n�c�r�e�a�s�e� �i�n� �t�e�m�p�e�r�a�t�u�r�e� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �s�o�i�l� �t�e�m�p�e�r�a�t�u�r�e� �a�d�j�u�s�t�m�e�n�t� �f�a�c�t�o�r�,� �e�.�,� �i�s� �u�s�e�d� �i�n� �C�R�E�A�M�S� �(�F�r�e�r�e� �e�t� �a�l�.�,� �1�9�8�0�)�:� 

�6�3�5�0� 
�1�5�.�8�0�7� �- � ��_� �(� �T� �)� 

 ¬�,�)� �=�l�-�e� �(�5�6�)� 

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

�w�h�e�r�e� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �s�o�i�l� �t�e�m�p�e�r�a�t�u�r�e� �a�d�j�u�s�a�n�e�n�t� �f�a�c�t�o�r�,� �e�¢�3�,� �w�a�s� �d�e�s�c�r�i�b�e�d� �b�y� �C�a�b�o� �e�t� �a�l�.� �(�1�9�9�1�)�:� 

 ¬�,�,� �=�Q�)!"� �(�5�7�)� 

�e�3� �=� �s�o�i�l� �t�e�m�p�e�r�a�t�u�r�e� �r�e�s�p�o�n�s�e� �f�u�n�c�t�i�o�n� 
�T� �=� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �s�o�i�l�,� �°�C� 
�T�u� �=� �o�p�t�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e�,� �u�s�u�a�l�l�y� �t�a�k�e�n� �a�s� �3�5� �°�C� 
�Q�o� �=� �c�o�r�r�e�c�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�,� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �s�o�i�l� �t�e�m�p�e�r�a�t�u�r�e�.� �Q�o� �i�s� �1�.�0�5� �f�o�r� 

�i�m�m�o�b�i�l�i�z�a�t�i�o�n� �a�n�d� �Q�,� �i�s� �1�.�0�7�1� �f�o�r� �m�i�n�e�r�a�l�i�z�a�t�i�o�n� 

�T�h�e� �f�i�r�s�t� �2� �e�q�u�a�t�i�o�n�s� �d�e�s�c�r�i�b�e� �t�h�e� �i�n�c�r�e�a�s�e� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �r�a�t�e� �w�i�t�h� �a�n� �i�n�c�r�e�a�s�e� �i�n� �s�o�i�l� 

�t�e�m�p�e�r�a�t�u�r�e� �a�s� �q�u�a�s�i� �l�i�n�e�a�r�.� �T�h�e� �t�h�i�r�d� �e�q�u�a�t�i�o�n� �d�e�s�c�r�i�b�e�s� �i�t� �a�s� �p�a�r�a�b�o�l�i�c�.� �W�h�e�n� �t�h�e� �t�h�i�r�d� �e�q�u�a�t�i�o�n� �i�s� 
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�a�p�p�l�i�e�d�,� �t�h�e� �r�e�a�c�t�i�o�n� �r�a�t�e� �f�o�r� �t�e�m�p�e�r�a�t�u�r�e�s� �s�m�a�l�l�e�r� �t�h�a�n� �t�h�e� �o�p�t�i�m�u�m� �(�3�5� �°�C�)� �i�s� �s�m�a�l�l�e�r� �t�h�a�n� �t�h�e� �r�e�a�c�t�i�o�n� 

�r�a�t�e� �c�o�m�p�u�t�e�d� �w�i�t�h� �t�h�e� �o�t�h�e�r� �2� �e�q�u�a�t�i�o�n�s�.� �F�o�r� �t�e�m�p�e�r�a�t�u�r�e�s� �l�a�r�g�e�r� �t�h�a�n� �t�h�e� �o�p�t�i�m�u�m�,� �t�h�e� �r�e�a�c�t�i�o�n� �r�a�t�e� 

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

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

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

�S�o�i�l� �M�o�i�s�t�u�r�e� �R�e�s�p�o�n�s�e� �F�u�n�c�t�i�o�n� 

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

�t�r�a�n�s�f�o�r�m�a�t�i�o�n�s�,� �e�x�c�e�p�t� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n�:� 

� � � � 

� � 

�f� �m� 
�0�-�6� 

�(� �~� �0�,� �<�9�8�<�8�,�,� 
�8�1�,� �~� �8�,� 

�C�m�:� �=�4� �1� �6�,� �<�8�<� �6�,� �(�5�8�)� 

�e�t�e� �8�,� �~�6� �8�.� �<� �8�S� �8�,� 
�q� �8�,� �~� �h�o� 

�w�h�e�r�e� 
�0�,� �=� �s�a�t�u�r�a�t�e�d� �w�a�t�e�r� �c�o�n�t�e�n�t�,� �c�m�*�/�c�m�?� 

�O�s�o� �=� �h�i�g�h� �w�a�t�e�r� �c�o�n�t�e�n�t� �a�t� �w�h�i�c�h� �t�h�e� �s�o�i�l� �m�o�i�s�t�u�r�e� �f�a�c�t�o�r� �i�s� �o�p�t�i�m�a�l�,� �c�m�?�/�c�m�?�*� 
�O�1�0� �=� �l�o�w� �w�a�t�e�r� �c�o�n�t�e�n�t� �a�t� �w�h�i�c�h� �t�h�e� �s�o�i�l� �m�o�i�s�t�u�r�e� �f�a�c�t�o�r� �i�s� �o�p�t�i�m�a�l�,� �c�m ��/�c�m�*� 
�6�,� �=� �m�i�n�i�m�u�m� �w�a�t�e�r� �c�o�n�t�e�n�t� �f�o�r� �p�r�o�c�e�s�s� �a�c�t�i�v�i�t�y�,� �c�m�?�/�c�m�?� 
�m� �=� �e�m�p�i�r�i�c�a�l� �c�o�n�s�t�a�n�t� 

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

�8�,� �=� �6�,� �+� �A�O�,� �(�5�9�)� 

�0�,�,� �=� �9�,�  �� �A�d�,� �(�6�0�)� 
�w�h�e�r�e� 

�A�O�,� �=� �v�o�l�u�m�e�t�r�i�c� �r�a�n�g�e� �o�f� �w�a�t�e�r� �c�o�n�t�e�n�t� �w�h�e�r�e� �t�h�e� �r�e�s�p�o�n�s�e� �i�n�c�r�e�a�s�e�s�,� �c�m�*�/�c�m ��*� 
�A�®�,� �=� �v�o�l�u�m�e�t�r�i�c� �r�a�n�g�e� �o�f� �w�a�t�e�r� �c�o�n�t�e�n�t� �w�h�e�r�e� �t�h�e� �r�e�s�p�o�n�s�e� �d�e�c�r�e�a�s�e�s�,� �c�m�?�/�c�m�*� 

�F�o�r� �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� �s�o�i�l� �m�o�i�s�t�u�r�e� �a�d�j�u�s�t�m�e�n�t� �e�q�u�a�t�i�o�n� �w�a�s� �p�r�o�p�o�s�e�d� �b�y� �J�o�h�n�s�s�o�n� �e�t� 

�a�l�.� �(�1�9�8�7�)�:� 

�d� 

�e�_�,� �=�|� �2�%�:� �(�6�1�)� 
!"� �Q�.� �~� �0�,� 

�w�h�e�r�e� 
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�C�m�d� �=� �s�o�i�l� �w�a�t�e�r�/�a�e�r�a�t�i�o�n� �s�t�a�t�u�s� 

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

�0�,� �=� �l�o�w�e�r� �t�h�r�e�s�h�o�l�d� �p�o�i�n�t� �o�f� �t�h�e� �e�m�a� �p�o�w�e�r� �f�u�n�c�t�i�o�n�,� �c�m�*�/�c�m�?� 

�T�h�e� �s�o�i�l� �m�o�i�s�t�u�r�e� �r�e�s�p�o�n�s�e� �f�a�c�t�o�r� �i�n� �C�R�E�A�M�S� �i�s�:� 

�C�.�.�4�.� �=�=� �(�6�2�)� 

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

�C�R�E�A�M�S�.� �T�h�e�s�e� �e�q�u�a�t�i�o�n�s� �r�e�f�l�e�c�t� �t�h�a�t� �t�h�e� �o�p�t�i�m�u�m� �s�o�i�l� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �f�o�r� �a� �p�r�o�c�e�s�s� �c�o�u�l�d� �b�e� �o�t�h�e�r� 

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

�C�o�n�s�e�q�u�e�n�t�l�y�,� �J�o�h�n�s�s�o�n� �e�t� �a�l�.� �(�1�9�8�7�)� �a�r�e� �p�r�o�b�a�b�l�y� �m�o�r�e� �a�c�c�u�r�a�t�e�.� 

�N�i�t�r�o�g�e�n� �T�r�a�n�s�p�o�r�t� �i�n� �V�e�g�e�t�a�t�i�v�e� �F�i�l�t�e�r� �S�t�r�i�p�s� 

�N�i�t�r�o�g�e�n� �T�r�a�n�s�p�o�r�t� �i�n� �R�u�n�o�f�f� 

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

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

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

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

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

�c�o�n�d�i�t�i�o�n�s�,� �r�a�i�n�f�a�l�l� �h�y�e�t�o�g�r�a�p�h�,� �a�n�d� �s�u�b�s�u�r�f�a�c�e� �m�o�i�s�t�u�r�e� �(�H�u�g�g�i�n�s� �a�n�d� �B�u�m�e�y�,� �1�9�8�2�)�.� �F�a�c�t�o�r�s� �t�h�a�t� 

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

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

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

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

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

�(�L�e�e�,� �1�9�8�7�)�.� 

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

�s�u�r�f�a�c�e� �s�o�i�l� �t�h�a�t� �i�n�t�e�r�a�c�t�s� �w�i�t�h� �r�a�i�n�f�a�l�l� �a�n�d� �r�u�n�o�f�f�,� �t�h�e� �e�f�f�e�c�t�i�v�e� �d�e�p�t�h� �o�f� �i�n�t�e�r�a�c�t�i�o�n� �(�E�D�I�)�.� �A�h�u�j�a� �e�t� �a�l�.� 

�(�1�9�8�1�)� �d�e�f�i�n�e�d� �E�D�I� �a�s� �t�h�e� �t�h�i�c�k�n�e�s�s� �o�f� �s�u�r�f�a�c�e� �s�o�i�l� �w�i�t�h�i�n� �w�h�i�c�h� �t�h�e� �d�e�g�r�e�e� �o�f� �i�n�t�e�r�a�c�t�i�o�n� �e�q�u�a�l�s� �t�h�a�t� �o�f� 

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

�r�a�i�n�f�a�l�l� �i�n�t�e�n�s�i�t�y� �(�5�0�-�1�6�0� �m�m�/�h�)�,� �s�o�i�l� �s�l�o�p�e� �(�2�-�2�0�%�)� �(�S�h�a�r�p�l�e�y�,� �1�9�8�5�)�,� �a�n�d� �t�i�m�e� �i�n�t�o� �a� �r�a�i�n�f�a�l�l� �e�v�e�n�t� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �3�4



�(�A�h�u�j�a� �e�t� �a�l�.�,� �1�9�8�1�)�.� �T�h�e� �E�D�I� �d�o�e�s� �n�o�t� �d�e�p�e�n�d� �o�n� �t�h�e� �s�o�i�l� �t�y�p�e� �b�u�t� �r�a�t�h�e�r� �o�n� �t�h�e� �r�u�n�o�f�f� �e�n�e�r�g�y� �(�A�h�u�j�a� �e�t� 

�a�l�.�,� �1�9�8�1�)�.� 

�T�r�a�n�s�p�o�r�t� �o�f� �A�d�s�o�r�b�e�d� �A�m�m�o�n�i�u�m� �a�n�d� �O�r�g�a�n�i�c� �N� �i�n� �O�v�e�r�l�a�n�d� �F�l�o�w� 

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

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

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

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

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

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

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

�s�e�d�i�m�e�n�t� �t�o� �a�d�s�o�r�b� �o�r�g�-�N� �(�a�n�d� �N�H�,�*�)�.� �T�h�u�s�,� �t�h�e� �t�r�a�n�s�p�o�r�t�e�d� �s�e�d�i�m�e�n�t� �i�s� �r�i�c�h�e�r� �i�n� �o�r�g�-�N� �a�n�d� �N�H�, �� �t�h�a�n� 

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

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

�t�h�a�n� �9�0�%� �o�f� �t�h�e� �s�o�i�l� �N� �a�n�d� �m�o�s�t� �o�f� �i�t� �i�s� �i�n� �t�h�e� �u�p�p�e�r� �1�5�c�m�.� �A�s� �a� �c�o�n�s�e�q�u�e�n�c�e�,� �l�o�s�s�e�s� �o�f� �N� �a�s� �o�r�g�-�N� �i�n� �t�h�e� 

�r�u�n�o�f�f� �a�r�e� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �l�o�s�s�e�s� �o�f� �N� �a�s� �e�i�t�h�e�r� �N�O�;� �o�r� �N�H�, ��.� 

�I�n� �C�R�E�A�M�S�,� �t�h�e� �c�o�n�c�e�p�t� �o�f� �e�n�r�i�c�h�m�e�n�t� �r�a�t�i�o� �i�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�m�o�u�n�t� �o�f� �c�h�e�m�i�c�a�l� 
�W�o�r�m�e�r� �r�a�e� 

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

�l�o�g�a�r�i�t�h�m�i�c� �(�F�r�e�r�e� �e�t� �a�l�.�,� �1�9�8�0�)�:� 

�E�R�N� �=� �A�N�-�S�E�D�*�%� �(�6�3�)� 

�S�E�D�N� �=� �S�O�I�L�N�-�S�E�D�-� �E�R�N� �(�6�4�)� 

�w�h�e�r�e� 
�E�R�N� �=� �=� �o�r�g�a�n�i�c� �m�a�t�t�e�r� �e�n�r�i�c�h�m�e�n�t� �r�a�t�i�o� 

�A�N� �=� �e�m�p�i�r�i�c�a�l�l�y� �d�e�t�e�r�m�i�n�e�d� �c�o�e�f�f�i�c�i�e�n�t�,� �f�u�n�c�t�i�o�n� �o�f� �s�o�i�l� �t�y�p�e�,� �c�r�o�p� �a�n�d� �p�r�a�c�t�i�c�e�,� 
�a�p�p�r�o�x�i�m�a�t�e�l�y� �e�q�u�a�l� �t�o� �7� �(�S�m�i�t�h� �a�n�d� �W�i�l�l�i�a�m�s�,� �1�9�8�0�)� 

�B�N� �=� �e�m�p�i�r�i�c�a�l�l�y� �d�e�t�e�r�m�i�n�e�d� �c�o�e�f�f�i�c�i�e�n�t�,� �v�a�r�i�e�s� �w�i�t�h� �s�o�i�l� �t�y�p�e�,� �c�r�o�p� �a�n�d� �m�a�n�a�g�e�m�e�n�t� 
�p�r�a�c�t�i�c�e�s�.� �W�h�e�n� �i�t� �i�s� �u�n�k�n�o�w�n� �a� �v�a�l�u�e� �o�f� �-� �0�.�2� �h�a�s� �b�e�e�n� �s�u�g�g�e�s�t�e�d� 
�(�S�m�i�t�h� �a�n�d� �W�i�l�l�i�a�m�s�,� �1�9�8�0�)� 

�S�E�D� �=� �s�e�d�i�m�e�n�t� �l�o�s�s� �f�r�o�m� �t�h�e� �f�i�e�l�d�,� �k�g�/�h�a�.� 
�S�E�D�N�_� �=�N� �t�r�a�n�s�p�o�r�t�e�d� �b�y� �s�e�d�i�m�e�n�t�,� �k�g�/�h�a� 
�S�O�I�L�N� �=�N� �c�o�n�t�e�n�t� �i�n� �t�h�e� �s�o�i�l�,� �k�g�/�k�g� �o�f� �s�o�i�l�.� �N� �c�o�n�t�e�n�t� �r�a�n�g�e�s� �f�r�o�m� �0�.�0�5� �t�o� �0�.�3� �%� 

�I�n� �E�P�I�C�,� �t�h�e� �o�r�g�-�N� �l�o�s�s�e�s� �f�r�o�m� �i�n�d�i�v�i�d�u�a�l� �r�u�n�o�f�f� �e�v�e�n�t�s� �a�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� 

�e�n�r�i�c�h�m�e�n�t� �r�a�t�i�o�.� �T�h�e� �E�P�I�C� �o�r�g�-�N� �l�o�a�d�i�n�g� �f�u�n�c�t�i�o�n� �d�e�v�e�l�o�p�e�d� �b�y� �M�c�E�l�r�o�y� �e�t� �a�l�.� �(�1�9�7�6�)� �a�n�d� �m�o�d�i�f�i�e�d� �b�y� 

�W�i�l�l�i�a�m�s� �a�n�d� �H�a�n�n� �(�1�9�7�8�)� �i�s�:� 
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�[�O�R�G� �-�N�]�,� �=� �0�.�0�0�1�-� �Y�,� �-�[�O�R�G�  ��N�]�;�,�-�E�R� �(�6�5�)� 

� � 

� � 

�w�h�e�r�e� 
�[�O�R�G�-�N�]�p� �=� �o�r�g�-�N� �r�u�n�o�f�f� �l�o�s�s�,� �k�g�/�h�a� 

�Y�s� �=� �s�e�d�i�m�e�n�t� �y�i�e�l�d�,� �M�g�/�h�a� 
�[�O�R�G�-�N�]�1�s�  �� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �o�r�g�-�N� �i�n� �t�h�e� �t�o�p� �s�o�i�l� �l�a�y�e�r�,� �g�/�t� 
�E�R� �=� �e�n�r�i�c�h�m�e�n�t� �r�a�t�i�o� 

�T�h�e� �E�R� �i�s� �e�s�t�i�m�a�t�e�d� �w�i�t�h� �t�h�e� �l�o�g�a�r�i�t�h�m�i�c� �e�q�u�a�t�i�o�n�:� 

�1� �l�o�g� �(�D�R�)� 

�E�R� �=�  � �� �n�o�e� �o�s �� �(�6�6�)� 
�0�.�2�5� �2�6�%� 

�w�h�e�r�e� 

�C�y� �=� �s�e�d�i�m�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �g�/�m�°� 
�X�)� �=� �u�p�p�e�r� �E�R� �l�i�m�i�t� 
�X�>� �=� �l�o�w�e�r� �E�R� �l�i�m�i�t� 

�T�h�e� �l�o�w�e�r� �l�i�m�i�t� �o�f� �t�h�e� �E�R� �i�s� �1�.�0� �w�h�e�n� �t�h�e� �s�e�d�i�m�e�n�t� �p�a�r�t�i�c�l�e� �s�i�z�e� �d�i�s�t�r�i�b�u�t�i�o�n� �i�s� �t�h�e� �s�a�m�e� �a�s� �t�h�a�t� �o�f� 

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

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

�w�a�s� �o�b�t�a�i�n�e�d� �a�s�s�u�m�i�n�g� �t�h�a�t� �t�h�e� �s�e�d�i�m�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �r�a�n�g�e�s� �f�r�o�m� �5�0�0� �t�o� �2�5�0�,�0�0�0� �g�/�m ��.� 

�T�r�a�n�s�p�o�r�t� �o�f� �D�i�s�s�o�l�v�e�d� �A�m�m�o�n�i�u�m� �a�n�d� �N�i�t�r�a�t�e� �i�n� �O�v�e�r�l�a�n�d� �F�l�o�w� 

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

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

�a�l�.�,� �1�9�8�8�)�.� �S�m�i�t�h� �a�n�d� �W�i�l�l�i�a�m�s� �(�1�9�8�0�)� �s�t�a�t�e�d� �t�h�a�t� �t�h�e� �d�i�s�s�o�l�v�e�d� �N� �c�o�n�t�e�n�t� �i�n� �s�u�r�f�a�c�e� �r�u�n�o�f�f� �i�s� �i�n� �t�h�e� �r�a�n�g�e� 

�o�f� �0�.�1� �t�o� �1� �m�g�/�L� �a�n�d� �t�h�e� �t�o�t�a�l� �a�n�n�u�a�l� �d�i�s�s�o�l�v�e�d� �N� �l�o�s�s� �v�a�r�i�e�s� �f�r�o�m� �0�.�1� �t�o� �1�0� �k�g�/�h�a�/�y�r�.� 

�I�n� �C�R�E�A�M�S�,� �t�h�e� �l�o�s�s� �o�f� �N�O�;� �(�o�r� �N�H�,�*�)� �i�n� �r�u�n�o�f�f�,� �R�O�N� �(�k�g�/�h�a�)�,� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �t�h�e� �p�r�o�d�u�c�t� �o�f� 

�t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �N� �i�n� �t�h�e� �s�o�i�l�,� �a�n� �e�x�t�r�a�c�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�,� �a�n�d� �t�h�e� �t�o�t�a�l� �s�t�o�r�m� �r�u�n�o�f�f� �v�o�l�u�m�e� �(�F�r�e�r�e� �e�t� �a�l�.�,� 

�1�9�8�0�)�:� 

�R�O�N� �=� �C�,�,�,� �-�E�X�K�N�,�-�Q� �(�6�7�)� 

�E�X�K�N�,� �=� �d�,�p�,�-�P�O�R�-�k�,� �(�6�8�)� 

�C�y� �=� �e�r� �>� �(�d�-�e�°�)�+�C�,� �(�6�9�)� 
�2� 
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�C�.�,� �=�(�C�,�,�,� �-�C�,�)�:�e� �8� �*� �+�C�,� �(�7�0�)� 

�C� �=� �m�e�a�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �s�o�i�l� �s�o�l�u�t�i�o�n� �d�u�r�i�n�g� �r�u�n�o�f�f�,� �k�g�/�L� �s�s�2� 

�E�X�K�N�,� �=� �e�x�t�r�a�c�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �N� �f�o�r� �m�o�v�e�m�e�n�t� �i�n� �r�u�n�o�f�f� �(�v�a�r�i�e�s� �f�r�o�m� �0�.�0� �t�o� �1�.�0�)�.� 
�Q� �=� �t�o�t�a�l� �r�u�n�o�f�f�,� �L�/�h�a� 
�d�e�p�r� �=� �d�e�p�t�h� �o�f� �t�h�e� �s�u�r�f�a�c�e� �i�n�t�e�r�a�c�t�i�o�n� �l�a�y�e�r�,� �1� �c�m� 

�P�O�R� �=� �=� �S�o�i�l� �p�o�r�o�s�i�t�y� 
�k�,� �=� �r�a�t�e� �c�o�n�s�t�a�n�t� �f�o�r� �m�o�v�e�m�e�n�t� �i�n�t�o� �r�u�n�o�f�f� 

�C�,� �=� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �d�i�s�s�o�l�v�e�d� �N� �i�n� �t�h�e� �r�a�i�n�f�a�l�l�,� �m�g�/�L� 

�C�o�s�i� �=� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �d�i�s�s�o�l�v�e�d� �N� �i�n� �t�h�e� �s�o�i�l� �w�a�t�e�r� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �r�u�n�o�f�f�,� �m�g�/�L� 
�C�s�s�0� �=� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �d�i�s�s�o�l�v�e�d� �N� �i�n� �t�h�e� �s�o�i�l� �w�a�t�e�r� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �r�a�i�n�f�a�l�l�,� �m�g�/�L� 
�F� �=� �t�o�t�a�l� �i�n�f�i�l�t�r�a�t�i�o�n� �f�o�r� �t�h�e� �s�t�o�r�m�,� �c�m� 
�k�,� �=� �r�a�t�e� �c�o�n�s�t�a�n�t� �f�o�r� �d�o�w�n�w�a�r�d� �m�o�v�e�m�e�n�t� 

�A�s� �i�n� �C�R�E�A�M�S�,� �G�L�E�A�M�S� �(�L�e�o�n�a�r�d� �e�t� �a�l�.�,� �1�9�8�6�;� �K�n�i�s�e�l� �e�t� �a�l�.�,� �1�9�8�3�)� �a�s�s�u�m�e�s� �t�h�a�t� �a�m�m�o�n�i�u�m� 

�a�n�d� �n�i�t�r�a�t�e� �a�r�e� �e�x�t�r�a�c�t�e�d� �t�o� �t�h�e� �r�u�n�o�f�f� �f�r�o�m� �t�h�e� �u�p�p�e�r� �1� �c�m� �o�f� �t�h�e� �s�o�i�l� �(�E�D�I�)�.� �T�h�e� �l�o�s�s�e�s� �o�f� �N�H�, �� �o�r� �N�O�;� 

�(�R�O�N�O�3� �a�n�d� �R�O�N�H�4�,� �(�k�g�/�h�a�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�)� �a�r�e� �g�i�v�e�n� �b�y� �t�h�e� �p�r�o�d�u�c�t� �o�f� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �N�H�, �� �o�r� �N�O�;� 

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

�w�h�e�r�e� 

�w�h�e�r�e� 

�R�O�N�O�3� �=�C�,�,� �-�Q� �(�7�1�)� 

�R�O�N�H�4� �=�C�,�,� �-�Q� �(�7�2�)� 

�R�O�N�O�3� �=� �l�o�s�s�e�s� �o�f� �n�i�t�r�a�t�e� �i�n� �t�h�e� �r�u�n�o�f�f�,� �k�g�/�h�a� 
�R�O�N�H�4� �=� �l�o�s�s�e�s� �o�f� �d�i�s�s�o�l�v�e�d� �N�H�,�"� �r�u�n�o�f�f�,� �k�g�/�h�a� 
�C�r� �=� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �N�O�;� �i�n� �t�h�e� �s�o�i�l� �s�o�l�u�t�i�o�n� �i�n� �t�h�e� �s�u�r�f�a�c�e� �l�a�y�e�r� �a�n�d� �i�n� �t�h�e� �r�u�n�o�f�f�,� �k�g�/�L� 
�C�i� �=� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �N�H�, �� �i�n� �t�h�e� �s�o�i�l� �s�o�l�u�t�i�o�n� �i�n� �t�h�e� �s�u�r�f�a�c�e� �l�a�y�e�r� �a�n�d� �i�n� �t�h�e� �r�u�n�o�f�f�,� �k�g�/�L� 
�Q� �=� �r�u�n�o�f�f� �v�o�l�u�m�e�,� �L�/�h�a� 

�T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �p�o�l�l�u�t�a�n�t�,� �C�;� �(�C�,�;� �o�r� �C�2�;�)� �i�n� �t�h�e� �s�o�i�l� �s�o�l�u�t�i�o�n� �i�n� �t�h�e� �s�u�r�f�a�c�e� �l�a�y�e�r� �i�s�:� 

� � 

�C�.�.� �=� �C�y� �B�L� �(�7�3�)� 

�1�+�B�-�K�,� 

�-�(�F�-�0�.�2�.�(�8�,�-�8�)�)� 
�K�y� �{� �1�=�P�O�R� �}�+�P�o�R� 

�C�,�=�C�.�-�e� �S� �(�7�4�)� 
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�0�.�5� �K�,� �<�1�0� 

�B� �=� �e�x�t�r�a�c�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�,� �4� �0�.�5�9�8� �-� �e�l�P�R�a� �1�6�K� �q� �2�1�0�.�0� 

�0�.�1� �1�0�.�0�<�K�,� 

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

�P�O�R� �=� �=� �p�o�r�o�s�i�t�y� �o�f� �t�h�e� �s�u�r�f�a�c�e� �s�o�i�l� �l�a�y�e�r� 
�S�S�G� �=� �s�o�i�l� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y�,� �g�/�c�m ��,� �a�s�s�u�m�e�d� �t�o� �b�e� �c�o�n�s�t�a�n�t� �a�n�d� �e�q�u�a�l� �t�o� �2�.�6�5� 

�e
�t�

:� 
�i�e

� 
�A

�A
�D

� 
�D

� 

�T�h�e� �s�e�d�i�m�e�n�t�-�b�o�u�n�d� �a�m�m�o�n�i�u�m�,� �S�E�D�N�H� �(�k�g�/�h�a�)�,� �t�r�a�n�s�p�o�r�t�e�d� �i�n� �t�h�e� �r�u�n�o�f�f� �i�s� �e�s�t�i�m�a�t�e�d� �a�s� 

�(�L�e�o�n�a�r�d� �e�t� �a�l�.�,� �1�9�8�6�;� �K�n�i�s�e�l� �e�t� �a�l�.�,� �1�9�8�3�)�:� 

�S�E�D�N�H� �=� �0�.�1�.� �Y�,� �-�E�R� �-�[�N�H�*�]�,� �(�7�5�)� 

�[�N�H�]�,� �=�C�,�,� �K�a� �(�7�6�)� 

�K�,�,� �=� �1�.�3�4�+�0�.�0�8�3�-�C�L�,� �(�7�7�)� 
�w�h�e�r�e� 

�K�a� �=� �p�a�r�t�i�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� 

�C�L�,� �=� �C�l�a�y� �c�o�n�t�e�n�t� �i�n� �p�e�r�c�e�n�t� �f�o�r� �t�h�e� �s�u�r�f�a�c�e� �s�o�i�l� �l�a�y�e�r�.� �T�h�e� �a�b�o�v�e� �e�x�p�r�e�s�s�i�o�n� �o�f� �K�d� 
�a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �c�l�a�y� �c�o�n�t�e�n�t� �i�s� �e�m�p�i�r�i�c�a�l�.� 

�A�s�h�r�a�f� �a�n�d� �B�o�r�a�h� �(�1�9�9�0�)� �m�o�d�e�l�e�d� �t�h�e� �m�o�v�e�m�e�n�t� �o�f� �c�h�e�m�i�c�a�l�s� �f�r�o�m� �t�h�e� �s�o�i�l� �t�o� �t�h�e� �s�u�r�f�a�c�e� �r�u�n�o�f�f� 

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

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

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

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

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

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

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

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

�a�v�a�i�l�a�b�l�e� �f�o�r� �a� �s�o�i�l� �i�n�c�r�e�m�e�n�t� �i� �d�u�r�i�n�g� �a� �t�i�m�e� �s�t�e�p� �i�s� �g�i�v�e�n� �b�y� �(�A�s�h�r�a�f� �a�n�d� �B�o�r�a�h�,� �1�9�9�0�)�:� 

�Y�(�i�,� �)�)� �=� �Y�G ��-�1�,�j�)�-�D�G�-�L�)�)� �(�7�8�)� 
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�D�(�i�,� �j�)� �=�[�p�,� �-� �9�G�,� �j�-�D�I�d�,� �(�7�9�)� 

�w�h�e�r�e� 
�Y�(�i�j�)� �=� �d�e�p�t�h� �o�f� �w�a�t�e�r� �a�v�a�i�l�a�b�l�e� �f�o�r� �s�o�i�l� �i�n�c�r�e�m�e�n�t� �i� �d�u�r�i�n�g� �t�i�m�e� �s�t�e�p� �j�,� �c�m� 
�D�(�i�,�j�)� �|�=� �d�e�p�t�h� �o�f� �w�a�t�e�r� �n�e�e�d�e�d� �t�o� �s�a�t�u�r�a�t�e� �t�h�e� �s�o�i�l� �i�n�c�r�e�m�e�n�t� �i� �d�u�r�i�n�g� �t�i�m�e� �s�t�e�p� �7�,� �c�m� 
�P�r� �=� �s�o�i�l� �p�o�r�o�s�i�t�y�,� �c�m�?�/�c�m�*� 
�(�i�,�j�)� �|� �=� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �i�n� �s�o�i�l� �i�n�c�r�e�m�e�n�t� �i� �d�u�r�i�n�g� �t�i�m�e� �s�t�e�p�j� �,� �c�m�?�/�c�m�?� 

�d�;� �=� �s�o�i�l� �i�n�c�r�e�m�e�n�t� �t�h�i�c�k�n�e�s�s�,� �c�m� 

�A�t� �t�h�e� �s�o�i�l� �s�u�r�f�a�c�e�:� 

�Y�(�0�,� �J�)� �=�1�(�j�)�-�A�t� �(�8�0�)� 

�w�h�e�r�e� 
�I�q�)� �=� �R�a�t�e� �o�f� �i�n�f�i�l�t�r�a�t�i�o�n� �d�u�r�i�n�g� �t�h�e� �t�i�m�e� �s�t�e�p� �j�,� �c�m�/�h� 
�A�t� �=� �C�o�n�s�t�a�n�t� �t�i�m�e� �i�n�t�e�r�v�a�l� �d�u�r�i�n�g� �e�a�c�h� �t�i�m�e� �s�t�e�p� �,�h� 

�A� �s�o�i�l� �i�n�c�r�e�m�e�n�t� �i�s� �s�a�t�u�r�a�t�e�d� �w�h�e�n� �Y�(�i�,� �J�)� �2� �D�(�i�,� �J�)�.� �I�f� �Y�C�,� �j�)� �S�$� �D�G�,� �j�)� �t�h�e�n� �t�h�e� �m�o�i�s�t�u�r�e� 

�c�o�n�t�e�n�t� �i�s�:� 

�Y�G�,� �j�)�+�0�G�,�j�-�D�-�d� 
�d� 

� � �6�,� �j�)�=� �p�;� �(�8�1�)� 

�T�h�e� �d�e�p�t�h� �o�f� �w�a�t�e�r� �i�n� �t�h�e� �i�n�c�r�e�m�e�n�t� �i�,� �D�(�i�,�j�)� �(�w�i�t�h� �i�t�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �t�h�a�t� �o�f� �t�h�e� �i�-�7� �i�n�c�r�e�m�e�n�t�)�,� �i�s� 

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

�c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�a�t� �i�n�c�r�e�m�e�n�t�,� �C�(�i�,�j�)�,� �(�m�g�/�L�)�,� �a�t� �t�h�e� �t�i�m�e� �s�t�e�p� �7� �i�s� �(�A�s�h�r�a�f� �a�n�d� �B�o�r�a�h�,� �1�9�9�0�)�:� 

�C�G�,� �j�-�1�)�-�[�6�G�,� �j�-�1�)�-�d�+�k�-�M�,�]�+�D�G�,� �j�)�-�C�G�i ��-�1�,�)�)� 
� � �C�i�,� �)�)�=� �(�8�2�)� �}� �Q�(�i�,� �j�)�-�d�+�D�G�,�j�)�+�k�-�M�.� 

�M�,� �=�(�1�-�9�,�)�-�S�,�-�d� �(�8�3�)� 

�w�h�e�r�e� 
�M�,� �=� �s�o�i�l� �i�n�c�r�e�m�e�n�t� �m�a�s�s� �p�e�r� �u�n�i�t� �a�r�e�a�,� �g�/�c�m �� 

�k� �=� �p�a�r�t�i�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�,� �c�m�*�/�g� 
�S�:� �=� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �o�f� �s�o�i�l� �p�a�r�t�i�c�l�e�s�,� �g�/�c�m �� 

�T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �C�(�i�-�1�,�j�)� �f�o�r� �t�h�e� �f�i�r�s�t� �s�o�i�l� �i�n�c�r�e�m�e�n�t� �(�C�(�0�,�j�)�)� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �e�q�u�a�l� �t�o� �t�h�e� 

�r�a�i�n�f�a�l�l� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

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

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

�i�n�c�r�e�m�e�n�t� �i�s� �(�A�s�h�r�a�f� �a�n�d� �B�o�r�a�h�,� �1�9�9�0�)�:� 

�C�o�,� �p�=� �a�w� �=� �(�8�4�)� 
�h�+� �Y�(�0�,� �j�)� 

�w�h�e�r�e� 
�=� �c�h�e�m�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �s�u�r�f�a�c�e� �r�u�n�o�f�f�,� �m�g�/�L� 

�h�(�j�)� �=� �d�e�p�t�h� �o�f� �s�u�r�f�a�c�e� �r�u�n�o�f�f�,� �c�m� 

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

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

�i�n�t�e�r�a�c�t�i�o�n�s� �g�i�v�e�n� �b�y� �t�h�e� �e�q�u�a�t�i�o�n� �p�r�o�p�o�s�e�d� �b�y� �H�e�a�t�h�m�a�n� �e�t� �a�l�.� �(�1�9�8�5�)�.� �T�h�e� �d�e�g�r�e�e� �o�f� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �a�n� 

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

�B�i�)� �=�e� �(�8�5�)� 
�w�h�e�r�e� 

�B�W�)� �=� �d�e�g�r�e�e� �o�f� �i�n�t�e�r�a�c�t�i�o�n� �f�o�r� �s�o�i�l� �i�n�c�r�e�m�e�n�t� �i�.� �I�t� �i�s� �e�q�u�a�l� �t�o� �1� �a�t� �t�h�e� �s�o�i�l� �s�u�r�f�a�c�e� �(�c�o�m�p�l�e�t�e� 
�m�i�x�i�n�g�)� 

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

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

�C�i�,� �j�-�1�)�-�[�0�G�,� �j�-�)�-�d�+�k�-�M�,�]�+�C�,�(�G ��1�,� �j�)�-�h�(�)� 
�O�(�i�,� �j�)�-�d�+� �B�G�)�-�h�(�j�)�+�k�-�M�,� �(�8�6�)� �C�G�,� �j�)� �=� 

�C�.� �(�i�,� �j�)� �=� �B�G�)�-�C�G�,� �j�)� �(�8�7�)� 

�w�h�e�r�e� �C�,�(�i�,�j�)� �i�s� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �c�h�e�m�i�c�a�l� �i�n� �r�u�n�o�f�f� �a�f�t�e�r� �m�i�x�i�n�g� �w�i�t�h� �t�h�e� �s�o�i�l� �i�n�c�r�e�m�e�n�t� �i�,� �m�g�/�L�.� 

�T�h�e� �m�a�s�s� �e�x�c�h�a�n�g�e� �o�f� �c�h�e�m�i�c�a�l� �(�E�(�i�,�j�)�,� �m�g�)� �f�r�o�m� �t�h�e� �s�o�i�l� �i�n�c�r�e�m�e�n�t� �i� �a�t� �t�h�e� �t�i�m�e� �s�t�e�p� �j� �t�o� �s�u�r�f�a�c�e� 

�r�u�n�o�f�f� �i�s�:� 

�E�(�i�,� �j�)� �=�[�C�G�,� �j�)� �-�C�G�,� �j�-�D�]�-�v�G�.�)� �(�8�8�)� 

�w�h�e�r�e� �v�(�i�,�j�)� �i�s� �t�h�e� �v�o�l�u�m�e� �o�f� �w�a�t�e�r� �c�o�n�t�a�i�n�e�d� �i�n� �t�h�e� �l�a�y�e�r�,� �L�.� 
�T�h�e� �t�o�t�a�l� �c�h�e�m�i�c�a�l� �e�x�c�h�a�n�g�e� �r�a�t�e� �(�q�.�,� �m�g�/�s�)� �f�r�o�m� �t�h�e� �m�i�x�i�n�g� �l�a�y�e�r� �t�o� �s�u�r�f�a�c�e� �r�u�n�o�f�f�,� �a�t� �t�i�m�e� �s�t�e�p� �/�j�,� 

�1�S�:� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �4�0



�S�S� �B�U�,� �j�)� �(�8�9�)� �q�.� �-�_� �A�t� �p�a�r�]� �1�,� �J� 

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

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

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

�B�o�r�a�h�,� �1�9�9�0�)�:� 

�Q�a�c�,� �a�C�,� �_� �4� �0�)� 
�A� �o�x� �a�t� �°� 

�w�h�e�r�e� 
�Q� �=� �r�u�n�o�f�f� �d�i�s�c�h�a�r�g�e�,� �c�m�?�/�s� 
�A� �=� �c�r�o�s�s� �s�e�c�t�i�o�n�a�l� �a�r�e�a� �o�f� �t�h�e� �f�l�o�w�,� �c�m �� 
�C�,� �=� �c�h�e�m�i�c�a�l� �m�a�s�s� �p�e�r� �u�n�i�t� �a�r�e�a� �i�n� �t�h�e� �r�u�n�o�f�f�,� �m�g� 
�X� �=� �d�o�w�n�s�l�o�p�e� �p�o�s�i�t�i�o�n�,� �c�m� 
�t� �=� �t�i�m�e�,� �s� 
�d�e� �=� �t�o�t�a�l� �c�h�e�m�i�c�a�l� �e�x�c�h�a�n�g�e� �r�a�t�e�,� �m�g�/�s� 

�E�q�u�a�t�i�o�n� �(�9�0�)� �i�s� �a� �n�o�n�-�l�i�n�e�a�r� �h�y�p�e�r�b�o�l�i�c� �e�q�u�a�t�i�o�n� �w�h�i�c�h� �c�a�n� �b�e� �s�o�l�v�e�d� �u�s�i�n�g� �t�h�e� �m�e�t�h�o�d� �o�f� 

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

�e�q�u�a�t�i�o�n� �(�9�0�)� �m�a�y� �b�e� �w�r�i�t�t�e�n� �a�s� �(�A�s�h�r�a�f� �a�n�d� �B�o�r�a�h�,� �1�9�9�0�)�:� 

�C�.�(�n�,� �j�)� �=�C�.�(�n�-�1�,�j�-�1�)�+�q�,� �-�A�t� �(�9�1�)� 

�T�o� �d�e�s�c�r�i�b�e� �t�h�e� �w�a�n�s�p�o�r�t� �o�f� �s�e�d�i�m�e�n�t�-�b�o�u�n�d� �c�h�e�m�i�c�a�l�s�,� �A�s�h�r�a�f� �a�n�d� �B�o�r�a�h� �(�1�9�9�0�)� �u�s�e�d� �t�h�e� 

�c�o�n�c�e�p�t�s� �a�n�d� �e�q�u�a�t�i�o�n�s� �d�e�v�e�l�o�p�e�d� �b�y� �F�o�s�t�e�r� �e�t� �a�l�.� �(�1�9�8�5�)�.� �T�h�e� �s�e�d�i�m�e�n�t� �i�s� �d�i�s�t�r�i�b�u�t�e�d� �i�n�t�o� �f�i�v�e� �p�a�r�t�i�c�l�e� 

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

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

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

�a�s�:� 

�A�M� �1� �.� �=� �=� 

�F�r� �l�l�C�n� �C�i�a�)� �Q�4�C�a�r� �P�i�n� �K�G�a�)� �+� �C�a�r�"� �D� �(�P�i�n� �K�-�B�e�m�) �� �C�u�r� �Y�i�n� �K� �B�a�m�)� �(�9�2�)� 
�n�e�l� �n�e�l� �n�e�l� 

�w�h�e�r�e� 
�M� �=� �m�a�s�s� �o�f� �c�h�e�m�i�c�a�l� �p�e�r� �u�n�i�t� �l�e�n�g�t�h�,� �m�g�/�c�m� 
�C�r� �=� �d�i�s�s�o�l�v�e�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �c�h�e�m�i�c�a�l� �i�n� �r�u�n�o�f�f� �a�t� �a� �d�i�s�t�a�n�c�e� �x�,� �m�g�/�L� 
�C�o� �=� �d�i�s�s�o�l�v�e�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �c�h�e�m�i�c�a�l� �i�n� �r�u�n�o�f�f� �a�t� �a� �d�i�s�t�a�n�c�e� �x�+�A�x�,� �m�g�/�L� 
�P�y� �=� �p�r�e�f�e�r�e�n�c�e� �f�a�c�t�o�r� �o�f� �c�h�e�m�i�c�a�l� �t�o� �a�d�s�o�r�b� �o�n�t�o� �a� �g�i�v�e�n� �p�a�r�t�i�c�l�e� �s�i�z�e� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �4�1



�m� �=� �s�u�b�s�c�r�i�p�t� �r�e�p�r�e�s�e�n�t�i�n�g� �s�e�d�i�m�e�n�t� �s�i�z�e� �g�r�o�u�p� 
�G�,� �=� �s�e�d�i�m�e�n�t� �t�r�a�n�s�p�o�r�t� �r�a�t�e� �a�t� �x�,� �g�/�s� 
�C�s�r� �=� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �c�h�e�m�i�c�a�l� �i�n� �a� �g�i�v�e�n� �l�a�y�e�r� �m�g�/�m�g� 
�Z�e� �=� �s�o�i�l� �e�r�o�s�i�o�n� �r�a�t�e� �p�e�r� �u�n�i�t� �a�r�e�a�,� �g�/�s� 
�2�a� �=� �s�e�d�i�m�e�n�t� �d�e�p�o�s�i�t�i�o�n� �r�a�t�e� �p�e�r� �u�n�i�t� �a�r�e�a�,� �g�/�s� 
�A�x� �=� �s�p�a�c�e� �i�n�c�r�e�m�e�n�t�,� �c�m� 

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

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

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

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

�N�i�t�r�o�g�e�n� �M�o�v�e�m�e�n�t� �i�n� �t�h�e� �S�o�i�l� 

�O�f� �t�h�e� �t�h�r�e�e� �m�a�j�o�r� �f�o�r�m�s� �o�f� �N�,� �N�O�;� �i�s� �t�h�e� �m�o�s�t� �l�i�k�e�l�y� �t�o� �l�e�a�c�h� �b�e�c�a�u�s�e� �o�f� �i�t�s� �s�o�l�u�b�i�l�i�t�y�.� �L�o�w�r�a�n�c�e� 

�e�t� �a�l�.� �(�1�9�8�3�)� �o�b�s�e�r�v�e�d� �t�h�a�t� �8�5�%� �o�f� �t�h�e� �N� �l�e�a�c�h�i�n�g� �f�r�o�m� �a� �r�o�w� �c�r�o�p� �w�a�s� �i�n� �t�h�e� �f�o�r�m� �o�f� �N�O�;�,� �1�1�%� �w�a�s� �i�n� 

�t�h�e� �f�o�r�m� �o�f� �o�r�g�-�N�,� �a�n�d� �4�%� �w�a�s� �N�H�,�"�.� �N�i�t�r�a�t�e� �l�e�a�c�h�i�n�g� �t�o� �g�r�o�u�n�d� �w�a�t�e�r� �i�s� �o�n�e� �o�f� �t�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� 

�a�g�r�i�c�u�l�t�u�r�a�l� �p�o�l�l�u�t�i�o�n� �p�r�o�b�l�e�m�s� �(�H�a�l�b�e�r�g�,� �1�9�8�4�;� �c�i�t�e�d� �b�y� �W�r�i�g�h�t� �e�t� �a�l�.�,� �1�9�8�9�)�.� �T�h�e� �l�o�s�s� �o�f� �N� �i�n� �l�e�a�c�h�a�t�e�,� �i�n� 

�h�u�m�i�d� �r�e�g�i�o�n�s� �i�s� �b�e�t�w�e�e�n� �5� �t�o� �5�0�%� �o�f� �t�h�e� �N� �i�n�p�u�t� �(�M�e�i�s�i�n�g�e�r� �a�n�d� �R�a�n�d�a�l�l�,� �1�9�9�1�)�.� �C�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �N�O�;� 

�i�n� �d�r�a�i�n�a�g�e� �c�a�n� �e�a�s�i�l�y� �e�x�c�e�e�d� �1�0� �m�g�/�L� �(�F�r�e�r�e� �e�t� �a�l�.�,� �1�9�8�0�)�.� �M�o�s�t� �N�O�;� �l�e�a�c�h�i�n�g� �o�c�c�u�r�s� �i�n� �s�p�r�i�n�g� �a�n�d� 

�w�i�n�t�e�r� �w�h�e�n� �t�h�e�r�e� �i�s� �l�i�t�t�l�e� �e�v�a�p�o�t�r�a�n�s�p�i�r�a�t�i�o�n� �(�l�i�t�t�l�e� �o�r� �n�o� �v�e�g�e�t�a�t�i�v�e� �g�r�o�w�t�h�)�.� �K�o�v�a�c�i�c� �e�t� �a�l�.� �(�1�9�9�0�)� 

�o�b�s�e�r�v�e�d� �t�h�a�t� �5�0�%� �o�f� �t�h�e� �N�O�:� �i�n� �s�u�r�f�a�c�e� �r�u�n�o�f�f� �e�n�t�e�r�i�n�g� �a� �V�F�S� �w�a�s� �f�o�u�n�d� �i�n� �t�h�e� �u�p�p�e�r� �0�.�6� �m� �o�f� �s�o�i�l� �a�n�d� 

�w�i�t�h�i�n� �a� �d�i�s�t�a�n�c�e� �o�f� �1�4� �m� �f�r�o�m� �t�h�e� �u�p�p�e�r� �e�d�g�e� �o�f� �t�h�e� �V�F�S�.� �A�n� �a�d�d�i�t�i�o�n�a�l� �1�0�%� �w�a�s� �f�o�u�n�d� �w�i�t�h�i�n� �a� �d�e�p�t�h� �o�f� 

�1�.�2�0� �m� �a�n�d� �w�i�t�h�i�n� �2�5� �m� �o�f� �t�h�e� �u�p�p�e�r� �e�d�g�e� �o�f� �t�h�e� �V�F�S�.� �R�e�s�e�a�r�c�h�e�r�s� �a�t� �O�k�l�a�h�o�m�a� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y� �s�t�u�d�i�e�d� 

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

�f�e�r�t�i�l�i�t�y�,� �a�n�d� �w�a�t�e�r� �t�a�b�l�e� �f�l�u�c�t�u�a�t�i�o�n�s� �(�R�a�m�a�n�a�r�a�y�a�n�a�n� �e�t� �a�l�.�,� �1�9�9�3�)�.� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n�s� �d�e�f�i�n�e� �t�h�e� �t�r�a�n�s�p�o�r�t� �a�n�d� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�s� �o�f� �N�H�,�*� �a�n�d� �N�O�;� �u�n�d�e�r� 

�t�r�a�n�s�i�e�n�t� �u�n�s�a�t�u�r�a�t�e�d� �f�l�o�w� �(�S�e�l�i�m� �a�n�d� �I�s�k�a�n�d�a�r�,� �1�9�8�1�)�.� �T�h�e� �t�e�r�m�,� �$�,� �a�c�c�o�u�n�t�s� �f�o�r� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�s� �o�f� �N�H�,�"� 

�a�n�d� �N�O�;�.� 

� � 

� � 

�d�(�0�-�[�N�H�i�]�)�_�3�,�,�+� �,� �a�[�N�H�i�]�,� �(�q�,�-�[�N�H�i�]�)� �,� �_� 
�a�t� �-�3�,�!�?� �°� �o�z� �a�z� �%� �o�m� �3�)� 

�a�(�@�-�I�N�O�Z�)� �_� �9� �,�.�~� �,� �A�I�N�O�s�]�,� �a�(�q�,�-�1�N�O�Z�)� �,� �|� 
�x� �o�P� �8�a� �o�z� �o�2 �� �U�y� �0�0�4�)� 

�o�[�N�H�*� �.� �.� �0�,� �=�-�P�:� �K�y �� �-�k�,� �-�0�-�[�N�H�]�-�k�,� �-�0�-�[�N�H�z�}�+�k�,�-�p�-�O� �(�9�5�)� 
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�o�,� �=�k�,�-�6�-�[�N�H�{�]�-�k�,� �-�6�-�[�N�O�;�]�+�k�,� �-�6�-�[�N�O�;�]� �(�9�6�)� 

�w�h�e�r�e� 

�D� �=� �s�o�l�u�t�e� �d�i�s�p�e�r�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�,� �(�L ��T�-�'�)� 
�q� �=� �w�a�t�e�r� �f�l�u�x�,� �(�L�T�"�'�)� 

�1� �=� �r�a�t�e� �o�f� �N�H�,�"� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�s� �p�e�r� �u�n�i�t� �s�o�i�l� �v�o�l�u�m�e�,� �(�M�L�°�T ��)� 
�o�>� �=� �r�a�t�e� �o�f� �N�O�;� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�s� �p�e�r� �u�n�i�t� �s�o�i�l� �v�o�l�u�m�e�,� �(�M�L�°�T�"�)� 
�Z�z� �=� �d�i�s�t�a�n�c�e� �i�n� �t�h�e� �s�o�i�l�,� �p�o�s�i�t�i�v�e� �d�o�w�n�w�a�r�d�,� �(�L�)� 

�k�,� �=� �n�i�t�r�i�f�i�c�a�t�i�o�n� �r�a�t�e�,� �(�T ��)� 
�'� �=� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n� �r�a�t�e�,� �(�T ��)� 
�k�;� �=� �i�m�m�o�b�i�l�i�z�a�t�i�o�n� �r�a�t�e� �o�f� �N�O�;� �-�N�,� �(�T ��)� 
�k�y� �=� �i�m�m�o�b�i�l�i�z�a�t�i�o�n� �r�a�t�e� �o�f� �N�H�,�*�-�N�,� �(�T�"�)� 

�k�s� �=� �m�i�n�e�r�a�l�i�z�a�t�i�o�n� �r�a�t�e� �o�f� �N�H�,�*�-�N�,� �(�T ��)� 
�U�;� �=� �r�a�t�e� �o�f� �p�l�a�n�t� �u�p�t�a�k�e� �o�f� �N�H�.�*�-�N� �p�e�r� �u�n�i�t� �s�o�i�l� �v�o�l�u�m�e�,� �(�M�°�T�  ��)� 
�U�y� �=� �r�a�t�e� �o�f� �p�l�a�n�t� �u�p�t�a�k�e� �o�f� �N�O�;� �-�N� �p�e�r� �u�n�i�t� �s�o�i�l� �v�o�l�u�m�e�,� �(�M�~�T�  � ��)� 

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

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

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

�b�u�t� �a�r�e� �m�u�c�h� �e�a�s�i�e�r� �t�o� �u�s�e�.� 

�I�n� �C�R�E�A�M�S� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �N�O�;� �i�n� �w�a�t�e�r� �p�e�r�c�o�l�a�t�i�n�g� �f�r�o�m� �t�h�e� �E�D�I� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� 

�i�n�i�t�i�a�l� �N�O�;� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �s�o�i�l� �w�a�t�e�r� �o�f� �t�h�e� �E�D�I� �a�n�d� �i�n� �t�h�e� �r�a�i�n�f�a�l�l� �(�F�r�e�r�e� �e�t� �a�l�.�,� �1�9�8�0�)�.� �T�h�e� �e�q�u�a�t�i�o�n� 

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

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �c�h�e�m�i�c�a�l� �i�n� �r�u�n�o�f�f� �(�E�q�.� �(�6�7�)�)�.� �I�n� �t�h�a�t� �e�q�u�a�t�i�o�n� �t�h�e� �r�a�t�e� �c�o�n�s�t�a�n�t� �f�o�r� �m�o�v�e�m�e�n�t� �o�f� 

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

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

�N�i�t�r�a�t�e� �l�o�s�s� �t�h�r�o�u�g�h� �l�e�a�c�h�i�n�g� �h�a�s� �b�e�e�n� �c�a�l�c�u�l�a�t�e�d� �a�s� �(�B�u�r�n�s�,� �1�9�7�6� �a�s� �c�i�t�e�d� �b�y� �B�u�r�n�s�,� �1�9�8�0�)�:� 

�d� �P� �w�m� 

�N�O�;� �]�,� �=�[�N�O�;�]�,� �-�|� �9�7� �[�N�O�}�]�,� �=�[�N�O�5�]�,� �A�)� �(�9�7�)� 

�w�h�e�r�e� 
�[�N�O�3�]�,� �=� �n�i�t�r�a�t�e� �l�o�s�s�e�s�,� �k�g�/�h�a� 
�[�N�O�3�]�,�=� �n�i�t�r�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �s�o�i�l�,� �k�g�/�h�a� 
�P� �=� �t�o�t�a�l� �p�e�r�c�o�l�a�t�i�n�g� �w�a�t�e�r�,� �c�m� 
�O�n�,� �=� �v�o�l�u�m�e�t�r�i�c� �f�i�e�l�d� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �s�o�i�l�,� �c�m�*�/�c�m �� 

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

�c�a�l�c�u�l�a�t�e�d� �a�s� �(�S�a�x�t�o�n� �e�t� �a�l�.�,� �1�9�7�7�)� �:� 

� � 

� � 

�[�N�O�;�]� �_� �[�N�O�;� �V�a�i�j�-�t� �+� �q�i�-�1�j�-�.�A�t� �°� �[�N�O�;� �|� �~� �q�i�j�-�i�A�t� �.� �[�N�O�;� �d�i�j� �(�9�8�)� 
�3� �d�i�j� �~� 

�9�;� �5�-�1� �+�G�i�a�j�-�1�A�t �� �q�j�.� �A�t �� �W�P�;� 

�w�h�e�r�e� 
�[�N�O�s� �]�j� �j�=� �N�O�;� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �s�o�i�l� �l�a�y�e�r� �i� �a�t� �t�i�m�e� �j�,� �k�g�/�k�g� 

�[�N�O�;�]�,�.� �=� �n�i�t�r�a�t�e� �m�a�s�s� �i�n� �l�a�y�e�r� �i�,� �k�g�/�h�a� 
�A�i�j� �C�e� �.� �.� 

�q� �=� �w�a�t�e�r� �f�l�o�w� �r�a�t�e� �d�u�r�i�n�g� �t�i�m�e� �i�n�c�r�e�m�e�n�t� �i�n� �l�a�y�e�r� �i�,� �k�g�/�h�a�-�h�r� 
�W�P� �=� �w�a�t�e�r� �c�o�n�t�e�n�t� �a�t� �w�i�l�t�i�n�g� �p�o�i�n�t� �i�n� �l�a�y�e�r� �i�,� �k�g�/�h�a� 

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

�N�i�t�r�o�g�e�n� �l�e�a�c�h�i�n�g� �w�a�s� �e�x�p�r�e�s�s�e�d� �(�M�e�h�r�a�n� �e�t� �a�l�.�,� �1�9�8�1�)� �a�s�:� 

�N�,� �=�L�-�(�N�,�,� �-�N�,�-�N�,�)� �(�9�9�)� 

�=� �Q�y� �(�1�0�0�)� 
�e�a�e� �Q�i�,� �+�(�1 ��-�a�,�)�-�Q�,� 

�w�h�e�r�e� 
�N�i�z� �=� �i�n�o�r�g�a�n�i�c� �N�,� �k�g�/�h�a�-�y�r� 

�N�a� �=� �N� �l�o�s�s� �t�h�r�o�u�g�h� �d�e�n�i�t�r�i�f�i�c�a�t�i�o�n�,� �k�g�/�h�a�-�y�r� 
�N�a� �=� �N� �u�p�t�a�k�e� �b�y� �p�l�a�n�t�s�,� �k�g�/�h�a�-�y�r� 
�N�u� �=� �N� �l�e�a�c�h�i�n�g� �l�o�s�s�,� �k�g�/�h�a�-�y�r� 
�L�.� �=� �l�e�a�c�h�i�n�g� �f�r�a�c�t�i�o�n� 
�Q�u� �=� �l�e�a�c�h�i�n�g� �r�a�t�e�,� �L�/�h�a�-�y�r� 
�Q�i�w� �=� �i�r�r�i�g�a�t�i�o�n� �r�a�t�e�,� �L�/�h�a�-�y�r� 
�Q�,� �=� �p�r�e�c�i�p�i�t�a�t�i�o�n� �r�a�t�e�,� �L�/�h�a�-�y�r� 

�C�i�n�e� �=� �i�f�r�i�g�a�t�i�o�n� �a�p�p�l�i�c�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� 
�a� �=� �m�n�o�f�f� �c�o�e�f�f�i�c�i�e�n�t� 

�r� 

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

�p�e�r�c�o�l�a�t�i�o�n� �r�a�t�e� �t�i�m�e�s� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �N�O�;� �i�n� �t�h�e� �s�o�i�l�.� 

�N�i�t�r�o�g�e�n� �D�y�n�a�m�i�c�s� �M�o�d�e�l�s� 

�M�e�h�r�a�n� �a�n�d� �T�a�n�j�i� �(�1�9�7�4�)� �p�r�o�p�o�s�e�d� �a� �s�t�e�a�d�y� �s�t�a�t�e� �N� �t�r�a�n�s�p�o�r�t� �m�o�d�e�l� �t�o� �p�r�e�d�i�c�t� �N�O�;� �l�e�a�c�h�i�n�g� 

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

�N� �t�r�a�n�s�p�o�r�t�,� �i�t� �i�s� �a� �o�n�e� �d�i�m�e�n�s�i�o�n�a�l�,� �c�o�m�p�a�r�t�m�e�n�t�a�l� �m�e�c�h�a�n�i�s�t�i�c� �m�o�d�e�l� �(�M�e�h�r�a�n� �a�n�d� �T�a�n�j�i�,� �1�9�8�1�)�.� �T�h�e� 

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

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �4�4



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

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

�l�o�s�s�e�s� �i�n� �r�u�n�o�f�f�.� 

�C�R�E�A�M�S� �(�K�n�i�s�e�l�,� �1�9�8�0�)� �i�s� �a� �f�i�e�l�d� �s�c�a�l�e� �c�o�n�t�i�n�u�o�u�s� �s�i�m�u�l�a�t�i�o�n� �m�o�d�e�l� �d�e�v�e�l�o�p�e�d� �f�o�r� 

�c�o�n�s�e�r�v�a�t�i�o�n� �p�l�a�n�n�i�n�g�.� �I�n� �s�i�m�u�l�a�t�i�n�g� �N� �t�r�a�n�s�p�o�r�t� �i�n� �r�u�n�o�f�f�,� �t�h�e� �m�o�d�e�l� �a�s�s�u�m�e�s� �t�h�a�t� �o�n�l�y� �t�h�e� �u�p�p�e�r� �1� �c�m� 

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

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

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

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

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

�r�u�n�o�f�f� �a�n�d� �l�e�a�c�h�a�t�e�,� �r�e�s�p�e�c�t�i�v�e�l�y�)� �(�F�r�e�e�r�e� �e�t� �a�l�.�,� �1�9�8�0�)�.� �O�n�e� �d�r�a�w�b�a�c�k� �o�f� �C�R�E�A�M�S� �i�s� �t�h�a�t� �i�t� �d�o�e�s� �n�o�t� 

�a�d�e�q�u�a�t�e�l�y� �s�i�m�u�l�a�t�e� �t�h�e� �r�a�i�n�f�a�l�l�-�s�o�i�l�-�c�h�e�m�i�c�a�l� �i�n�t�e�r�a�c�t�i�o�n� �(�A�s�h�r�a�f� �a�n�d� �B�o�r�a�h�,� �1�9�9�0�)�.� �T�h�e� �a�m�o�u�n�t� �o�f� 

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

�u�n�k�n�o�w�n� �(�F�r�e�e�r�e� �e�t� �a�l�.�,� �1�9�8�0�)�.� 

�A� �o�n�e� �d�i�m�e�n�s�i�o�n�a�l� �n�u�m�e�r�i�c�a�l� �m�o�d�e�l� �w�a�s� �d�e�v�e�l�o�p�e�d� �b�y� �S�e�l�i�m� �a�n�d� �I�s�k�a�n�d�a�r� �(�1�9�8�1�)� �t�o� �p�r�e�d�i�c�t� �N� 

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

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

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

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

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

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

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

�T�i�l�l�o�t�s�o�n� �a�n�d� �W�a�g�e�n�e�t� �(�1�9�8�2�)� �d�e�v�e�l�o�p�e�d� �a� �t�r�a�n�s�i�e�n�t�,� �o�n�e� �d�i�m�e�n�s�i�o�n�a�l� �m�e�c�h�a�n�i�s�t�i�c� �m�o�d�e�l� �t�o� 

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

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

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

�p�r�e�s�s�u�r�e� �h�e�a�d� �w�e�r�e� �u�n�i�f�o�r�m� �i�n� �t�h�e� �f�i�r�s�t� �1�5�0� �c�m� �o�f� �s�o�i�l�,� �a�n�d� �t�h�a�t� �a� �u�n�i�q�u�e� �s�o�i�l� �m�o�i�s�t�u�r�e� �r�e�l�e�a�s�e� �c�u�r�v�e� �w�a�s� 

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

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

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

�N� �i�n� �t�h�e� �c�r�o�p� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �s�e�a�s�o�n� �(�T�i�l�l�o�t�s�o�n� �a�n�d� �W�a�g�e�n�e�t�,� �1�9�8�2�)�.� �T�h�i�s� �m�o�d�e�l� �d�o�e�s� �n�o�t� �c�o�n�s�i�d�e�r� 

�n�i�t�r�o�g�e�n� �l�o�s�s�e�s� �i�n� �r�u�n�o�f�f�.� 
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�J�o�h�n�s�s�o�n� �e�t� �a�l�.� �(�1�9�8�7�)� �d�e�v�e�l�o�p�e�d� �a� �1�-�D� �m�e�c�h�a�n�i�s�t�i�c� �m�o�d�e�l� �t�o� �s�i�m�u�l�a�t�e� �N� �d�y�n�a�m�i�c�s� �a�n�d� �l�o�s�s�e�s� �i�n� 

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

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

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

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

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

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

�(�J�o�h�n�s�s�o�n� �e�t� �a�l�.�,� �1�9�8�7�)�.� 

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

�d�i�s�s�o�l�v�e�d� �o�r� �a�d�s�o�r�b�e�d� �c�h�e�m�i�c�a�l� �w�a�s� �d�e�v�e�l�o�p�e�d� �b�y� �A�h�s�r�a�f� �a�n�d� �B�o�r�a�h� �(�1�9�9�0�)� �a�n�d� �a�p�p�e�n�d�e�d� �t�o� �t�h�e� �R�U�N�O�F�F� 

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

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

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

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

�s�u�r�f�a�c�e�.� 

�E�P�I�C� �(�S�h�a�r�p�l�e�y� �a�n�d� �W�i�l�l�i�a�m�s�,� �1�9�9�0�)� �i�s� �a� �c�o�n�t�i�n�u�o�u�s�,� �m�e�c�h�a�n�i�s�t�i�c� �m�o�d�e�l� �f�o�r� �s�i�m�u�l�a�t�i�o�n� �o�f� 

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

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

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

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

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

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

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

�f�r�i�e�n�d�l�i�n�e�s�s�.� 

�H�y�d�r�o�l�o�g�y� �o�f� �F�i�l�t�e�r� �S�t�r�i�p�s� �.� 

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

�c�o�n�d�i�t�i�o�n�s� �d�u�r�i�n�g� �b�o�t�h� �r�u�n�o�f�f� �p�e�r�i�o�d�s� �a�n�d� �p�e�r�i�o�d�s� �o�f� �n�o� �s�u�r�f�a�c�e� �r�u�n�o�f�f� �(�L�a�r�s�o�n�,� �e�t� �a�l�.�,� �1�9�8�2�)�.� �A� �c�o�n�t�i�n�u�o�u�s� 

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

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

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

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

�G�R�A�S�S�F�.� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �4�6



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

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

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

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

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

�E�v�a�p�o�t�r�a�n�s�p�i�r�a�t�i�o�n� 

�E�v�a�p�o�t�r�a�n�s�p�i�r�a�t�i�o�n� �(�E�T�)� �i�s� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �e�v�a�p�o�r�a�t�i�o�n� �a�n�d� �t�r�a�n�s�p�i�r�a�t�i�o�n� �p�r�o�c�e�s�s�e�s�.� 

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

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

�a�n� �i�m�p�o�r�t�a�n�t� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �h�y�d�r�o�l�o�g�i�c� �c�y�c�l�e� �s�i�n�c�e� �m�o�r�e� �t�h�a�n� �5�0�%� �o�f� �t�h�e� �t�o�t�a�l� �a�m�o�u�n�t� �o�f� �r�a�i�n� �i�s� 

�r�e�t�u�r�n�e�d� �t�o� �t�h�e� �a�t�m�o�s�p�h�e�r�e� �t�h�r�o�u�g�h� �E�T� �(�S�a�x�t�o�n� �a�n�d� �M�c�G�u�i�n�n�e�s�s�,� �1�9�8�2�)�.� �E�v�a�p�o�t�r�a�n�s�p�i�r�a�t�i�o�n� �i�s�,� �t�h�e�r�e�f�o�r�e�,� 

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

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

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

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

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

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

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

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

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

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

�l�a�r�g�e�l�y� �o�b�t�a�i�n�e�d� �f�r�o�m� �S�a�x�t�o�n� �a�n�d� �M�c�G�u�i�n�n�e�s�s� �(�1�9�8�2�)�.� 

�O�n�e� �o�f� �t�h�e� �o�l�d�e�s�t� �m�e�t�h�o�d�s� �o�f� �e�s�t�i�m�a�t�i�n�g� �p�o�t�e�n�t�i�a�l� �e�v�a�p�o�t�r�a�n�s�p�i�r�a�t�i�o�n� �(�P�E�T�)� �i�s� �t�h�e� �p�a�n� 

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

�e�v�a�p�o�r�a�t�i�o�n� �(�E�t�p�)� �a�n�d� �P�E�T�:� 

�P�E�T�=�C�,�,�-�E�T�,� �(�1�0�1�)� 

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

�t�o� �a� �f�r�e�e� �e�v�a�p�o�r�a�t�i�n�g� �s�u�r�f�a�c�e�.� 

�T�h�e� �T�u�r�c� �m�e�t�h�o�d� �e�s�t�i�m�a�t�e�s� �P�E�T� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n�,� �a�n�d� �t�h�e� �a�i�r� �t�e�m�p�e�r�a�t�u�r�e�:� 
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�R�,�,� �+�5�0� 
�P�E�T� �=�0�.�4�-�T�-� �(�1�0�2�)� 

�T�+�1�5� 

�w�h�e�r�e� 
�P�E�T� �=� �p�o�t�e�n�t�i�a�l� �E�T�,� �m�m�/�m�o�n�t�h� 
�T� �=� �m�e�a�n� �a�i�r� �t�e�m�p�e�r�a�t�u�r�e�,� �°�C� 

�R�g� �=� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n�,� �l�y� 

�J�e�n�s�e�n� �a�n�d� �H�a�i�s�e� �M�e�t�h�o�d� �(�1�9�6�3�)� �a�l�s�o� �e�s�t�i�m�a�t�e�s� �P�E�T� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �a�n�d� �a�i�r� 

�t�e�m�p�e�r�a�t�u�r�e�.� �T�h�i�s� �e�q�u�a�t�i�o�n� �w�a�s� �d�e�v�e�l�o�p�e�d� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �P�E�T� �f�o�r� �p�e�r�i�o�d�s� �o�f� �5� �d�a�y�s� �o�r� �l�o�n�g�e�r� �i�n� �h�i�g�h� 

�m�o�u�n�t�a�i�n�o�u�s� �a�r�e�a�s�.� 

�P�E�T� �=� �(�0�.�0�2�5�-� �T�,� �+�0�.� �0�7�8�)�-� �R�y� �(�1�0�3�)� 

�w�h�e�r�e� 
�P�E�T� �=�p�o�t�e�n�t�i�a�l� �E�T� �(�3�0�-�5�0� �c�m� �a�l�f�a�l�f�a�)�,� �c�m�/�d� 

�T�a� �=� �m�e�a�n� �a�i�r� �t�e�m�p�e�r�a�t�u�r�e�,� �°�C� 
�R�y� �=� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n�,� �c�m�/�d� 

�P�e�n�m�a�n� �(�1�9�4�8�)� �d�e�v�e�l�o�p�e�d� �a�n� �e�q�u�a�t�i�o�n� �t�h�a�t� �r�e�l�a�t�e�s� �P�E�T� �t�o� �t�e�m�p�e�r�a�t�u�r�e�,� �h�u�m�i�d�i�t�y�,� �w�i�n�d� �v�e�l�o�c�i�t�y�,� 

�v�a�p�o�r� �p�r�e�s�s�u�r�e�,� �a�n�d� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �(�S�h�a�r�p�l�e�y� �a�n�d� �W�i�l�l�i�a�m�s�,� �1�9�9�0�)�:� 

�_�{�_�6� �|� �(�h�.�-�G� �V�y�)� �e�r�v�y� �v�e�.�  �� �E�.�-�(�5�2� �}�(� �H�V� �(�s�s�)� �f�(�V�)�-�(�e�,� �-�e�,�)� �(�1�0�4�)� � � 

�w�h�e�r�e� 

�E�,� �=� �p�o�t�e�n�t�i�a�l� �e�v�a�p�o�r�a�t�i�o�n�,� �m�m� 
�)� �=� �s�l�o�p�e� �o�f� �t�h�e� �s�a�t�u�r�a�t�i�o�n� �w�a�t�e�r� �p�r�e�s�s�u�r�e� �c�u�r�v�e�,� �k�P�a�/�°�C� 

�y� �=� �p�s�y�c�h�o�m�e�t�r�i�c� �c�o�n�s�t�a�n�t�,� �k�P�a�/�°�C� 
�h�,� �=� �n�e�t� �r�a�d�i�a�t�i�o�n�,� �M�J�/�m�?� 
�G� �=� �s�o�i�l� �h�e�a�t� �f�l�u�x�,� �M�J�/�m�?� 

�H�V� �=� �l�a�t�e�n�t� �h�e�a�t� �o�f� �v�a�p�o�r�i�z�a�t�i�o�n�,� �M�J�/�k�g� 
�f�(�V�)� �=� �w�i�n�d� �s�p�e�e�d� �f�u�n�c�t�i�o�n�,� �m�m�/�d�/�k�P�a� 
�C�a� �=� �S�a�t�u�r�a�t�i�o�n� �v�a�p�o�r� �p�r�e�s�s�u�r�e� �a�t� �m�e�a�n� �a�i�r� �t�e�m�p�e�r�a�t�u�r�e�,� �k�P�a� 
�C�g� �=� �v�a�p�o�r� �p�r�e�s�s�u�r�e� �a�t� �m�e�a�n� �a�i�r� �t�e�m�p�e�r�a�t�u�r�e�,� �k�P�a� 

�T�h�e� �l�a�t�e�n�t� �h�e�a�t� �o�f� �v�a�p�o�r�i�z�a�t�i�o�n� �i�s�:� 

�H�V� �=� �2�.�5�- ��0�.�0�0�2�2�-�T� �(�1�0�5�)� 

�w�h�e�r�e� �T� �i�s� �t�h�e� �m�e�a�n� �d�a�i�l�y� �t�e�m�p�e�r�a�t�u�r�e�,� �°�C�.� 

�T�h�e� �s�a�t�u�r�a�t�i�o�n� �v�a�p�o�r� �p�r�e�s�s�u�r�e� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�e�m�p�e�r�a�t�u�r�e�:� 
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�6�7�9�1� 
�(�5�4�.�8�8�~�5�.�0�3� �I�n�(�T�+�2�7�3�) �� �)� 

�e�.� �=�0�.�l�-�e� �T�+�2�7�3� �(�1�0�6�)� 
�a� 

� � 

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

�h�u�m�i�d�i�t�y�:� 

�e�,� �=�e�,� �R�H� �(�1�0�7�)� 

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

�t�t� �(�A�3�9�3�)� �(�1�0�8�)� 
�T�+�2�7�3� �|� �T�+�2�7�3� 

�c�u�r�v�e� �i�S�:� 

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

�¥� �=� �6�.�6�-�1�0�7�~� �-�(�1�0�1 ��0�.�0�1�1�5�-�E�L�E�V�+�5�.�4�4�-�1�0�° ��-� �E�L�E�V �� �)� �(�1�0�9�)� 

�w�h�e�r�e� �E�L�E�V� �i�s� �t�h�e� �e�l�e�v�a�t�i�o�n� �o�f� �t�h�e� �s�i�t�e�,� �m� 

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

�d�a�y�s�:� 
�T�_�,� �+�T�.�_�,� �+�T�,� 

�G�=�0�.�1�2�-�(�7�,� �F�a�t�t� �t�t�)� �(�1�1�0�)� 

�3� 

�N�e�t� �r�a�d�i�a�t�i�o�n� �o�n� �d�a�y� �i� �i�s� �o�b�t�a�i�n�e�d� �a�s�:� 

�0�.�9�-�R�A�.� 
�h�,�,� �=� �R�A�,� �:�(�1�.�0 �� �A�B�,� �) �� �R�A�B�,� �-�}�  � � � ��-� �+� �0�.�1� �(�1�1�1�)� 

�R�A�M�X�,� 

�w�h�e�r�e� 
�R�A�;� �=� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �o�n� �d�a�y� �i�,� �M�J�/�m�?� 

�A�B�,� �=� �a�l�b�e�d�o� �o�n� �d�a�y� �1� 
�R�A�M�X�;� �=� �m�a�x�i�m�u�m� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �p�o�s�s�i�b�l�e� �f�o�r� �t�h�e� �l�o�c�a�t�i�o�n� �o�n� �d�a�y� �i�,� �M�J�/�m�?� 
�R�A�B�;� �=�n�e�t� �o�u�t�g�o�i�n�g� �l�o�n�g� �w�a�v�e� �r�a�d�i�a�t�i�o�n�,� �M�J�/�m �� 

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

�R�A�B�,� �=� �4�.�9�-�1�0�°� �-�(�0�.�3�4�-�0�.�1�4�-�,�/�e�,� �)�-�(�T� �+�2�7�3�)� �(�1�1�2�)� 
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�T�h�e� �m�a�x�i�m�u�m� �p�o�s�s�i�b�l�e� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n� �i�s� �c�a�l�c�u�l�a�t�e�d� �a�s�:� 

�R�A�M�X� �=� �3�0�-�[�1�.�0�-�+�0�.�3�9�5�-�s�i�n�f� �2� �i�+� �8�8�.�2�)�1�-�[�X�T�-�s�i�n�(�Z�E� �L�A�T�)� �s�i�n�(�S�D�)� 
�3�6�5� �3�6�0� 

�»� �(�1�1�3�)� 
�T� 

�+� �c�o�s�( � �� �L�A�T� �)�-�c�o�s�(�S�D�)�-�s�i�n�(�X�T� �G� �6�0� �)�-�c�o�s�(�S�D�)�-� �s�i�n�(� �)� 

 ��|� �2�7� 
�X�T� �=�c�o�s�  �� �t�a�n� �0� �L�A�T�)� �t�a�n�(�S�D�)� �O�<�X�T�<�2�n� �(�1�1�4�)� 

�2�0�.� 
�S�D�,� �=� �0�.�4�1�0�2�.� �s�i�n�[ � �� �(�1�-�8�0�.�2�5�)� �]� �(�1�1�5�)� 

�3�6�5� 

�w�h�e�r�e� 
�L�A�T� �=� �l�a�t�i�t�u�d�e� �o�f� �t�h�e� �s�i�t�e�,� �d�e�g�r�e�e�s� 
�S�D� �=� �d�e�c�l�i�n�a�t�i�o�n� �a�n�g�l�e� �o�f� �t�h�e� �s�u�n�,� �r�d� 
�i� �=� �d�a�y� �o�f� �t�h�e� �y�e�a�r� 

�T�h�e� �w�i�n�d� �f�u�n�c�t�i�o�n� �o�f� �P�e�n�m�a�n� �e�q�u�a�t�i�o�n� �i�s�:� 

�f�(�V�)�=�2�.�7�+�1�.�6�3�-�V�,�,� �(�1�1�6�)� 

�w�h�e�r�e� �V�,�,� �i�s� �t�h�e� �m�e�a�n� �d�a�i�l�y� �w�i�n�d� �s�p�e�e�d� �a�t� �1�0� �m� �h�e�i�g�h�t�,� �m�/�s�.� �T�h�e� �P�e�n�m�a�n� �m�e�t�h�o�d� �i�s� �p�r�o�b�a�b�l�y� �t�h�e� �m�o�s�t� 

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

�n�o�t� �a�l�w�a�y�s� �a�v�a�i�l�a�b�l�e�.� 

�R�i�t�c�h�i�e ��s� �m�e�t�h�o�d� �(�1�9�7�2�)� �e�s�t�i�m�a�t�e�s� �P�E�T� �u�s�i�n�g� �t�h�e� �P�e�n�m�a�n� �m�e�t�h�o�d�.� �T�h�e�n�,� �s�o�i�l� �e�v�a�p�o�r�a�t�i�o�n� �a�n�d� 

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

�i�m�p�l�e�m�e�n�t�e�d� �i�n� �E�P�I�C�,� �C�R�E�A�M�S�,� �G�L�E�A�M�S�,� �W�E�P�P�,� �a�n�d� �A�N�S�W�E�R�S�.� 

�T�h�e� �f�o�r�m� �o�f� �P�E�T� �g�i�v�e�n� �b�y� �R�i�t�c�h�i�e� �(�1�9�7�2�)� �(�a�s� �c�i�t�e�d� �b�y� �S�m�i�t�h� �a�n�d� �W�i�l�l�i�a�m�s�,� �1�9�8�0�)� �i�s�:� 
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�w�h�e�r�e� 
�E�,� �=� �p�o�t�e�n�t�i�a�l� �e�v�a�p�o�t�r�a�n�s�p�i�r�a�t�i�o�n�,� �m�m�/�d� 

�H�,� �=� �n�e�t� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n�,� �l�y� 
�A� �=� �s�l�o�p�e� �o�f� �t�h�e� �s�a�t�u�r�a�t�i�o�n� �v�a�p�o�r� �p�r�e�s�s�u�r�e� �c�u�r�v�e� �a�t� �t�h�e� �m�e�a�n� �a�i�r� �t�e�m�p�e�r�a�t�u�r�e� 
�T� �=� �d�a�i�l�y� �t�e�m�p�e�r�a�t�u�r�e�,� �K� 
�R� �=� �d�a�i�l�y� �s�o�l�a�r� �r�a�d�i�a�t�i�o�n�,� �l�y� 
�¥� �=� �p�s�y�c�h�o�m�e�t�r�i�c� �c�o�n�s�t�a�n�t�,� �0�.�6�8� 
�A� �=� �a�l�b�e�d�o� 
�C�o� �=� �5�8�.�3� 

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

�S�o�i�l� �e�v�a�p�o�r�a�t�i�o�n� �i�s� �a�s�s�u�m�e�d� �t�o� �o�c�c�u�r� �i�n� �t�w�o� �s�t�e�p�s� �(�R�i�t�c�h�i�e�,� �1�9�7�2�)�:� 

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

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

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

�F�i�r�s�t� �s�t�a�g�e� 

�E�,�,� �=�E�,�-�e�°�*!"� �(�1�2�0�)� 
�w�h�e�r�e� 

�E�,�,� �=� �p�o�t�e�n�t�i�a�l� �s�o�i�l� �e�v�a�p�o�r�a�t�i�o�n�,� �m�m� 
�L�A�I� �=� �l�e�a�f� �a�r�e�a� �i�n�d�e�x� �(�r�a�t�i�o� �o�f� �p�l�a�n�t� �l�e�a�f� �a�r�e�a� �a�n�d� �s�o�i�l� �s�u�r�f�a�c�e� �a�r�e�a�)� 

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

�U�=�9�-�(�a�,� �-�3�)�° �� �(�1�2�1�)� 

�a�,� �=� �4�.�1�6�5�+�0�.�0�2�4�5�6�-� �S�A�N�D�  ��0�.�0�1�7�0�3�-�C�L�A�Y�  ��0�.�0�0�0�4�-�S�A�N�D�?� �(�1�2�2�)� 

�w�h�e�r�e� 
�U� �=� �f�i�r�s�t� �s�t�a�g�e� �u�p�p�e�r� �l�i�m�i�t�,� �m�m� 

�O�s� �=� �s�o�i�l� �e�v�a�p�o�r�a�t�i�o�n� �p�a�r�a�m�e�t�e�r�,� �m�m�/�d � �� �(�S�a�v�a�b�i� �e�t� �a�l�.�,� �1�9�9�0�)� 
�S�A�N�D� �=� �p�e�r�c�e�n�t�a�g�e� �o�f� �s�a�n�d� �i�n� �b�a�r�e� �s�o�i�l� �e�v�a�p�o�r�a�t�e�d� �l�a�y�e�r� 
�C�L�A�Y� �=� �p�e�r�c�e�n�t�a�g�e� �o�f� �c�l�a�y� �i�n� �b�a�r�e� �s�o�i�l� �e�v�a�p�o�r�a�t�e�d� �l�a�y�e�r� 

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

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

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

�(�S�a�v�a�b�i� �e�t� �a�l�.�,� �1�9�9�0�)�:� 

�d�_� �=�(�0�.�0�9 ��0�.�0�0�0�7�7�-�C�L�A�Y� �+� �0�.�0�0�0�0�0�6� �-� �S�A�N�D �� �)� �*� �1�0�0�0� 

�C�o�m�p�u�t�a�t�i�o�n� �o�f� �p�l�a�n�t� �t�r�a�n�s�p�i�r�a�t�i�o�n�,� �E�,�,� �(�R�i�t�c�h�i�e�,� �1�9�7�2�)� 
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�E�,�-�E�,� � �3�<�L�A�I� 

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

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

� � 

�a�y�t� �i�-�l� 

�E� �c�c�e�p�i� �=� �1� �=�=� �,� �i� �e�l� �i�)� �|� �-�>�y� �E�,�,� 
�j�=�l� 

�w�h�e�r�e� 

�E�s�a�e�p�i� �=� �p�o�t�e�n�t�i�a�l� �w�a�t�e�r� �e�v�a�p�o�r�a�t�e�d� �f�r�o�m� �l�a�y�e�r� �i�,� �m�m�/�d� 
�V�v� �=� �r�a�t�e�-�d�e�p�t�h� �p�a�r�a�m�e�t�e�r�,� �3�.�0�6�5� �(� �S�a�v�a�b�i� �e�t� �a�l�.�,� �1�9�9�0�)� 

�h�i� �=� �d�e�p�t�h� �o�f� �s�o�i�l� �l�a�y�e�r� �i�,� �m�m� 
�R�Z� �=� �r�o�o�t� �z�o�n�e� �d�e�p�t�h�,� �m�m� 
�E�s� �=� �a�c�t�u�a�l� �w�a�t�e�r� �u�s�e� �f�r�o�m� �t�h�e� �s�o�i�l� �l�a�y�e�r� �a�b�o�v�e� �l�a�y�e�r� �I�,� �m�m� 

�T�h�e� �p�o�t�e�n�t�i�a�l� �w�a�t�e�r� �t�r�a�n�s�p�i�r�a�t�e�d� �f�r�o�m� �t�h�e� �l�a�y�e�r� �i� �i�s� �c�o�m�p�u�t�e�d� �a�s�:� 
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�E�s�a�e�p�i� �4� �=� �p�o�t�e�n�t�i�a�l� �w�a�t�e�r� �t�r�a�n�s�p�i�r�e�d� �f�r�o�m� �l�a�y�e�r� �i�,� �m�m�/�d� 

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

�I�n�f�i�l�t�r�a�t�i�o�n� 

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

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

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

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

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

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

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

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

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

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

�e�m�p�i�r�i�c�a�l� �e�q�u�a�t�i�o�n�s� �a�r�e� �t�h�e� �K�o�s�t�i�a�k�o�v� �(�K�o�s�t�i�a�k�o�v�,� �1�9�3�2�)�,� �H�o�r�t�o�n� �(�H�o�r�t�o�n�,� �1�9�4�0�)�,� �a�n�d� �H�o�l�t�a�n� �(�H�o�l�t�a�n�,� 

�1�9�6�1�)� �e�q�u�a�t�i�o�n�s�.� �T�h�e�s�e� �e�q�u�a�t�i�o�n�s� �m�a�y� �r�e�q�u�i�r�e� �c�a�l�i�b�r�a�t�i�o�n� �w�i�t�h� �m�e�a�s�u�r�e�d� �d�a�t�a� �f�r�o�m� �t�h�e� �w�a�t�e�r�s�h�e�d� �o�f� 

�i�n�t�e�r�e�s�t� �o�r� �s�i�m�i�l�a�r� �w�a�t�e�r�s�h�e�d�s�.� �P�h�y�s�i�c�a�l�l�y�-�b�a�s�e�d� �e�q�u�a�t�i�o�n�s� �i�n�c�l�u�d�e� �t�h�e� �R�i�c�h�a�r�d�s� �(�1�9�3�1�)�,� �G�r�e�e�n�-�A�m�p�t� 

�(�G�r�e�e�n� �a�n�d� �A�m�p�t�,� �1�9�1�1�)�,� �m�o�d�i�f�i�e�d� �G�r�e�e�n� �a�n�d� �A�m�p�t� �(�M�e�i�n� �a�n�d� �L�a�r�s�o�n�,� �1�9�7�1�)�,� �a�n�d� �P�h�i�l�i�p� �(�P�h�i�l�i�p�,� �1�9�7�5�)� 

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

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

�E�m�p�i�r�i�c�a�l� �A�p�p�r�o�a�c�h�e�s� 

�T�h�e� �K�o�s�t�i�a�k�o�v� �e�q�u�a�t�i�o�n� �(�1�9�3�2�)� �h�a�s� �b�e�e�n� �u�s�e�d� �i�n� �f�l�o�o�d� �i�r�r�i�g�a�t�i�o�n� �s�t�u�d�i�e�s�:� 

�f�,� �=�K�,�-�t!"� �(�1�2�9�)� 
�w�h�e�r�e� 

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

�H�o�r�t�o�n� �(�1�9�4�0�)� �p�r�o�p�o�s�e�d� �a� �t�h�r�e�e� �p�a�r�a�m�e�t�e�r� �i�n�f�i�l�t�r�a�t�i�o�n� �e�q�u�a�t�i�o�n� �o�f� �t�h�e� �f�o�r�m�:� 
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�=� �~�k�-�t� �f�=�f�,� �+�f�,� �-�f�.�)�-�e� �(�1�3�0�)� 

�w�h�e�r�e� 
�=� �i�n�f�i�l�t�r�a�t�i�o�n� �r�a�t�e�,� �c�m�/�h� 
�=� �f�i�n�a�l� �i�n�f�i�l�t�r�a�t�i�o�n� �r�a�t�e�,� �c�m�/�h� 
�=� �i�n�i�t�i�a�l� �i�n�f�i�l�t�r�a�t�i�o�n� �r�a�t�e�,� �c�m�/�h� 

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

� �h
�h

� 

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

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

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

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

�H�o�l�t�a�n�'�s� �i�n�f�i�l�t�r�a�t�i�o�n� �e�q�u�a�t�i�o�n� �(�1�9�6�1�)� �i�s� �e�m�p�i�r�i�c�a�l� �a�n�d� �p�r�e�d�i�c�t�s� �i�n�f�i�l�t�r�a�t�i�o�n� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� 

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

�f�,� �=�G�l�-�a�,�-�S�,�'�4�+�f�,� �(�1�3�1�)� 

�w�h�e�r�e� 
�f�;� �=� �i�n�f�i�l�t�r�a�t�i�o�n� �r�a�t�e�,� �i�n�/�h� 

�G�I� �=� �g�r�o�w�t�h� �i�n�d�e�x� �o�f� �c�r�o�p� �i�n� �%� �o�f� �m�a�t�u�r�i�t�y� 
�a�a� �=� �i�n�d�e�x� �o�f� �s�u�r�f�a�c�e� �c�o�n�n�e�c�t�e�d� �p�o�r�o�s�i�t�y� �w�h�i�c�h� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �s�u�r�f�a�c�e� �c�o�n�d�i�t�i�o�n�s� �a�n�d� �t�h�e� 

�d�e�n�s�i�t�y� �o�f� �t�h�e� �p�l�a�n�t� �r�o�o�t�s�,� �i�n�/�h�-�i�n�'�*� 
�S�a� �=� �a�v�a�i�l�a�b�l�e� �w�a�t�e�r� �s�t�o�r�a�g�e� �i�n� �t�h�e� �s�u�r�f�a�c�e� �l�a�y�e�r�,� �i�n� 

�f�,� �=� �a�s�y�m�p�t�o�t�i�c� �i�n�f�i�l�t�r�a�t�i�o�n� �r�a�t�e� �(�f�i�n�a�l� �i�n�f�i�l�t�r�a�t�i�o�n� �r�a�t�e�)�,� �i�n�/�h� 

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

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

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

�d�e�p�t�h�)�.� �H�u�g�g�i�n�s� �a�n�d� �M�o�n�k�e� �(�1�9�6�6�)� �f�o�u�n�d� �t�h�a�t� �t�h�e� �c�o�n�t�r�o�l� �z�o�n�e� �d�e�p�t�h� �v�a�r�i�e�d� �w�i�t�h� �c�o�v�e�r� �c�o�n�d�i�t�i�o�n�s�.� �B�a�u�n� 

�e�t� �a�l�.� �(�1�9�8�6�)� �s�h�o�w�e�d� �t�h�a�t� �r�u�n�o�f�f� �v�o�l�u�m�e� �i�s� �e�x�t�r�e�m�e�l�y� �s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �s�e�l�e�c�t�i�o�n� �o�f� �t�h�e� �c�o�n�t�r�o�l� �z�o�n�e� �d�e�p�t�h�.� �A� 

�d�e�c�r�e�a�s�e� �i�n� �t�h�e� �c�o�n�t�r�o�l� �d�e�p�t�h� �b�y� �3�3�%� �i�n�c�r�e�a�s�e�d� �r�u�n�o�f�f� �v�o�l�u�m�e� �b�y� �8�7�%� �a�n�d� �a�n� �i�n�c�r�e�a�s�e� �o�f� �t�h�e� �c�o�n�t�r�o�l� �z�o�n�e� 

�b�y� �3�3�%� �d�e�c�r�e�a�s�e�d� �r�u�n�o�f�f� �v�o�l�u�m�e� �b�y� �2�8�%�.� 

�Y�a�r�a�m�a�n�o�g�l�u� �(�1�9�8�1�)� �d�e�s�c�r�i�b�e�d� �i�n�f�i�l�t�r�a�t�i�o�n� �r�a�t�e� �w�i�t�h� �t�h�e� �f�o�l�l�o�w�i�n�g� �m�o�d�i�f�i�e�d� �H�o�l�t�a�n� �e�q�u�a�t�i�o�n�.� �I�n� 

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

�f�=�a�,� �-�[�S�A ��*�-�a�,� �( ��n�)�-�t�y�-!"� �+�f�,� �(�1�3�2�)� 

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

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

�P�h�y�s�i�c�a�l�l�y�-�b�a�s�e�d� �A�p�p�r�o�a�c�h�e�s� 

�R�i�c�h�a�r�d�s� �e�q�u�a�t�i�o�n� �(�1�9�3�1�)� �d�e�s�c�r�i�b�e�s� �t�h�e� �m�o�v�e�m�e�n�t� �o�f� �w�a�t�e�r� �i�n� �u�n�s�a�t�u�r�a�t�e�d� �s�o�i�l�.� �T�h�i�s� �e�q�u�a�t�i�o�n� 

�c�o�n�t�a�i�n�s� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �D�(�®�)� �a�n�d� �K�(�8�)� �t�h�a�t� �a�r�e� �n�o�n�l�i�n�e�a�r� �a�n�d� �m�a�k�e� �t�h�e� �s�o�l�u�t�i�o�n� �t�o� �R�i�c�h�a�r�d�s� �e�q�u�a�t�i�o�n� 

�d�i�f�f�i�c�u�l�t� �(�S�k�a�g�g�s� �a�n�d� �K�h�a�l�e�e�l�.� �1�9�8�2�)�.� �I�n� �m�a�n�y� �m�o�d�e�l�s�,� �f�o�r� �s�i�m�p�l�i�c�i�t�y�'�s� �s�a�k�e�,� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �w�a�t�e�r� �f�l�o�w�s� 

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

�0�8� �a�d� �0�8�\� �O�K� 
 ��= ��|� �D�(�@�)�- �� �|�- �� �(�1�3�3�)� 
�o�t� �2�(� �©�)� �4� �O�z� 

�w�h�e�r�e� 
�D�(�6�)� �=� �w�a�t�e�r� �d�i�f�f�u�s�i�v�i�t�y�,� �L ��/�T� 
�K� �=� �h�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y�,� �L�/�T� 
�Z�z� �=� �d�e�p�t�h�,� �L� 

�G�r�e�e�n�-�A�m�p�t� �(�1�9�1�1�)� �e�q�u�a�t�i�o�n� �i�s� �d�e�r�i�v�e�d� �f�r�o�m� �D�a�r�c�y�'�s� �L�a�w�.� �I�t� �a�s�s�u�m�e�s� �a� �h�o�m�o�g�e�n�e�o�u�s� �s�o�i�l� 

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

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

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

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

�+� 
�f�,� �=�K�,� �H�,� �+�L�,� �+�S�;� �(�1�3�4�)� 

�L�,� 

�o�r� 

�f�=� �+�S�e�M�&�,� �«�n�s� 
�w�h�e�r�e� 

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

�=� �s�a�t�u�r�a�t�e�d� �s�o�i�l� �w�a�t�e�r� �c�o�n�t�e�n�t�,� �c�m�*�/�c�m�?�°� 
�=� �s�o�i�l� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �b�e�l�o�w� �t�h�e� �w�e�t�t�i�n�g� �f�r�o�n�t�,� �c�m�?�/�c�e�m�?� 
�=� �0�,� �-�0�;� �f�i�l�l�a�b�l�e� �p�o�r�o�s�i�t�y� �o�f� �t�h�e� �s�o�i�l�,� �c�m�?�/�c�m �� �L
�P

�P
�Y

�r
�I
�K

�s
� 
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�F� �=� �c�u�m�u�l�a�t�i�v�e� �i�n�f�i�l�t�r�a�t�i�o�n�,� �m�m� 

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

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

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

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

�P�h�i�l�i�p� �(�1�9�5�7�)� �s�o�l�v�e�d� �t�h�e� �p�a�r�t�i�a�l� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n� �o�f� �s�o�i�l� �m�o�i�s�t�u�r�e� �f�l�o�w� �a�n�d� �u�s�e�d� �t�h�e� �f�i�r�s�t� �t�w�o� 

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

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

�1� �-� 
�f�=�5�s�t� �A�L�C�.� �(�1�3�6�)� 

�w�h�e�r�e� 

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

�P�e�r�c�o�l�a�t�i�o�n� 

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

�w�a�t�e�r� �c�o�n�t�e�n�t� �i�s� �a�b�o�v�e� �f�i�e�l�d� �c�a�p�a�c�i�t�y�.� �T�h�e� �p�e�r�c�o�l�a�t�i�o�n� �p�r�o�c�e�s�s� �o�b�e�y�s� �R�i�c�h�a�r�d�s� �e�q�u�a�t�i�o�n� �(�1�3�3�)� �w�h�e�n� �t�h�e� �s�o�i�l� 

�i�s� �u�n�s�a�t�u�r�a�t�e�d�,� �a�n�d� �f�o�l�l�o�w�s� �D�a�r�c�y ��s� �l�a�w� �(�1�8�5�6�)� �w�h�e�n� �t�h�e� �s�o�i�l� �i�s� �s�a�t�u�r�a�t�e�d�.� �T�h�e� �s�o�l�u�t�i�o�n� �t�o� �t�h�e�s�e� �d�i�f�f�e�r�e�n�t�i�a�l� 

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

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

�a�s� �(�B�r�a�s�,� �1�9�9�0�)�:� 

�P�=� �K�(�6�)� �(�1�3�7�)� 

�w�h�e�r�e� �K�(�@�)� �i�s� �t�h�e� �v�e�r�t�i�c�a�l� �h�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y�;� �a�n�d� �g�i�v�e�n� �t�h�e� �f�o�r�m� �o�f� �K�(�8�)� �a�n� �e�m�p�i�r�i�c�a�l� �s�o�l�u�t�i�o�n� �i�s�:� 

�P�=�a�-�9�?� �(�1�3�8�)� 
�w�h�e�r�e� �a� �a�n�d� �b� �a�r�e� �c�a�l�i�b�r�a�t�i�o�n� �p�a�r�a�m�e�t�e�r�s�.� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �e�m�p�i�r�i�c�a�l� �e�q�u�a�t�i�o�n�s� �a�r�e� �u�s�e�d� �i�n� �G�L�E�A�M�S� �(�K�n�i�s�e�l� �e�t� �a�l�.�,� �1�9�9�3�)� �t�o� �d�e�s�c�r�i�b�e� 

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

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

�w�h�e�r�e� 

�w�h�e�r�e� 

�w�h�e�r�e� 

�P�e�r�c�o�l�a�t�i�o�n�,� �O�F�(�c�m�)�,� �f�r�o�m� �t�h�e� �s�o�i�l� �u�p�p�e�r� �l�a�y�e�r� �i�s�:� 

�O�F�,� �=�o�,� �:�(�F�+�S�T�,�)� �f�o�r� 

�F�o�r� �s�u�b�s�e�q�u�e�n�t� �l�a�y�e�r�s�:� 

�O�F�,� �=� �6�,� �-�(�O�F�_�,� �+� �S�T�,�)� �f�o�r� 

�o� �=� �s�t�o�r�a�g�e� �c�o�e�f�f�i�c�i�e�n�t� 
�S�T� �=� �s�t�o�r�a�g�e� �v�o�l�u�m�e�,� �c�m� 
�F� �=� �i�n�f�i�l�t�r�a�t�i�o�n�,� �c�m� 
�F�C� �=� �f�i�e�l�d� �c�a�p�a�c�i�t�y�,� �c�m� 

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

�2�-�A�t� 
�o�,� �= � � � ��_� 

�(�2�t�t�,� �+� �A�t�)� 

�t�t� �=� �t�r�a�v�e�l� �t�i�m�e�,� �h�r� 

�A�t� �=� �t�i�m�e� �i�n�t�e�r�v�a�l�,� �h�r� 

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

�S�M�,�  �� �F�C�.� 
�t�t�,� �= � ��_�> � �� 

�(�K�,� �)�;� 

�S�M� �=� �s�o�i�l� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �i�n� �l�a�y�e�r� �i�,� �c�m� 
�K�,� �=� �S�a�t�u�r�a�t�e�d� �c�o�n�d�u�c�t�i�v�i�t�y�,� �c�m�/�h� 

�(�F�+�S�T�,�)�>�F�C�,� 

�(�F�+�S�T�,�)�>� �F�C�,� 

�I�n� �A�N�S�W�E�R�S� �(�B�e�a�s�l�y� �a�n�d� �H�u�g�g�i�n�s�,� �1�9�8�2�)�,� �t�h�e� �p�e�r�c�o�l�a�t�i�o�n� �r�a�t�e� �i�s� �c�o�m�p�u�t�e�d� �a�s�:� 

� � 

�3� 

�D�R� �=�f�,� �(�1� �3� 
�G�W�C� 

�D�R� �=� �d�r�a�i�n�a�g�e� �r�a�t�e�,� �i�n�/�h� 

�(�1�4�3�)� 

�(�1�3�9�)� 

�(�1�4�0�)� 

�(�1�4�1�)� 

�(�1�4�2�)� 

�G�W�C�_� �=� �g�r�a�v�i�t�a�t�i�o�n�a�l� �w�a�t�e�r� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �c�o�n�t�r�o�l� �z�o�n�e� �(�t�o�t�a�l� �p�o�r�o�s�i�t�y� �m�i�n�u�s� �f�i�e�l�d� �c�a�p�a�c�i�t�y�)� 
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�G�R�A�S�S�F� 

�A�t� �t�h�e� �t�i�m�e� �t�h�i�s� �s�t�u�d�y� �w�a�s� �s�t�a�r�t�e�d�,� �o�n�l�y� �o�n�e� �V�F�S� �s�e�d�i�m�e�n�t� �t�r�a�n�s�p�o�r�t� �m�o�d�e�l�,� �G�R�A�S�S�F� �(�G�R�A�S�S� 

�F�i�l�t�e�r�)� �h�a�d� �b�e�e�n� �d�e�v�e�l�o�p�e�d�.� �G�R�A�S�S� �F�i�l�t�e�r� �m�o�d�e�l�,� �G�R�A�S�S�F�,� �(�H�a�y�e�s�,� �1�9�7�9�,� �a�n�d� �B�a�r�f�i�e�l�d� �a�n�d� �H�a�y�e�s�,� �1�9�8�0�)� 

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

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

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

�(�B�a�r�f�i�e�l�d� �e�t� �a�l�.�,� �1�9�7�9�)� �a�n�d� �s�u�s�p�e�n�d�e�d� �l�o�a�d� �t�r�a�n�s�p�o�r�t� �(�T�o�l�l�n�e�r� �e�t� �a�l�.�,� �1�9�7�6�)�.� �T�h�e�s�e� �e�q�u�a�t�i�o�n�s� �w�e�r�e� �i�n�i�t�i�a�l�l�y� 

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

�p�a�r�t�i�c�l�e� �s�i�z�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� �(�H�a�y�e�s� �e�t� �a�l�.�,� �1�9�7�9�a�;� �B�a�r�f�i�e�l�d� �a�n�d� �H�a�y�e�s�,� �1�9�8�0�)�.� �G�R�A�S�S�F� �w�a�s� �a�l�s�o� �t�e�s�t�e�d� �u�n�d�e�r� 

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

�a�n�d� �H�a�y�e�s�,� �1�9�8�0�;� �a�n�d� �A�l�b�r�e�c�h�t� �a�n�d� �B�a�r�f�i�e�l�d�,� �1�9�8�1�)�.� 

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

�d�e�p�o�s�i�t�i�o�n� �p�a�t�t�e�r�n� �i�n� �v�e�g�e�t�a�t�i�v�e� �f�i�l�t�e�r�s� �r�e�s�e�m�b�l�e�d� �t�h�e� �p�r�o�f�i�l�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �2� �a�n�d� �3� �(�B�a�r�f�i�e�l�d� �e�t� �a�l�.�,� 

�1�9�7�9�a�)�.� �A�s� �a� �s�e�d�i�m�e�n�t� �l�a�d�e�n� �f�l�o�w� �e�n�t�e�r�s� �t�h�e� �f�i�l�t�e�r�,� �a� �r�e�d�u�c�t�i�o�n� �i�n� �i�t�s� �v�e�l�o�c�i�t�y� �c�a�u�s�e�s� �a� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� 

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

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

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

�d�i�s�c�r�e�t�e� �t�i�m�e� �i�n�t�e�r�v�a�l�s�.� �E�a�c�h� �i�n�f�l�o�w�  ��p�l�u�g �� �i�s� �i�n�d�e�p�e�n�d�e�n�t�l�y� �r�o�u�t�e�d� �t�h�r�o�u�g�h� �t�h�e� �f�i�l�t�e�r�.� �I�n� �G�R�A�S�S�F� 

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

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

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

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

�S�e�d�i�m�e�n�t� �W�e�d�g�e� �Z�o�n�e� 

�E�i�n�s�t�e�i�n�'�s� �b�e�d� �l�o�a�d� �d�i�m�e�n�s�i�o�n�l�e�s�s� �p�a�r�a�m�e�t�e�r�s� �a�r�e� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �t�r�a�n�s�p�o�r�t� �c�a�p�a�c�i�t�y� �o�f� �b�e�d� 

�m�a�t�e�r�i�a�l� �i�n� �t�h�e� �f�i�l�t�e�r�.� �T�h�e�s�e� �p�a�r�a�m�e�t�e�r�s� �w�e�r�e� �o�p�t�i�m�i�z�e�d� �u�s�i�n�g� �l�a�b�o�r�a�t�o�r�y� �d�a�t�a� �(�B�a�r�f�i�e�l�d� �e�t� �a�l�.�,� �1�9�7�9�a�,� 

�1�9�7�9�b�)�.� �B�a�s�e�d� �o�n� �t�h�e�s�e� �s�t�u�d�i�e�s�,� �E�i�n�s�t�e�i�n�'�s� �t�r�a�n�s�p�o�r�t� �e�q�u�a�t�i�o�n� �w�a�s� �m�o�d�i�f�i�e�d� �f�o�r� �g�r�a�s�s� �f�i�l�t�e�r�s�.� �T�h�i�s� �e�q�u�a�t�i�o�n� 

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

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

�G�R�A�S�S�F�,� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �o�n�l�y� �p�a�r�t�i�c�l�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �3�7� �t�t� �i�n� �d�i�a�m�e�t�e�r� �c�a�n� �b�e� �t�r�a�p�p�e�d� �i�n� �t�h�e� �d�e�p�o�s�i�t�i�o�n� 

�w�e�d�g�e�.� �T�h�e�s�e� �p�a�r�t�i�c�l�e�s� �a�r�e� �c�a�l�l�e�d� �c�o�a�r�s�e�-�s�i�z�e�d� �p�a�r�t�i�c�l�e�s�.� 

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

�a�n�d� �t�h�e� �s�u�s�p�e�n�d�e�d� �l�o�a�d� �z�o�n�e� �w�i�t�h� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n�,� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �m�o�d�i�f�i�e�d� �E�i�n�s�t�e�i�n�'�s� �e�q�u�a�t�i�o�n�:� 
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�T�h�e� �t�r�a�n�s�p�o�r�t� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �b�e�d� �l�o�a�d� �i�s� �c�a�l�c�u�l�a�t�e�d� �a�t� �t�h�e� �b�r�e�a�k�p�o�i�n�t� �b�e�t�w�e�e�n� �t�h�e� �s�e�d�i�m�e�n�t� �w�e�d�g�e� 

�a�n�d� �t�h�e� �s�u�s�p�e�n�d�e�d� �l�o�a�d� �z�o�n�e� �w�i�t�h� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n�,� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �m�o�d�i�f�i�e�d� �E�i�n�s�t�e�i�n�'�s� �e�q�u�a�t�i�o�n�:� 

�(�y�,� �-�¥�)�-�8�,� �-�d�, �� �B�=� �O�E� �Y�e�:� �(�1�4�4�)� 
�Y� 

�0�.�2�8� 
�s�s� �U�F�"� �d� �o�i� �=� �W�s�=� �Y�d� �(�1�4�5�)� 

�y�:�S�-�R�,� �-�1�.�0�8� 

�w�h�e�r�e� 

�2�b� �=� �b�e�d� �l�o�a�d� �t�r�a�n�s�p�o�r�t� �r�a�t�e�,� �g�/�s�-�c�m� 
�Z�e� �=� �g�r�a�v�i�t�a�t�i�o�n�a�l� �c�o�n�s�t�a�n�t�,� �9�8�0� �c�m�/�s �� 

�R�,� �=� �s�p�a�c�i�n�g� �h�y�d�r�a�u�l�i�c� �r�a�d�i�u�s�,� �c�m� 
�d�,� �=� �p�a�r�t�i�c�l�e� �d�i�a�m�e�t�e�r�,� �c�m� 

�S� �=� �s�l�o�p�e� �o�f� �t�h�e� �f�i�l�t�e�r� 
�%�s� �=� �s�e�d�i�m�e�n�t� �d�e�n�s�i�t�y�,� �g�/�c�m�?� 
�Y� �=� �w�a�t�e�r� �d�e�n�s�i�t�y�,� �g�/�c�m �� 

�T� 
�O�E� �=� �t�r�a�n�s�p�o�r�t� �p�a�r�a�m�e�t�e�r� 

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

�£�,� �=� �2�,�7�:� �C�O�A�R�S�E� �(�1�4�6�)� 

�w�h�e�r�e� 
�Q�u� �=� �c�o�a�r�s�e� �s�i�z�e�d� �l�o�a�d� �r�a�t�e� �i�n�t�o� �t�h�e� �f�i�l�t�e�r�,� �g�/�s�-�c�m� 
�g�r� �=� �t�o�t�a�l� �i�n�f�l�o�w� �l�o�a�d� �r�a�t�e�,� �g�/�s�-�c�m� 
�C�O�A�R�S�E�=� �f�r�a�c�t�i�o�n� �o�f� �m�a�s�s� �g�r�e�a�t�e�r� �t�h�a�n� �3�7� 
�T�h�e� �t�r�a�p� �e�f�f�i�c�i�e�n�c�y� �o�f� �t�h�e� �w�e�d�g�e� �i�s� �c�a�l�c�u�l�a�t�e�d� �a�s�:� 

 ��_� �g�u� �Z�Z� �g�p� �T�,� �= � �� �.�_� �C�O�A�R�S�E� �(�1�4�7�)� �w� 

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

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

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

�S�,� �=�5�.�-�S� �(�1�4�8�)� 

�w�h�e�r�e� 
�S�w� �=� �w�e�d�g�e� �s�l�o�p�e� 
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� � 

� � 
�B�L�Z�=� �_� �b�e�d� �l�o�a�d� �z�o�n�e� �(�s�e�d�i�m�e�n�t� �w�e�d�g�e�)� �d�i� 

�S�L�Z�=� �s�u�s�p�e�n�d�e�d� �l�o�a�d� �z�o�n�e� �g�w� 
�X�(�t�)�=�  ��_� �l�e�n�g�t�h� �o�f� �t�h�e� �w�e�d�g�e� �d�w� 
�L�(�t�)� �=�  �� �s�u�s�p�e�n�d�e�d� �l�o�a�d� �z�o�n�e� �l�e�n�g�t�h� �2�p� 

�L�T� �=� �_� �v�e�g�e�t�a�t�i�v�e� �f�i�l�t�e�r� �s�t�r�i�p� �l�e�n�g�t�h� �d�b� 
�H� �=� �_� �m�e�d�i�a� �h�e�i�g�h�t� �d�a� 

�G�,� �=� �a�v�e�r�a�g�e� �s�p�a�c�i�n�g� �b�e�t�w�e�e�n� �g�r�a�s�s� �e�l�e�m�e�n�t�s� �9�g�,� 
�S�.� �=� �c�h�a�n�n�e�l� �s�l�o�p�e� �d�o� 
�g�i� �=� �l�o�a�d� �r�a�t�e� �a�t� �t�h�e� �t�o�p� �o�f� �t�h�e� �w�e�d�g�e� �f�a�c�e� 

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

�F�i�g�u�r�e� �2�.� �S�e�d�i�m�e�n�t� �d�e�p�o�s�i�t�i�o�n� �p�a�t�t�e�r�n� �i�n� �a� �g�r�a�s�s� �f�i�l�t�e�r� �(�a�f�t�e�r� �W�i�l�s�o�n� �e�t� �a�l�.�,� �1�9�8�1�)� 
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�I�f� �t�h�e� �w�e�d�g�e� �h�e�i�g�h�t� �i�s� �l�e�s�s� �t�h�a�n� �t�h�e� �g�r�a�s�s� �h�e�i�g�h�t�,� �a� �t�r�i�a�n�g�u�l�a�r� �s�h�a�p�e�d� �g�e�o�m�e�t�r�y� �i�s� �u�s�e�d�.� �T�h�e� 

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

�h�s� �2�:�(�g�,�  ��g�,�)�S�,�°�S� �Z�,� �~�(� �F�B�S�.�.�.� �(�1�4�9�)� 
�Y�a�p� �°� �(�S�,� �+� �S�,�)� 

�a�n�d� 

�h�s� �2�-�(�g�,� �- ��g�,�)�:�S� �X�,�,� �=�|� �2�b� �7�8�)� �S�s�.� �A�t�a� �x�?� �(�1�5�0�)� 
�V�x�  ��S�y� �(�S�,� �+�S�.�)� 

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

�Z�;� �=� �i�n�i�t�i�a�l� �s�e�d�i�m�e�n�t� �h�e�i�g�h�t�,� �c�m� 
�A�t� �=� �t�i�m�e� �i�n�c�r�e�m�e�n�t� �o�f� �t�h�e� �i�n�f�l�o�w� �s�e�d�i�m�e�n�t�g�r�a�p�h�,� �s� 
�V�s�b� �=� �b�u�l�k� �s�p�e�c�i�f�i�c� �m�a�s�s� �(�o�r� �d�e�n�s�i�t�y�)� �o�f� �d�e�p�o�s�i�t�e�d� �s�e�d�i�m�e�n�t�,� �g�/�c�m �� 
�X�r� �=� �f�i�n�a�l� �d�o�w�n�s�l�o�p�e� �d�i�s�t�a�n�c�e�,� �c�m� 

�X�i� �=� �i�n�i�t�i�a�l� �w�e�d�g�e� �l�e�n�g�t�h�,� �c�m� 

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

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

�c�a�l�c�u�l�a�t�e�d� �b�y�:� 

�X�,�,� �=�e� �8� �A�t�e� �X�,�,� �(�1�5�1�)� 
�H�-�Y�¥�.�,� 

�w�h�e�r�e� �H� �i�s� �t�h�e� �h�e�i�g�h�t� �o�f� �t�h�e� �g�r�a�s�s� �s�t�e�m�s�.� 

�S�u�s�p�e�n�d�e�d� �L�o�a�d� �Z�o�n�e� 

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

�(�F�i�g�u�r�e� �3�)�.� �I�n� �t�h�i�s� �z�o�n�e� �t�h�e� �k�e�y� �s�e�d�i�m�e�n�t�o�l�o�g�y� �r�e�l�a�t�i�o�n�s�h�i�p� �i�s� �b�a�s�e�d� �o�n� �t�w�o� �d�i�m�e�n�s�i�o�n�l�e�s�s� �p�a�r�a�m�e�t�e�r�s�,� �t�h�e� 

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

�e�x�p�e�r�i�m�e�n�t�a�l� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �p�a�r�t�i�c�l�e� �m�o�v�e�m�e�n�t� �a�b�o�v�e� �t�h�e� �c�h�a�n�n�e�l� �(�T�o�l�l�n�e�r� �e�t� �a�l�.�,� �1�9�7�6�)�.� 

�R�e�y�n�o�l�d�s� �n�u�m�b�e�r� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�:� 

�R� �= ��* ��=� �(�1�5�2�)� � � 

�w�h�e�r�e� 

�V�s� �=� �f�l�u�i�d� �v�e�l�o�c�i�t�y�,� �c�m�/�s� 
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�R�,� �=� �s�p�a�c�i�n�g� �h�y�d�r�a�u�l�i�c� �r�a�d�i�u�s�,� �c�m� 
�v� �=� �k�i�n�e�m�a�t�i�c� �v�i�s�c�o�s�i�t�y� �=� �0�.�0�0�8�9�5� �c�m ��/�s� �i�n� �S�E�D�I�M�O�T� �I�I� 

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

�N�,� �=� �L�(�t�)�-�@�,� �(�1�5�3�)� 

�W�i� 
�w�h�e�r�e� 

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

�T�o�l�i�n�e�r� �e�t� �a�l�.� �(�1�9�7�6�)� �p�e�r�f�o�r�m�e�d� �a� �r�e�g�r�e�s�s�i�o�n� �a�n�a�l�y�s�i�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �p�r�o�p�e�r� �r�e�l�a�t�i�o�n�s�h�i�p� 

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

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

� � �0�.�0�0�1�0�5� �R�S� 
�T� �=�e�  �� �(�1�5�4�)� 

�w�h�e�r�e� 

�T�,� �=� �t�r�a�p�p�i�n�g� �e�f�f�i�c�i�e�n�c�y� �o�f� �s�u�s�p�e�n�d�e�d� �s�e�d�i�m�e�n�t� 
�R�,� �=� �R�e�y�n�o�l�d�s� �n�u�m�b�e�r� 
�N�y� �=� �p�a�r�t�i�c�l�e� �f�a�l�l� �n�u�m�b�e�r� 

�I�n� �G�R�A�S�S�F� �t�h�e� �t�r�a�p� �e�f�f�i�c�i�e�n�c�y� �o�f� �s�u�s�p�e�n�d�e�d� �s�e�d�i�m�e�n�t� �i�s� �c�a�l�c�u�l�a�t�e�d� �w�i�t�h� �e�q�u�a�t�i�o�n� �(�1�5�4�)� �f�o�r� �c�o�a�r�s�e� 

�s�i�z�e�d� �p�a�r�t�i�c�l�e�s� �(�d�i�a�m�e�t�e�r� �g�r�e�a�t�e�r� �t�h�a�n� �3�7� �1�)�;� �m�e�d�i�u�m� �s�i�z�e�d� �p�a�r�t�i�c�l�e�s� �(�d�i�a�m�e�t�e�r� �b�e�t�w�e�e�n� �3�7� �w�y� �a�n�d� �4� 

�m�i�c�r�o�n�s�)�,� �a�n�d� �f�i�n�e� �s�i�z�e�d� �p�a�r�t�i�c�l�e�s� �(�l�e�s�s� �t�h�a�n� �4� �1�)�.� �T�h�e� �o�n�l�y� �p�a�r�a�m�e�t�e�r� �t�h�a�t� �c�h�a�n�g�e�s� �i�n� �t�h�e� �e�q�u�a�t�i�o�n� �f�r�o�m� 

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

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

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

�c�o�a�r�s�e� �p�a�r�t�i�c�l�e�s� �d�e�p�e�n�d�s� �o�n� �t�h�e� �c�o�a�r�s�e� �p�a�r�t�i�c�l�e�s� �s�i�z�e� �d�i�s�t�r�i�b�u�t�i�o�n�.� �A� �d�i�a�m�e�t�e�r� �o�f� �1�2� �1� �w�a�s� �c�h�o�s�e�n� �a�s� 

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

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

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

�c�a�l�c�u�l�a�t�e�d� �b�y�:� 

�g�,� �=� �2�,� �+� �F�M�E�D� �-�g�,� �+� �F�F�I�N�E�:� �g�,� �(�1�5�5�)� 
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�L�e�g�e�n�d� 

�L�i�p�)� �=� 

�B�o� 

�p�b� 

�S�o� 

�Q�o� 

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

� � 

�u�n�d�i�s�t�u�r�b�e�d� �s�o�i�l� 
�L�(�t�)� 

�s�u�s�p�e�n�d�e�d� �b�e�d� �l�o�a�d� �z�o�n�e� �l�e�n�g�t�h� �Q�a� �=� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �t�h�e� �l�o�a�d� �r�a�t�e� �i�n� �t�h�e� 
�s�u�s�p�e�n�d�e�d� �l�o�a�d� �z�o�n�e� 

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

�b�e�d� �l�o�a�d� �t�r�a�n�s�p�o�r�t� �r�a�t�e� �a�t� �t�h�e� �b�a�s�e� �o�f� �t�h�e� �g�,� �=� �t�o�t�a�l� �m�a�s�s� �r�a�t�e� �i�n�t�o� �t�h�e� �s�u�s�p�e�n�d�e�d� �l�o�a�d� 
�w�e�d�g�e� �z�o�n�e� 
�f�l�u�i�d� �d�i�s�c�h�a�r�g�e� �a�t� �t�h�e� �b�a�s�e� �o�f� �t�h�e� �w�e�d�g�e� �Q�O�;� �=� �p�a�r�t�i�c�l�e� �s�e�t�t�l�i�n�g� �v�e�l�o�c�i�t�y� 
�l�o�a�d� �r�a�t�e� �a�t� �t�h�e� �o�u�t�l�e�t� �o�f� �t�h�e� �V�F�S� �V�;�=� �f�l�u�i�d� �v�e�l�o�c�i�t�y� 
�f�l�u�i�d� �d�i�s�c�h�a�r�g�e� �a�t� �t�h�e� �o�u�t�l�e�t� �o�f� �t�h�e� �V�F�S� 

�F�i�g�u�r�e� �3�.� �S�u�s�p�e�n�d�e�d� �l�o�a�d� �z�o�n�e� �(�a�f�t�e�r� �W�i�l�s�o�n� �e�t� �a�l�.�,� �1�9�8�1�)� 
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�w�h�e�r�e� 

�w�h�e�r�e� 

�w�h�e�r�e� 

�g�r� �=� �t�o�t�a�l� �i�n�f�l�o�w� �l�o�a�d� �r�a�t�e�,� �g�/�s�-�c�m� 
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�2�0�°� �=� �o�u�t�f�l�o�w� �l�o�a�d� �r�a�t�e� �f�o�r� �t�h�e� �j� �t�i�m�e� �i�n�c�r�e�m�e�n�t�,� �g�/�s�-�c�m� 

�R�u�n�o�f�f� �H�y�d�r�o�g�r�a�p�h� 

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

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

�l�o�s�s�e�s�.� �I�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �s�t�u�d�i�e�s� �u�s�e�d� �i�n� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �G�R�A�S�S�F�,� �r�u�n�o�f�f� �w�a�s� �m�e�a�s�u�r�e�d� �a�t� �t�h�e� �i�n�l�e�t� 

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

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

�(�W�i�l�s�o�n� �e�t� �a�.�,� �1�9�8�1�)�:� 

�q�,� �=�4�,�;� �+� �X�(�t�)� �a�o�t� �(�1�6�9�)� 
�T� 
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�w�h�e�r�e� 

�q�b� �=� �f�l�u�i�d� �d�i�s�c�h�a�r�g�e� �a�t� �t�h�e� �b�a�s�e� �o�f� �t�h�e� �w�e�d�g�e�,� �c�m�?�/�s�-�c�m� 
�d�i� �=� �f�l�u�i�d� �d�i�s�c�h�a�r�g�e� �a�t� �t�h�e� �i�n�l�e�t� �o�f� �t�h�e� �V�F�S�,� �c�m�?�/�s�-�c�m� 

�d�o� �=� �f�l�u�i�d� �d�i�s�c�h�a�r�g�e� �a�t� �t�h�e� �o�u�t�l�e�t� �o�f� �t�h�e� �V�F�S�,� �c�m�°�/�s�-�c�m� 
�L�y� �=� �v�e�g�e�t�a�t�i�v�e� �f�i�l�t�e�r� �s�t�r�i�p� �l�e�n�g�t�h�,� �c�m� 

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

�_� �q�d�,� �+�q�,� �(�1�7�0�)� 
�2� �q�a� 

�G�R�A�P�H� 

�G�R�A�S�S�F� �w�a�s� �u�s�e�d� �t�o� �d�e�s�c�r�i�b�e� �r�u�n�o�f�f� �a�n�d� �s�e�d�i�m�e�n�t� �t�r�a�n�s�p�o�r�t� �i�n� �G�R�A�s�s�-�P�H�o�s�p�h�o�r�u�s� �m�o�d�e�l�,� 

�G�R�A�P�H�,� �(�L�e�e�,� �1�9�8�7�)�,� �a�n� �e�v�e�n�t�-�b�a�s�e�d� �m�o�d�e�l� �t�h�a�t� �d�e�s�c�r�i�b�e�s� �d�i�s�s�o�l�v�e�d� �a�n�d� �s�e�d�i�m�e�n�t�-�b�o�u�n�d� �P� �t�r�a�n�s�p�o�r�t� �i�n� 

�s�u�r�f�a�c�e� �r�u�n�o�f�f� �i�n� �a� �g�r�a�s�s� �b�u�f�f�e�r�.� �G�R�A�S�S�F� �w�a�s� �m�o�d�i�f�i�e�d� �t�o� �i�n�c�o�r�p�o�r�a�t�e� �a� �t�i�m�e�-�v�a�r�y�i�n�g� �i�n�f�i�l�t�r�a�t�i�o�n� �e�q�u�a�t�i�o�n�.� 

�T�h�e� �i�n�p�u�t� �d�a�t�a� �r�e�q�u�i�r�e�d� �b�y� �G�R�A�P�H� �i�n�c�l�u�d�e�:� �r�a�i�n�f�a�l�l� �i�n�t�e�n�s�i�t�y� �a�n�d� �d�u�r�a�t�i�o�n�,� �i�n�f�l�o�w� �h�y�d�r�o�g�r�a�p�h�,� �s�e�d�i�m�e�n�t� 

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

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

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

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

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

�s�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �o�f� �P� �m�o�v�e�m�e�n�t� �d�u�r�i�n�g� �o�v�e�r�l�a�n�d� �f�l�o�w� �(�L�e�e� �e�t� �a�l�.�,� �1�9�8�9�)�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n� 

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

�y� �S�A�G�O� �s�i�r�a�y�e�y�:� �K�,�]�:�C�t�+�y�-�X�(�t�.�C�.�s�)�-�Y�(�)�-�Z�(�q�.�)�=�0� �a�7�)� 
�w�h�e�r�e� 

�=� �w�a�t�e�r� �d�e�p�t�h�,� �c�m� 
�=� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �d�i�s�s�o�l�v�e�d� �c�h�e�m�i�c�a�l� �P�,� �j�4�g�/�c�m�?�-�m�i�n� 
�=� �i�n�f�i�l�t�r�a�t�i�o�n� �r�a�t�e�,� �c�m�?�/�c�m�?�-�m�i�n� 
�=� �f�i�r�s�t� �o�r�d�e�r� �b�i�o�l�o�g�i�c�a�l� �u�p�t�a�k�e� �r�a�t�e�,� �1�/�m�i�n� 
�=� �r�u�n�o�f�f� �d�i�s�c�h�a�r�g�e� �p�e�r� �u�n�i�t� �c�h�a�n�n�e�l� �w�i�d�t�h�,� �c�m�*�/�c�m�-�m�i�n� 
�=� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �s�e�d�i�m�e�n�t�-�b�o�u�n�d� �f�o�r�m�,� �g�/�g� �s�e�d�i�m�e�n�t� 
�=� �y�A�V�=� �c�o�n�t�r�o�l� �v�o�l�u�m�e�,� �c�m�?�/�c�m� 
�=� �a�d�s�o�r�p�t�i�o�n� �o�n� �s�e�d�i�m�e�n�t�,� �g�/�c�m ��-�m�i�n� 
�=� �i�n�p�u�t� �f�r�o�m� �r�a�i�n�f�a�l�l�,� �p�g�/�c�m�?�-�m�i�n� 
�=� �n�u�t�r�i�e�n�t� �e�x�c�h�a�n�g�e� �w�i�t�h� �t�h�e� �l�a�n�d� �s�u�r�f�a�c�e�,� �g�/�c�m�?�-�m�i�n� 
�=� �d�o�w�n�s�t�r�e�a�m� �d�i�s�t�a�n�c�e�,� �c�m� 
�=� �t�i�m�e�,� �m�i�n� 
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� � � � 

� � � � � � 
�P� �i�n� �s�o�u�r�c�e� �a�r�e�a�s� �W�a�t�e�r� �s�o�l�u�b�l�e� �P� �W�a�t�e�r� �i�n�s�o�l�u�b�l�e� �P� 

� � � � � � 
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� � 

� � � � � � 
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� � � � 

� � 

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

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

�D�e�s�o�r�p�t�i�o�n� 

� � 
� � � � � � � � 

�T�r�a�p�p�i�n�g� �p�r�o�c�e�s�s�e�s� �f�i�l�t�r�a�t�i�o�n� �A�d�s�o�r�p�t�i�o�n� �D�e�p�o�s�i�t�i�o�n� 

�U�p�t�a�k�e� �L� 

�P� �i�n� �s�i�n�k� �a�r�e�a�s� �S�o�l�u�t�i�o�n� �P� �B�i�o�t�i�c� �P� �S�o�i�l� �P� �S�e�d�i�m�e�n�t� �P� 
� � � � � � � � � � � � � � � � 

� � � � � � � � 

�F�i�g�u�r�e� �4�.� �S�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �o�f� �P� �m�o�v�e�m�e�n�t� �d�u�r�i�n�g� �o�v�e�r�l�a�n�d� �f�l�o�w� �(�a�f�t�e�r� �L�e�e�,� �1�9�8�7�)� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W



�T�h�e� �t�r�a�n�s�p�o�r�t� �o�f� �s�e�d�i�m�e�n�t�-�b�o�u�n�d� �P� �w�a�s� �e�s�t�i�m�a�t�e�d� �w�i�t�h� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n� �(�L�e�e�,� �1�9�8�7�)�:� 

� � 

�a�t� �O�x� 
�w�h�e�r�e� 

�f�,� �=� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �e�a�c�h� �p�a�r�t�i�c�l�e� �c�l�a�s�s� �p�e�r� �u�n�i�t� �v�o�l�u�m�e� �o�f� �r�u�n�o�f�f�,� �g�/�c�m�?� 
�S�x� �=� �P� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �e�a�c�h� �p�a�r�t�i�c�l�e� �s�i�z�e� �c�l�a�s�s� �a�t� �t�i�m�e� �t�,� �1�g� �o�f� �P�/�g� �o�f� �s�e�d�i�m�e�n�t� 

�R�y� �=� �a�d�d�i�t�i�o�n� �o�f� �s�o�l�i�d�s� �f�r�o�m� �r�a�i�n�f�a�l�l�,� �g�/�c�e�m ��-�m�i�n� 
�S�x� �=� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �i�n� �p�a�r�t�i�c�l�e�s� �i�n� �r�a�i�n� �w�a�t�e�r�,� �g�/�g� 
�B�,� �=� �a�d�d�i�t�i�o�n� �o�f� �s�o�l�i�d�s� �d�u�e� �t�o� �d�e�t�a�c�h�m�e�n�t� �f�r�o�m� �l�a�n�d� �s�u�r�f�a�c�e�,� �g�/�c�m�?�-�m�i�n� 
�S�h�x� �=� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �i�n� �d�e�t�a�c�h�e�d� �s�o�i�l� �p�a�r�t�i�c�l�e�s�,� �u�g�/�g� 
�D�,� �=� �d�e�p�o�s�i�t�i�o�n� �o�f� �s�e�d�i�m�e�n�t�,� �g�/�c�m�-�m�i�n� 

�S�u�m�m�a�r�y� �o�f� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� 

�T�h�e� �f�o�u�r� �m�a�j�o�r� �t�o�p�i�c�s� �t�h�a�t� �h�a�v�e� �b�e�e�n� �r�e�v�i�e�w�e�d� �i�n� �t�h�i�s� �c�h�a�p�t�e�r� �w�e�r�e�:� �p�r�e�v�i�o�u�s� �V�F�S� �r�e�s�e�a�r�c�h�,� �N� 

�d�y�n�a�m�i�c�s� �i�n� �V�F�S�s�,� �h�y�d�r�o�l�o�g�y� �o�f� �V�F�S�s�,� �a�n�d� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� �G�R�A�S�S�F� �a�n�d� �G�R�A�P�H� �m�o�d�e�l�s�.� �T�h�e� 

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

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

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

�w�a�s�t�e� �a�n�d� �f�e�w� �a� �h�a�v�e� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �e�f�f�i�c�i�e�n�c�y� �o�f� �V�F�S�s� �i�n� �t�r�a�p�p�i�n�g� �N� �d�e�r�i�v�e�d� �f�r�o�m� �c�r�o�p�l�a�n�d� �(�T�a�b�l�e� �3�)�.� 

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

�g�r�o�u�p� �i�m�p�l�e�m�e�n�t�e�d� �d�i�f�f�e�r�e�n�t� �e�x�p�e�r�i�m�e�n�t�a�l� �d�e�s�i�g�n�s�:� �t�r�e�a�t�e�d� �a�r�e�a�,� �V�F�S�s� �l�e�n�g�t�h�,� �d�u�r�a�t�i�o�n� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�,� 

�n�u�m�b�e�r� �o�f� �e�v�e�n�t�s� �m�o�n�i�t�o�r�e�d�,� �a�n�d� �t�y�p�e� �o�f� �w�a�s�t�e� �o�r� �f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�e�d� �t�o� �t�h�e� �t�r�e�a�t�e�d� �a�r�e�a� �(�T�a�b�l�e� �3�)�,� �a�l�l� �t�h�e� 

�g�r�o�u�p�s� �t�h�a�t� �a�n�a�l�y�z�e�d� �T�S�S� �a�n�d� �T�K�N� �i�n� �r�u�n�o�f�f� �f�r�o�m� �V�F�S�s� �f�o�u�n�d� �t�h�a�t� �V�F�S�s� �w�e�r�e� �e�f�f�e�c�t�i�v�e� �i�n� �r�e�t�a�i�n�i�n�g� �T�S�S� 

�a�n�d� �T�K�N�.� �C�o�n�t�r�a�d�i�c�t�o�r�y� �r�e�s�u�l�t�s� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �r�e�g�a�r�d�i�n�g� �V�F�S� �t�r�a�p�p�i�n�g� �o�f� �N�O�3�-�N� �a�n�d� �N�H�,�°�-�N� �f�r�o�m� 

�a�n�i�m�a�l� �w�a�s�t�e�.� �W�h�i�l�e� �Y�o�u�n�g� �e�t� �a�l�.� �(�1�9�8�0�)�,� �D�i�l�l�a�h�a� �e�t� �a�l�.� �(�1�9�8�8�)�,� �a�n�d� �C�h�a�u�b�e�y� �e�t� �a�l�.� �(�1�9�9�3�)� �r�e�p�o�r�t�e�d� �t�h�a�t� 

�V�F�S�s� �r�e�l�e�a�s�e� �N�O�;�3�-�N�,� �D�o�y�l�e� �e�t� �a�l�.� �(�1�9�7�7�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �V�F�S�s� �d�e�c�r�e�a�s�e�d� �o�r� �d�i�d� �n�o�t� �a�f�f�e�c�t� �N�O�3�-�N�.� �W�h�i�l�e� 

�D�o�y�l�e� �e�t� �a�l�.� �(�1�9�7�7�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �V�F�S�s� �r�e�l�e�a�s�e� �N�H�,�*�-�N�,� �C�h�a�u�b�e�y� �e�t� �a�l�.� �(�1�9�9�3�)� �r�e�p�o�r�t�e�d� �t�h�e� �o�p�p�o�s�i�t�e�.� �I�t� �h�a�s� 

�b�e�e�n� �h�y�p�o�t�h�e�s�i�z�e�d� �t�h�a�t� �t�h�e� �m�i�n�e�r�a�l�i�z�a�t�i�o�n� �o�f� �p�r�e�v�i�o�u�s�l�y� �t�r�a�p�p�e�d� �o�r�g�-�N� �i�s� �t�h�e� �o�r�i�g�i�n� �o�f� �t�h�e� �N�O�;�-�N� �r�e�l�e�a�s�e�d� 

�b�y� �t�h�e� �V�F�S�s�.� �R�e�s�e�a�r�c�h� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �V�F�S�s� �a�r�e� �e�f�f�e�c�t�i�v�e� �i�n� �t�r�a�p�p�i�n�g� �N�O�;�-�N� �a�n�d� �N�H�, ��-�N� �f�r�o�m� �f�e�r�t�i�l�i�z�e�r� 

�(�T�a�b�l�e� �3�)�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�e�a�r�c�h� �o�n� �V�F�S�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t�:� �t�h�e� �l�a�r�g�e�r� �t�h�e� �r�a�t�i�o� �o�f� �V�F�S� �t�o� �s�o�u�r�c�e� �a�r�e�a�,� 

�t�h�e� �l�a�r�g�e�r� �t�h�e� �t�r�a�p�p�i�n�g� �o�f� �p�o�l�l�u�t�a�n�t�s� �i�n� �t�h�e� �f�i�l�t�e�r� �(�B�i�g�h�a�m� �e�t� �a�l�.�,� �1�9�8�0�)�;� �V�F�S� �e�f�f�e�c�t�i�v�e�n�e�s�s� �d�e�c�r�e�a�s�e�s� �a�s� �t�h�e� 

�n�u�m�b�e�r� �o�f� �r�u�n�o�f�f� �e�v�e�n�t�s� �i�n�c�r�e�a�s�e�s� �(�M�a�g�e�t�t�e� �e�t� �a�l�.�,� �1�9�8�9�)�;� �V�F�S� �p�e�r�f�o�r�m�a�n�c�e� �r�e�g�a�r�d�i�n�g� �n�u�t�r�i�e�n�t� �t�r�a�p�p�i�n�g� �i�s� 

�h�i�g�h�l�y� �v�a�r�i�a�b�l�e� �(�M�a�g�e�t�t�e� �e�t� �a�l�.�,� �1�9�8�9�)�;� �h�i�g�h�e�r� �r�a�i�n�f�a�l�l� �i�n�t�e�n�s�i�t�i�e�s� �i�n�c�r�e�a�s�e� �T�K�N� �a�n�d� �N�H�,�*�-�N� �m�a�s�s� �l�o�s�s�e�s� �a�s� 

�d�o�e�s� �a� �h�i�g�h�e�r� �f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�c�a�t�i�o�n� �r�a�t�e� �(�E�d�w�a�r�d�s� �a�n�d� �D�a�n�i�e�l�,� �1�9�9�2�)�;� �a�n�d� �V�F�S�s� �a�r�e� �m�o�r�e� �e�f�f�e�c�t�i�v�e� �i�n� 
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�r�e�m�o�v�i�n�g� �p�o�l�l�u�t�a�n�t�s� �f�r�o�m� �r�u�n�o�f�f� �i�f� �f�l�o�w� �t�h�r�o�u�g�h� �t�h�e� �V�F�S� �i�s� �s�l�o�w� �a�n�d� �s�h�a�l�l�o�w� �(�L�e�e� �e�t� �a�l�.�,� �1�9�8�9�;� �D�i�l�l�a�h�a� �e�t� 

�a�l�.�,� �1�9�8�9�b�)�.� 

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

�e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �V�F�S� �i�n� �t�r�a�p�p�i�n�g� �N� �f�o�r�m�s� �d�e�r�i�v�e�d� �f�r�o�m� �a�n�i�m�a�l� �w�a�s�t�e� �a�n�d� �f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�c�a�t�i�o�n�.� �Q�u�e�s�t�i�o�n�s� 

�n�e�e�d�i�n�g� �a�n�s�w�e�r�s� �i�n�c�l�u�d�e�:� �W�h�y� �d�o� �V�F�S�s� �s�o�m�e�t�i�m�e�s� �r�e�l�e�a�s�e� �N�O�3� �-�N�?� �D�o�e�s� �t�h�e� �t�r�a�p�p�i�n�g� �o�f� �N� �f�o�r�m�s� �i�n� �V�F�S�s� 

�d�e�c�r�e�a�s�e� �o�v�e�r� �t�i�m�e�?� �W�h�i�c�h� �i�s� �t�h�e� �m�i�n�i�m�u�m� �r�a�t�i�o� �o�f� �V�F�S� �a�r�e�a� �t�o� �f�e�r�t�i�l�i�z�e�d� �c�r�o�p�l�a�n�d�,� �t�h�a�t� �a�l�l�o�w�s� �t�h�e� �f�i�l�t�e�r� 

�t�o� �r�e�t�a�i�n� �m�o�s�t� �o�f� �t�h�e� �|� �i�n�f�l�u�e�n�t�_�N�?� �S�i�n�c�e� �t�h�e� �f�i�r�s�t� �a�n�d� �t�h�e� �s�e�c�o�n�d� �q�u�e�s�t�i�o�n�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� 

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

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

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

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

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

�V�F�S� �m�o�d�e�l�s� �t�h�a�t� �e�x�i�s�t� �w�e�r�e� �r�e�v�i�e�w�e�d�.� �A�t� �t�h�e� �t�i�m�e� �t�h�i�s� �r�e�s�e�a�r�c�h� �w�a�s� �s�t�a�r�t�e�d� �i�n� �1�9�9�0�,� �s�e�d�i�m�e�n�t� �m�o�v�e�m�e�n�t� 

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

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

�G�R�A�S�S�F� �m�o�d�e�l� �(�H�a�y�e�s�,� �1�9�7�9�;� �B�a�r�f�i�e�l�d� �a�n�d� �H�a�y�e�s�,� �1�9�8�0�)�.� �S�e�d�i�m�e�n�t�-�b�o�u�n�d� �a�n�d� �d�i�s�s�o�l�v�e�d� �P� �t�r�a�n�s�p�o�r�t� �i�n� 

�r�u�n�o�f�f� �h�a�d� �a�l�s�o� �b�e�e�n� �s�t�u�d�i�e�d� �(�L�e�e�,� �1�9�8�7�)� �a�n�d� �G�R�A�S�S�F� �w�a�s� �m�o�d�i�f�i�e�d� �t�o� �i�n�c�o�r�p�o�r�a�t�e� �c�h�e�m�i�c�a�l� �t�r�a�n�s�p�o�r�t�.� �I�n� 

�1�9�9�3�,� �a� �m�o�d�e�l� �w�a�s� �d�e�v�e�l�o�p�e�d� �t�o� �d�e�s�c�r�i�b�e� �r�u�n�o�f�f� �r�o�u�t�i�n�g� �i�n� �a� �f�i�l�t�e�r� �(�M�u�f�i�o�z�-�C�a�r�p�e�n�a�,� �1�9�9�3�)�.� �U�s�i�n�g� �t�h�e� 

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

�m�o�v�e�m�e�n�t� �i�n�;� �a� �V�F�S� �(�C�h�a�u�b�e�y� �e�t� �a�l�.�,� �1�9�9�4� �a�n�d� �W�a�n�g� �e�t� �a�l�.�,� �1�9�9�4�)�.� �A� �c�o�n�t�i�n�u�o�u�s� �N� �m�o�d�e�l� �s�h�o�u�l�d� �d�e�s�c�r�i�b�e� 

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

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

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

�a�n�d� �P�a�r�k�e�r�,� �1�9�8�8�;� �W�a�t�t�s� �a�n�d� �H�a�n�k�s�,� �1�9�7�8�;� �H�u�w�e�r� �a�n�d� �v�a�n� �d�e�r� �P�l�o�e�g�,� �1�9�9�1�;� �a�n�d� �M�e�h�r�a�n� �e�t� �a�l�.�,� �1�9�8�1�)�.� 

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

�a�n�d� �B�o�r�a�h�,� �1�9�9�0�)�.� �P�l�a�n�t� �u�p�t�a�k�e� �h�a�s� �b�e�e�n� �m�o�d�e�l�e�d� �a�s� �t�h�e� �p�r�o�d�u�c�t� �o�f� �w�a�t�e�r� �u�p�t�a�k�e� �a�n�d� �N�O�;�-�N� �a�n�d� �N�H�,�"�-�N� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�e� �s�o�i�l� �(�K�n�i�s�e�l�,� �1�9�8�0�)�.� �N�i�t�r�a�t�e� �l�e�a�c�h�i�n�g� �h�a�s� �b�e�e�n� �m�o�d�e�l�e�d� �w�i�t�h� �t�h�e� �e�q�u�a�t�i�o�n�s� �t�h�a�t� 

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

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

�t�h�e� �s�o�i�l� �C� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�q�u�i�l�i�b�r�i�u�m� �b�e�t�w�e�e�n� �N�O�;�-�N�,� �N�H�,�"�-�N�,� �a�n�d� �o�r�g�-�N� �i�n� �t�h�e� �s�o�i�l�.� �T�o� 

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

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

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

�l�e�a�c�h�i�n�g� �a�n�d� �t�h�e�y� �r�a�r�e�l�y� �d�e�s�c�r�i�b�e� �t�h�e� �N� �l�o�s�s�e�s� �d�u�e� �t�o� �s�u�r�f�a�c�e� �r�u�n�o�f�f� �(�T�i�l�l�o�t�s�o�n� �a�n�d� �W�a�g�e�n�e�t�,� �1�9�8�2�;� �S�e�l�i�m� 
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�a�n�d� �I�s�k�a�n�d�a�r�,� �1�9�8�1�)�.� �T�h�e� �s�o�i�!� �w�a�t�e�r� �b�a�l�a�n�c�e� �b�e�t�w�e�e�n� �r�a�i�n�f�a�l�l� �e�v�e�n�t�s� �d�e�p�e�n�d�s� �o�n� �e�v�a�p�o�t�r�a�n�s�p�i�r�a�t�i�o�n� �a�n�d� 

�d�r�a�i�n�a�g�e�.� �R�i�t�c�h�i�e ��s� �m�e�t�h�o�d� �(�1�9�7�2�)�,� �b�a�s�e�d� �o�n� �P�e�n�m�a�n� �e�q�u�a�t�i�o�n�s�,� �f�o�r� �c�o�m�p�u�t�i�n�g� �e�v�a�p�o�t�r�a�n�s�p�i�r�a�t�i�o�n� �i�s� �u�s�e�d� 

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

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

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

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

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

�d�e�s�c�r�i�b�e� �w�a�t�e�r� �m�o�v�e�m�e�n�t� �i�n� �t�h�e� �s�o�i�l� �(�K�n�i�s�e�l� �e�t� �a�l�.�,� �1�9�9�3�)�.� 
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�C�H�A�P�T�E�R� �3� 

�E�X�P�E�R�I�M�E�N�T�A�L� �F�I�E�L�D� �S�T�U�D�Y� 

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

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

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

�N�O�;�-�N�,� �N�H�,�"�-�N�,� �T�o�t�a�l� �K�j�e�l�d�a�h�!� �N�i�t�r�o�g�e�n� �(�T�K�N�)�,� �a�n�d� �F�T�K�N� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�n�d� �y�i�e�l�d�s� �f�r�o�m� �V�F�S�s� �w�e�r�e� 

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

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

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

�w�a�s� �u�s�e�d� �t�o� �f�o�r�m�u�l�a�t�e� �a�n�d� �t�e�s�t� �a� �m�a�t�h�e�m�a�t�i�c�a�l� �m�o�d�e�l� �t�h�a�t� �d�e�s�c�r�i�b�e�s� �t�h�e� �l�o�n�g�-�t�e�r�m� �N� �d�y�n�a�m�i�c�s� �i�n� �V�F�S�s�.� 

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

�1�.� �R�u�n�o�f�f� �v�o�l�u�m�e� �o�f� �V�F�S� �e�f�f�l�u�e�n�t� �i�s� �l�e�s�s� �t�h�a�n� �t�h�e� �i�n�f�l�u�e�n�t� �v�o�l�u�m�e�.� 

�2�.� �S�e�d�i�m�e�n�t� �m�a�s�s� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �V�F�S� �e�f�f�l�u�e�n�t� �a�r�e� �l�e�s�s� �t�h�a�n� �t�h�e� �i�n�f�l�u�e�n�t� �s�e�d�i�m�e�n�t� �m�a�s�s� �a�n�d� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

�3�.� �E�f�f�l�u�e�n�t� �T�K�N� �m�a�s�s� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�r�e� �l�e�s�s� �t�h�a�n� �t�h�e� �i�n�f�l�u�e�n�t� �m�a�s�s� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

�4�,� �E�f�f�l�u�e�n�t� �N�O�;�-�N� �m�a�s�s� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�r�e� �l�e�s�s� �t�h�a�n� �t�h�e� �i�n�f�l�u�e�n�t� �N�O�;�-�N� �m�a�s�s� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�.�.� 

�5�.� �E�f�f�l�u�e�n�t� �N�H�,�*�-�N� �m�a�s�s� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�r�e� �l�e�s�s� �t�h�a�n� �t�h�e� �i�n�f�l�u�e�n�t� �N�H�,�*�-�N� �l�o�a�d�i�n�g� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

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

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

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

�t�r�e�a�t�m�e�n�t�s� �a�n�d� �2� �r�e�p�l�i�c�a�t�e�s� �p�e�r� �t�r�e�a�t�m�e�n�t�.� �T�h�e� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �3� �V�F�S� �l�e�n�g�t�h�s�:� �0�,� �4�.�2�7�,� �a�n�d� �8�.�5� �m� �V�F�S�s�.� 

�P�l�o�t�s� �C� �a�n�d� �F� �h�a�d� �0�m� �V�F�S�s�,� �B� �a�n�d� �D� �h�a�d� �4�.�2�7� �m� �V�F�S�s�,� �a�n�d� �A� �a�n�d� �E� �h�a�d� �8�.�5� �m� �V�F�S�s�.� 

�R�u�n�o�f�f� �s�a�m�p�l�e�s� �f�r�o�m� �s�t�o�r�m�s� �o�c�c�u�r�r�i�n�g� �i�n� �1�9�9�2� �a�n�d� �1�9�9�3� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �l�o�w�e�r� �e�d�g�e� �o�f� 

�t�h�e� �V�F�S�s� �a�n�d� �a�n�a�l�y�z�e�d� �f�o�r� �T�S�S�,� �N�O�;�-�N�,� �N�H�,�*�-�N�,� �T�K�N�,� �a�n�d� �F�T�K�N� �a�n�d� �t�h�e� �y�i�e�l�d�s� �a�n�d� �f�l�o�w� �w�e�i�g�h�t�e�d� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �p�e�r� �s�t�o�r�m� �w�e�r�e� �c�o�m�p�u�t�e�d�.� �D�i�s�t�r�i�b�u�t�i�o�n� �f�r�e�e�-�s�t�a�t�i�s�t�i�c�a�l� �t�e�s�t�s� �(�s�e�e� �S�t�a�t�i�s�t�i�c�a�l� �A�n�a�l�y�s�i�s� �s�e�c�t�i�o�n�)� 

�w�e�r�e� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�t�f�e�c�t� �o�f� �V�F�S� �l�e�n�g�t�h� �o�n� �s�e�d�i�m�e�n�t�,� �N�O�3�-�N�,� �N�H�,�*�-�N�,� �T�K�N�,� �a�n�d� �F�T�K�N� �y�i�e�l�d�s� 

�a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 

�S�i�t�e� �L�o�c�a�t�i�o�n�,� �P�l�o�t� �D�e�s�i�g�n�,� �a�n�d� �I�n�s�t�r�u�m�e�n�t�a�t�i�o�n� 

�T�h�e� �v�e�g�e�t�a�t�e�d� �f�i�l�t�e�r� �r�e�s�e�a�r�c�h� �w�a�s� �c�o�n�d�u�c�t�e�d� �a�t� �V�i�r�g�i�n�i�a� �T�e�c�h� �P�r�i�c�e�s� �F�o�r�k� �R�e�s�e�a�r�c�h� �F�a�r�m�,� �1�0� �k�m� 
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�w�e�s�t� �o�f� �B�l�a�c�k�s�b�u�r�g�,� �i�n� �M�o�n�t�g�o�m�e�r�y� �C�o�u�n�t�y�.� �T�h�e� �p�l�o�t�s� �w�e�r�e� �c�o�n�s�t�r�u�c�t�e�d� �i�n� �1�9�9�1� �a�n�d� �1�9�9�2�.� �T�h�e� 

�e�x�p�e�r�i�m�e�n�t� �c�o�n�s�i�s�t�e�d� �o�f� �s�i�x� �2�4�.�7� �m� �l�o�n�g� �a�n�d� �3�.�7� �m� �w�i�d�e� �p�l�o�t�s� �w�i�t�h� �e�i�t�h�e�r� �a� �0� �(�p�l�o�t�s� �C� �&� �F�)�,� �4�.�2�7� �(�p�l�o�t�s� �B� 

�&� �D�)�,� �o�r� �8�.�5� �m� �(�p�l�o�t�s� �A� �&� �E�)� �g�r�a�s�s� �f�i�l�t�e�r�.� �T�h�e� �d�i�m�e�n�s�i�o�n�s� �a�n�d� �l�a�y�o�u�t� �o�f� �t�h�e� �p�l�o�t�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.� 

�T�h�e� �p�l�o�t�s� �h�a�d� �a�n� �a�v�e�r�a�g�e� �s�l�o�p�e� �o�f� �1�8�%� �a�n�d� �a�n� �a�v�e�r�a�g�e� �c�r�o�s�s� �s�l�o�p�e� �o�f� �4�%�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �a�u�t�o�m�a�t�e�d� 

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

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

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

�R�u�n�o�f�f� �s�a�m�p�l�e� �c�o�l�l�e�c�t�i�o�n� �b�e�g�a�n� �o�n� �J�u�l�y� �6�,� �1�9�9�2�.� 

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

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

�g�u�t�t�e�r�.� �A� �p�l�a�s�t�i�c� �p�i�p�e� �c�o�n�n�e�c�t�e�d� �t�h�e� �g�u�t�t�e�r� �t�o� �a� �1�5�0� �m�m� �H�-�f�l�u�m�e� �(�w�i�t�h� �a� �1�:�8� �s�l�o�p�i�n�g� �a�p�p�r�o�a�c�h� �b�o�x�)�.� �T�h�e� 

�f�l�u�m�e� �s�t�a�g�e� �w�a�s� �r�e�c�o�r�d�e�d� �w�i�t�h� �a� �F�W�-�1� �s�t�a�g�e� �r�e�c�o�r�d�e�r� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �1� �t�u�r�n� �p�o�t�e�n�t�i�o�m�e�t�e�r� �(�5� �K�Q�,� �+�/�-� �5�%� 

�t�o�l�e�r�a�n�c�e�,� �+�/�-� �0�.�2�5�%� �l�i�n�e�a�r�i�t�y�,� �N�e�w�a�r�k� �E�l�e�c�t�r�o�n�i�c�s�!�)� �f�o�r� �f�l�o�w� �m�e�a�s�u�r�e�m�e�n�t�.� �T�h�e� �d�i�s�c�h�a�r�g�e� �f�r�o�m� �t�h�e� �f�l�u�m�e� 

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

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

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

�i�n�t�e�n�s�i�t�y� �w�a�s� �r�e�c�o�r�d�e�d� �u�s�i�n�g� �a� �t�i�p�p�i�n�g� �b�u�c�k�e�d� �t�y�p�e� �r�a�i�n�g�a�g�e� �(�m�o�d�e�l� �T�E� �5�2�5�,� �T�e�x�a�s� �E�l�e�c�t�r�o�n�i�c�s�)�.� �S�o�i�l� �a�n�d� 

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

�t�i�p�p�i�n�g� �b�u�c�k�e�t� �r�a�i�n�g�a�g�e� �w�e�r�e� �i�n�t�e�r�f�a�c�e�d� �w�i�t�h� �a� �C�R�1�0� �C�a�m�p�b�e�l�l� �S�c�i�e�n�t�i�f�i�c� �I�n�c�.�>� �d�a�t�a�l�o�g�g�e�r� �(�F�i�g�u�r�e� �B�.�1� �i�n� 

�A�p�p�e�n�d�i�x� �B�)�.� 

�A�l�l� �s�i�x� �s�a�m�p�l�e�r�s� �a�n�d� �t�h�e� �d�a�t�a�l�o�g�g�e�r� �w�e�r�e� �p�o�w�e�r�e�d� �b�y� �f�o�u�r� �d�e�e�p� �c�y�c�l�e� �1�2�V� �m�a�r�i�n�e� �b�a�t�t�e�r�i�e�s� 

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

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

�w�e�l�l� �i�n� �t�h�e� �c�o�l�d�.� 

�A�u�t�o�m�a�t�e�d� �R�u�n�o�f�f� �M�e�a�s�u�r�e�m�e�n�t� �a�n�d� �S�a�m�p�l�i�n�g� 

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

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

�c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �f�l�o�a�t� �a�n�d� �w�h�e�n� �t�h�e� �f�l�o�a�t� �m�o�v�e�d�,� �t�h�e� �w�i�p�e�r� �m�o�v�e�d� �t�o�o�.� �E�v�e�r�y� �3�0� �s�,� �t�h�e� �d�a�t�a�l�o�g�g�e�r� �s�e�n�t� �a� 

�2� �V� �p�u�l�s�e� �t�o� �t�h�e� �p�o�t� �a�n�d� �a�t� �t�h�e� �s�a�m�e� �t�i�m�e� �r�e�a�d� �t�h�e� �w�i�p�e�r� �v�o�l�t�a�g�e�.� �T�h�e� �C�R�1�0� �s�t�o�r�e�d� �t�h�i�s� �v�o�l�t�a�g�e� �r�e�a�d�i�n�g� 

� � 

�1� �N�e�w�a�r�k� �E�l�e�c�t�r�o�n�i�c�s�,� �8�1�0�0� �T�h�r�e�e� �C�h�o�p� �R�d�.� �R�i�c�h�m�o�n�d� �V�A� �2�3�2�9�-�4�8�3�3� 
�2� �T�e�x�a�s� �E�l�e�c�t�r�o�n�i�c�s�,� �P�.�O�.� �B�o�x� �7�2�2�5�,� �I�n�w�o�o�d� �S�t�a�t�i�o�n�,� �D�a�l�l�a�s�,� �T�e�x�a�s� �7�5�2�0�9�1� 
�3� �C�a�m�p�b�e�l�l� �S�c�i�e�n�t�i�f�i�c�,� �I�n�c�.�,� �P�.�O�.� �B�o�x� �5�5�1�,� �L�o�g�a�n� �U�T� �8�4�3�2�1� 

�E�X�P�E�R�I�M�E�N�T�A�L� �F�I�E�L�D� �S�T�U�D�Y� �7�5
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�F�i�g�u�r�e� �5�.� �E�x�p�e�r�i�m�e�n�t�a�l� �p�l�o�t�s� �l�a�y�o�u�t� 

�E�X�P�E�R�I�M�E�N�T�A�L� �F�I�E�L�D� �S�T�U�D�Y



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

�m�e�t� �t�h�e� �C�R�1�0� �p�r�o�g�r�a�m� �r�e�q�u�i�r�e�m�e�n�t�s�,� �t�h�e� �C�R�1�0� �s�e�n�t� �a� �v�o�l�t�a�g�e� �p�u�l�s�e� �t�o� �t�h�e� �s�a�m�p�l�e�r� �(�m�o�d�e�l� �I�S�C�O� �3�7�0�0�,� 

�I�s�c�o�,� �I�n�c�.�*� �)� �t�o� �i�n�i�t�i�a�t�e� �s�a�m�p�l�i�n�g�.� �F�i�g�u�r�e� �B�.�1� �s�h�o�w�s� �t�h�e� �s�c�h�e�m�e� �o�f� �t�h�e� �C�R�1�0� �c�h�a�n�n�e�l�s� �a�n�d� �s�p�e�c�i�f�i�e�s� �w�h�e�r�e� 

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

�s�a�m�p�l�e�r� �a�n�d� �t�h�e� �C�R�1�0�.� 

�T�h�e� �C�R�1�0� �w�a�s� �p�r�o�g�r�a�m�m�e�d� �t�h�r�e�e� �t�i�m�e�s�.� �F�r�o�m� �J�u�l�y� �t�o� �S�e�p�t�e�m�b�e�r�,� �1�9�9�2�,� �t�h�e� �d�a�t�a�l�o�g�g�e�r� �w�a�s� 

�p�r�o�g�r�a�m�m�e�d� �t�o� �s�e�n�d� �a� �p�u�l�s�e� �t�o� �t�h�e� �I�S�C�O� �3�7�0�0� �s�a�m�p�l�e�r� �i�f� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�w�o� �c�o�n�s�e�c�u�t�i�v�e� �r�e�a�d�i�n�g�s� �o�f� �a� 

�p�o�t� �w�a�s� �g�r�e�a�t�e�r� �t�h�a�n� �1�0� �m�v�,� �e�q�u�i�v�a�l�e�n�t� �t�o� �a� �r�i�s�e� �i�n� �w�a�t�e�r� �l�e�v�e�l� �o�f� �=� �0�.�3� �m�m�.� �D�u�r�i�n�g� �l�o�n�g� �d�u�r�a�t�i�o�n� �s�t�o�r�m�s�,� 

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

�r�e�p�r�o�g�r�a�m�m�e�d� �i�n� �S�e�p�t�e�m�b�e�r� �1�9�9�2� �t�o� �s�e�n�d� �a� �p�u�l�s�e� �t�o� �t�h�e� �I�S�C�O� �3�7�0�0� �s�a�m�p�l�e�r� �i�f� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�w�o� 

�c�o�n�s�e�c�u�t�i�v�e� �r�e�a�d�i�n�g�s� �o�f� �a� �p�o�t� �w�a�s� �g�r�e�a�t�e�r� �t�h�a�n� �1�0�0� �m�v� �o�r� �=� �3� �m�m�.� �I�t� �w�a�s� �l�a�t�e�r� �o�b�s�e�r�v�e�d� �t�h�a�t� �a� �3� �m�m� �r�i�s�e� 

�i�n� �s�t�a�g�e� �i�n� �a� �3�0�s� �i�n�t�e�r�v�a�l� �w�a�s� �t�o�o� �l�a�r�g�e� �a�n�d� �t�h�e� �C�R�1�0� �w�a�s� �r�e�p�r�o�g�r�a�m�m�e�d� �a�g�a�i�n� �o�n� �J�u�l�y� �9�,� �1�9�9�3�.� �T�h�e� �f�i�n�a�l� 

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

�t�h�e� �p�o�t� �r�e�f�e�r�e�n�c�e� �v�o�l�t�a�g�e� �a�n�d� �a� �p�o�t� �v�o�l�t�a�g�e� �w�a�s� �g�r�e�a�t�e�r� �t�h�a�n� �5�0� �m�V�,� �t�h�e� �C�R�1�0� �s�e�n�t� �a� �p�u�l�s�e� �t�o� �t�h�e� �I�S�C�O� 

�s�a�m�p�l�e�r� �t�o� �c�o�l�l�e�c�t� �a� �s�a�m�p�l�e� �a�n�d� �t�h�e� �C�R�1�0� �s�t�o�r�e�d� �t�h�a�t� �p�o�t� �v�o�l�t�a�g�e� �i�n� �p�l�a�c�e� �o�f� �t�h�e� �o�l�d� �r�e�f�e�r�e�n�c�e� �v�o�l�t�a�g�e� �a�n�d� 

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

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

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

�P�l�o�t� �M�a�n�a�g�e�m�e�n�t� 

�K�e�n�t�u�c�k�y� �3�1� �t�a�l�l� �f�e�s�c�u�e� �w�a�s� �s�e�e�d�e�d� �i�n� �t�h�e� �V�F�S� �i�n� �D�e�c�e�m�b�e�r� �1�9�9�1�.� �T�h�e� �s�e�e�d�s� �w�e�r�e� �c�o�v�e�r�e�d� �w�i�t�h� 

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

�p�l�a�n�t�e�d� �o�n� �t�h�e� �p�l�o�t�s� �u�n�t�i�l� �J�u�n�e� �1�8�,� �1�9�9�2�,� �a�b�o�u�t� �a� �m�o�n�t�h� �a�n�d� �a� �h�a�l�f� �l�a�t�e�r� �t�h�a�n� �t�h�e� �u�s�u�a�l� �p�l�a�n�t�i�n�g� �t�i�m�e� �i�n� 

�t�h�i�s� �a�r�e�a�.� �T�h�e� �c�o�r�n� �r�o�w�s� �r�a�n� �u�p� �a�n�d� �d�o�w�n�s�l�o�p�e�.� �A�p�p�r�o�x�i�m�a�t�e�l�y� �2�5�0�,� �1�1�0�,� �a�n�d� �2�1�0� �k�g�/�h�a� �o�f� �N�,� �P�,� �a�n�d� �K�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�,� �w�e�r�e� �a�p�p�l�i�e�d� �t�o� �t�h�e� �p�l�o�t�s� �o�n� �J�u�l�y� �7� �i�n� �t�h�e� �f�o�r�m� �o�f� �1�0�-�1�0�-�1�0� �f�e�r�t�i�l�i�z�e�r�.� �T�h�e� �c�o�r�n� �w�a�s� �h�a�r�v�e�s�t�e�d� 

�b�y� �h�a�n�d� �i�n� �m�i�d� �O�c�t�o�b�e�r�,� �1�9�9�2�.� �T�h�e� �d�r�y� �c�o�m� �y�i�e�l�d� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�2�9�3� �k�g�/�h�a�.� �I�n� �1�9�9�3�,� �c�o�r�n� �w�a�s� 

�p�l�a�n�t�e�d� �o�n� �M�a�y� �5�.� �A� �c�o�w� �e�s�c�a�p�e�d� �f�r�o�m� �a� �n�e�a�r�b�y� �f�a�r�m� �a�n�d� �g�r�a�z�e�d� �p�l�o�t�s� �C�,� �D�,� �E�,� �a�n�d� �F� �i�n� �e�a�r�l�y� �J�u�n�e�.� 

�L�i�m�i�t�e�d� �a�r�e�a�s� �o�f� �t�h�e� �p�l�o�t�s� �w�e�r�e� �r�e�p�l�a�n�t�e�d� �o�n� �J�u�n�e� �1�4� �t�o� �r�e�p�a�i�r� �d�a�m�a�g�e� �c�a�u�s�e�d� �b�y� �t�h�e� �c�o�w�.� �T�h�e� �g�r�a�s�s� �w�a�s� 

�c�u�t� �a�t� �a�n� �a�p�p�r�o�x�i�m�a�t�e� �h�e�i�g�h�t� �o�f� �0�.�1�5� �m� �o�n� �M�a�y� �6�,� �1�9�9�3�,� �a�n�d� �J�u�n�e� �2�1�,� �1�9�9�3�,� �w�h�e�n� �i�t� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� 

�0�.�6� �m� �t�a�l�l�.� �T�h�e� �c�l�i�p�p�i�n�g�s� �w�e�r�e� �r�e�m�o�v�e�d� �b�y� �h�a�n�d� �f�r�o�m� �t�h�e� �f�i�l�t�e�r�s�.� �I�n� �A�u�g�u�s�t� �2�8�,� �1�9�9�3�,� �g�r�a�s�s� �w�a�s� �c�u�t� �b�y� 

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

� � 

�4� �I�s�c�o�,� �I�n�c�.�,� �5�3�1� �W�e�s�t�g�a�t�e� �B�o�u�l�e�v�a�r�d�,� �L�i�n�c�o�l�n�,� �N�E� �6�8�5�2�8� 

�E�X�P�E�R�I�M�E�N�T�A�L� �F�I�E�L�D� �S�T�U�D�Y� �7�7



�h�e�r�b�i�c�i�d�e� �(�W�e�e�d�o�n�e� �L�V�4� �(�2�-�4�-�D�)�)� �w�a�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �f�i�l�t�e�r�s� �o�n� �M�a�y� �2�8�,� �1�9�9�3�.� �A�p�p�r�o�x�i�m�a�t�e�l�y� �4�5�4�,� �1�9�8�,� 

�a�n�d� �3�7�6� �k�g�/�h�a� �o�f� �N�,� �P�,� �a�n�d� �K�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �w�e�r�e� �a�p�p�l�i�e�d� �o�n� �J�u�n�e� �8� �i�n� �t�h�e� �p�l�o�t�s� �i�n� �t�h�e� �f�o�r�m� �o�f� �1�0�-�1�0�-�1�0� 

�f�e�r�t�i�l�i�z�e�r�.� �T�h�e� �c�o�r�n� �w�a�s� �h�a�r�v�e�s�t�e�d� �o�n� �O�c�t�o�b�e�r� �4�,� �5�,� �a�n�d� �6�.� �T�h�e� �a�p�p�r�o�x�i�m�a�t�e� �d�r�y� �c�o�r�n� �y�i�e�l�d� �w�a�s� �5�6�5�3� �k�g�/�h�a�.� 

�T�a�b�l�e� �4� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �m�a�n�a�g�e�m�e�n�t� �p�r�a�c�t�i�c�e�s� �i�n� �1�9�9�2� �a�n�d� �1�9�9�3�.� �C�o�r�n� �r�e�s�i�d�u�e� �w�a�s� �h�a�r�v�e�s�t�e�d� �i�n� �1�9�9�2� �a�n�d� 

�1�9�9�3�.� 

�D�a�t�a� �C�o�l�l�e�c�t�i�o�n� 

�T�h�e� �e�x�p�e�r�i�m�e�n�t� �b�e�c�a�m�e� �o�p�e�r�a�t�i�o�n�a�l� �o�n� �J�u�l�y� �7�,� �1�9�9�2�.� �F�r�o�m� �D�e�c�e�m�b�e�r� �8�,� �1�9�9�2� �t�o� �A�p�r�i�l� �1�,� �1�9�9�3� 

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

�M�a�r�c�h� �1�9�9�3� �b�e�c�a�u�s�e� �t�h�e� �b�a�t�t�e�r�i�e�s�,� �w�h�e�n� �c�h�e�c�k�e�d� �w�i�t�h� �a� �b�a�t�t�e�r�y� �t�e�s�t�e�r� �a�n�d� �a� �v�o�l�t�m�e�t�e�r�,� �a�p�p�e�a�r�e�d� �t�o� �b�e� 

�w�o�r�k�i�n�g� �a�n�d� �s�h�o�w�e�d� �a� �v�o�l�t�a�g�e� �o�f� �1�1� �V�,� �t�h�a�t� �w�a�s� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �s�o�l�a�r� �p�a�n�e�l�s�;� �h�o�w�e�v�e�r�,� �t�h�e� �b�a�t�t�e�r�i�e�s� �w�e�r�e� 

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

�t�e�m�p�e�r�a�t�u�r�e�s�.� 

�E�x�p�e�r�i�m�e�n�t� �M�a�n�a�g�e�m�e�n�t� 

�1�.� �D�a�t�a� �w�a�s� �d�o�w�n�l�o�a�d�e�d� �f�r�o�m� �t�h�e� �C�R�1�0� �t�o� �a� �l�a�p�t�o�p� �u�s�i�n�g� �t�h�e� �P�C�2�0�8� �s�o�f�t�w�a�r�e� �p�r�o�v�i�d�e�d� �b�y� �C�a�m�p�b�e�l�l� 

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

�2�.� �T�h�e� �v�o�l�t�a�g�e� �o�f� �t�h�e� �b�a�n�k� �o�f� �b�a�t�t�e�r�i�e�s� �w�a�s� �c�h�e�c�k�e�d�,� �i�f� �i�t� �w�a�s� �s�m�a�l�l�e�r� �t�h�a�n� �1�1� �V� �t�h�e� �b�a�t�t�e�r�i�e�s� �w�e�r�e� �t�a�k�e�n� �t�o� 

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

�t�h�e� �C�R�1�0� �p�r�o�g�r�a�m� �w�a�s� �l�o�s�t� �a�n�d� �h�a�d� �t�o� �b�e� �d�o�w�n�l�o�a�d�e�d� �f�r�o�m� �t�h�e� �P�C�.� 

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

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

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

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

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

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

�w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �f�i�l�t�e�r�s�.� 

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

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

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

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

�a�n�d� �t�h�a�t� �t�h�e� �t�i�p�p�i�n�g� �b�u�c�k�e�t�s� �w�e�r�e� �f�u�n�c�t�i�o�n�i�n�g� �c�o�r�r�e�c�t�l�y�.� 
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�T�a�b�l�e� �4�.� �M�a�n�a�g�e�m�e�n�t� �p�r�a�c�t�i�c�e�s� �i�n� �e�x�p�e�r�i�m�e�n�t�a�l� �s�i�t�e� �d�u�r�i�n�g� �1�9�9�2� �a�n�d� �1�9�9�3� 

� � 

�D�a�t�e� �M�a�n�a�g�e�m�e�n�t� �P�r�a�c�t�i�c�e� 
� � 

�-�-�-� �1�2�-�1�9�9�1� �K�e�n�t�u�c�k�y� �3�1� �t�a�l�l� �f�e�s�c�u�e� �w�a�s� �s�e�e�d�e�d� �i�n� �f�i�l�t�e�r�s� 
� � 

�0�6�-�1�8�-�1�9�9�2� �P�l�o�t�s� �t�i�l�l�e�d� �a�n�d� �c�o�m� �p�l�a�n�t�e�d� �i�n� �r�o�w�s� �p�a�r�a�l�l�e�l� �t�o� �s�l�o�p�e� 
� � 

�0�7�-�0�7�-�1�9�9�2� �A�p�p�l�i�c�a�t�i�o�n� �o�f� �2�5�1�2� �k�g�/�h�a� �o�f� �1�0�-�1�0�-�1�0� �f�e�r�t�i�l�i�z�e�r� 
� � 

�1�0�-�1�3�-�1�9�9�2� �C�o�r�n� �h�a�r�v�e�s�t�e�d�.� �A�p�p�r�o�x�i�m�a�t�e� �d�r�y� �c�o�r�n� �y�i�e�l�d� �2�5�1�2� �k�g�/�h�a� 
� � 

�0�5�-�0�5�-�1�9�9�3� �P�l�o�t�s� �t�i�l�l�e�d� �a�n�d� �c�o�r�n� �p�l�a�n�t�e�d� �i�n� �r�o�w�s� 
� � 

�0�5�-�0�6�-�1�9�9�3� �G�r�a�s�s� �c�u�t� �t�o� �0�.�1�5� �m� �h�e�i�g�h�t� 
� � 

�0�5�-�2�8�-�1�9�9�3� �W�e�e�d�o�n�e� �L�V�4� �(�2�-�4�-�D�)� �a�p�p�l�i�e�d� �t�o� �f�i�l�t�e�r�s� 
� � 

�|� �0�6�-�0�8�-�1�9�9�3� �A�p�p�l�i�c�a�t�i�o�n� �o�f� �4�5�3�6� �k�g�/�h�a� �o�f� �1�0�-�1�0�-�1�0� �f�e�r�t�i�l�i�z�e�r� 
� � 

�0�6�-�1�4�-�1�9�9�3� �C�o�r�n� �r�e�p�l�a�n�t�e�d� �i�n� �p�l�o�t�s� �C�-�F� 
� � 

�0�6�-�2�1�-�1�9�9�3� �G�r�a�s�s� �c�u�t� �t�o� �0�.�1�5� �m� �h�e�i�g�h�t� 
� � � � �1�0�-�0�4�-�1�9�9�3� � � �C�o�r�n� �h�a�r�v�e�s�t�e�d�.� �A�p�p�r�o�x�i�m�a�t�e� �d�r�y� �c�o�r�n� �y�i�e�l�d� �5�6�5�3� �k�g�/�h�a� � � 
� � 
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�R�a�i�n�f�a�l�l� 

�A�n� �o�n�-�s�i�t�e� �t�i�p�p�i�n�g� �b�u�c�k�e�t� �r�a�i�n� �g�a�g�e� �i�n�t�e�r�f�a�c�e�d� �w�i�t�h� �t�h�e� �C�R�1�0� �d�a�t�a�l�o�g�g�e�r� �(�F�i�g�.� �B�.�1�)� �r�e�c�o�r�d�e�d� 

�5� �m�i�n� �r�a�i�n�f�a�l�l� �a�m�o�u�n�t�s� �a�n�d� �i�n�t�e�n�s�i�t�i�e�s�.� �T�a�b�l�e�s� �B�.�1� �a�n�d� �B�.�2� �i�n� �A�p�p�e�n�d�i�x� �B� �p�r�e�s�e�n�t� �d�a�i�l�y� �r�a�i�n�f�a�l�l� �a�m�o�u�n�t�s�,� 

�d�u�r�a�t�i�o�n�,� �a�n�d� �m�a�x�i�m�u�m� �5� �m�i�n�u�t�e� �r�a�i�n�f�a�l�l� �a�m�o�u�n�t�s� �f�r�o�m� �J�u�l�y� �6�,� �1�9�9�2� �t�o� �D�e�c�e�m�b�e�r� �8�,� �1�9�9�2� �a�n�d� �f�r�o�m� �A�p�r�i�l� 

�1�,� �1�9�9�3� �t�o� �D�e�c�e�m�b�e�r� �8�,� �1�9�9�3�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �R�e�c�o�r�d�i�n�g� �w�a�s� �n�o�t� �d�o�n�e� �o�v�e�r� �t�h�e� �w�i�n�t�e�r� �o�f� �1�9�9�3� �d�u�e� �t�o� �t�h�e� 

�p�o�w�e�r� �f�a�i�l�u�r�e�.� �I�n� �1�9�9�2� �a�n�d� �1�9�9�3� �t�h�e�r�e� �w�e�r�e� �6�2� �a�n�d� �6�7� �r�a�i�n�f�a�l�l� �e�v�e�n�t�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �O�n� �J�u�n�e� �7�,� �1�9�9�3� �a�n� 

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

�f�o�l�l�o�w�e�d� �b�y� �t�w�o� �0�.�5� �b�r� �d�u�r�a�t�i�o�n� �e�v�e�n�t�s� �w�i�t�h� �t�h�e� �s�a�m�e� �i�n�t�e�n�s�i�t�y� �2�4� �h�r� �a�n�d� �2�4�.�5� �h�r� �l�a�t�e�r�.� �T�a�b�l�e� �B�.�3� 

�s�u�m�m�a�r�i�z�e�s� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �r�u�n�o�f�f� �p�r�o�d�u�c�i�n�g� �e�v�e�n�t�s� �o�f� �1�9�9�2� �a�n�d� �1�9�9�3�.� 

�T�e�m�p�e�r�a�t�u�r�e� 

�T�w�o� �t�h�e�r�m�o�c�o�u�p�l�e�s� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �d�a�t�a�l�o�g�g�e�r� �(�F�i�g�.� �B�.�7�)� �w�e�r�e� �u�s�e�d� �t�o� �m�o�n�i�t�o�r� �a�i�r� �a�n�d� �s�o�i�l� 

�t�e�m�p�e�r�a�t�u�r�e�s� �e�v�e�r�y� �6� �h�r� �s�i�n�c�e� �J�u�n�e� �1�0�,� �1�9�9�3�.� �T�h�e� �d�a�i�l�y� �a�v�e�r�a�g�e� �t�e�m�p�e�r�a�t�u�r�e� �v�a�l�u�e�s� �a�r�e� �r�e�p�o�r�t�e�d� �i�n� �T�a�b�l�e� 

�B�.�4� �o�f� �A�p�p�e�n�d�i�x� �B�.� �T�h�e�r�e� �a�r�e� �t�w�o� �b�r�e�a�k�s� �i�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �s�e�q�u�e�n�c�e�,� �o�n�e� �o�n� �S�e�p�t�e�m�b�e�r� �3�,� �1�9�9�3� �t�h�a�t� 

�l�a�s�t�e�d� �1�0� �d�a�y�s� �a�n�d� �a�n�o�t�h�e�r� �b�r�e�a�k� �i�n� �O�c�t�o�b�e�r� �8�,� �1�9�9�3� �t�h�a�t� �l�a�s�t�e�d� �3�3� �d�a�y�s�.� 

�R�u�n�o�f�f� 

�T�h�e� �C�R�1�0� �d�a�t�a�l�o�g�g�e�r� �s�e�n�t� �a� �p�u�l�s�e� �t�o� �t�h�e� �I�S�C�O� �3�7�0�0� �a�u�t�o�m�a�t�i�c� �s�a�m�p�l�e�r�s� �w�h�e�n� �a� �r�u�n�o�f�f� �s�a�m�p�l�e� 

�w�a�s� �t�o� �b�e� �c�o�l�l�e�c�t�e�d�.� �F�i�v�e� �h�u�n�d�r�e�d� �m�L� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d�.� �T�h�e� �s�a�m�p�l�e�r� �c�o�u�l�d� �t�a�k�e� �u�p� �t�o� �2�4� �d�i�s�c�r�e�t�e� 

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

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

�Q�u�a�l�i�t�y� �L�a�b�o�r�a�t�o�r�y� �a�n�d� �s�t�o�r�e�d� �a�t� �4� �°�C� �u�n�t�i�l� �a�n�a�l�y�s�i�s� �f�o�r� �t�o�t�a�l� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �(�T�S�S�)�,� �a�m�m�o�n�i�a� �n�i�t�r�o�g�e�n� 

�(�N�H�,�*�-�N�)�,� �n�i�t�r�a�t�e� �n�i�t�r�o�g�e�n� �(�N�O�;�-�N�)�,� �t�o�t�a�l� �K�j�e�l�d�a�h�l� �n�i�t�r�o�g�e�n� �(�o�r�g�a�n�i�c� �N� �+� �a�m�m�o�n�i�u�m� �N�)� �T�K�N�,� �a�n�d� 

�f�i�l�t�e�r�e�d� �t�o�t�a�l� �k�j�e�l�d�a�h�l� �n�i�t�r�o�g�e�n� �(�F�T�K�N�)�.� �T�a�b�l�e�s� �B�.�5� �a�n�d� �B�.�6� �s�h�o�w� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �a�l�l� �s�a�m�p�l�e�s� 

�a�n�a�l�y�z�e�d�.� 

�I�n� �1�9�9�2�,� �t�h�e�r�e� �w�e�r�e� �1�5� �m�o�n�i�t�o�r�e�d� �n�a�t�u�r�a�l� �r�u�n�o�f�f� �e�v�e�n�t�s�,� �(�T�a�b�l�e�s� �B�.�1� �a�n�d� �B�.�7�)�.� �I�n� �1�9�9�3�,� �t�h�e�r�e� 

�w�e�r�e� �2�0� �n�a�t�u�r�a�l� �a�n�d� �3� �a�r�t�i�f�i�c�i�a�l� �r�u�n�o�f�f� �e�v�e�n�t�s� �m�o�n�i�t�o�r�e�d� �(�T�a�b�l�e�s� �B�.�2� �a�n�d� �B�.�8�)�.� �T�h�e� �d�a�t�a� �a�r�e� �i�n�c�o�m�p�l�e�t�e� �f�o�r� 

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

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

�a�n�d� �p�o�t�e�n�t�i�o�m�e�t�e�r�s� �f�a�i�l�e�d�.� �T�a�b�l�e�s� �B�.�7� �a�n�d� �B�.�8� �p�r�e�s�e�n�t� �t�h�e� �r�u�n�o�f�f� �d�u�r�a�t�i�o�n�,� �t�i�m�e� �t�o� �p�e�a�k�,� �t�o�t�a�l� �r�u�n�o�f�f� 

�v�o�l�u�m�e�,� �a�n�d� �t�h�e� �m�a�x�i�m�u�m� �r�u�n�o�f�f� �r�a�t�e� �i�n� �1�9�9�2� �a�n�d� �1�9�9�3�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 
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�S�o�i�l� 

�S�o�i�l� �D�e�s�c�r�i�p�t�i�o�n� 

�T�h�e� �d�o�m�i�n�a�n�t� �s�o�i�l� �a�t� �t�h�e� �s�i�t�e� �i�s� �G�r�o�s�e�c�l�o�s�e� �s�i�l�t� �l�o�a�m� �(�c�l�a�y�e�y�,� �m�i�x�e�d�,� �m�e�s�i�c� �T�y�p�i�c� �H�a�p�l�u�d�u�l�t�)�.� �T�h�i�s� 

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

�m�o�d�e�r�a�t�e� �f�i�n�e� �g�r�a�n�u�l�a�r� �s�t�r�u�c�t�u�r�e� �a�n�d� �a�b�o�u�t� �0�.�2�6� �m� �t�h�i�c�k�.� �T�h�e� �s�u�b�s�o�i�l�,� �B�t� �h�o�r�i�z�o�n�,� �i�s� �s�t�i�c�k�y� �a�n�d� �p�l�a�s�t�i�c� �c�l�a�y� 

�w�i�t�h� �m�o�d�e�r�a�t�e�,� �v�e�r�y� �f�i�n�e�,� �a�n�d� �f�i�n�e� �s�u�b�a�n�g�u�l�a�r� �b�l�o�c�k�y� �s�t�r�u�c�t�u�r�e� �a�n�d� �a�b�o�u�t� �0�.�7�4� �m� �t�h�i�c�k�.� �T�h�e� �u�p�p�e�r� �0�.�4�6� �m� 

�o�f� �t�h�e� �s�u�b�s�o�i�l� �i�s� �y�e�l�l�o�w�i�s�h� �b�r�o�w�n�,� �t�h�e� �r�e�m�a�i�n�i�n�g� �0�.�2�8� �m� �i�s� �m�o�t�t�l�e�d� �i�n� �s�h�a�d�e�s� �o�f� �b�r�o�w�n�,� �y�e�l�l�o�w�,� �a�n�d� �r�e�d�.� 

�T�h�e� �s�u�b�s�t�r�a�t�u�m� �i�s� �0�.�8�4� �m� �t�h�i�c�k� �a�n�d� �i�s� �a�l�s�o� �m�o�t�t�l�e�d� �i�n� �s�h�a�d�e�s� �o�f� �b�r�o�w�n�,� �y�e�l�l�o�w�,� �a�n�d� �r�e�d�.� �T�h�e� �u�p�p�e�r� �0�.�3� �m� 

�o�f� �t�h�e� �s�u�b�s�t�r�a�t�u�m� �i�s� �s�t�i�c�k�y� �a�n�d� �p�l�a�s�t�i�c� �c�l�a�y�,� �t�h�e� �r�e�m�a�i�n�i�n�g� �0�.�5�4� �m� �i�s� �c�l�a�y� �l�o�a�m� �(�C�r�e�g�g�a�r� �e�t� �a�l�.�,� �1�9�8�5�;� �K�o�o�l� 

�e�t� �a�l�.�,� �1�9�8�6�)�.� �T�h�e� �o�r�g�a�n�i�c� �m�a�t�t�e�r� �c�o�n�t�e�n�t� �(�T�a�b�l�e� �B�.�9�)� �w�a�s� �a�b�o�u�t� �3�.�2�%�.� �T�h�e� �f�i�l�t�e�r�s� �b�u�l�k� �d�e�n�s�i�t�y� �w�a�s� �a�b�o�u�t� 

�1�.�2� �(�T�a�b�l�e� �5�)�.� �A�c�c�o�r�d�i�n�g� �t�o� �L�e�e� �(�1�9�8�7�)� �t�h�e� �s�o�i�l� �h�a�s� �4�4�.�4� �,�4�8�.�9�,� �a�n�d� �6�.�7�%� �s�a�n�d�,� �s�i�l�t�,� �a�n�d� �c�l�a�y�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�S�o�i�l� �S�a�m�p�l�i�n�g� 

�S�h�a�l�l�o�w� �s�o�i�l� �s�a�m�p�l�i�n�g� �(�u�p�p�e�r� �5� �c�m� �o�f� �s�o�i�l�)� �b�e�g�a�n� �i�n� �M�a�y� �1�9�9�3� �a�n�d� �w�a�s� �r�e�p�e�a�t�e�d� �e�v�e�r�y� �1�5� �d�a�y�s� 

�t�o� �S�e�p�t�e�m�b�e�r� �1�9�9�3�.� �S�h�a�l�l�o�w� �s�o�i�l� �s�a�m�p�l�e�s� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� �6� �r�a�n�d�o�m� �l�o�c�a�t�i�o�n�s� �i�n� �t�h�e� �b�u�f�f�e�r�s� �a�n�d� �1�0� 

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

�b�e�t�w�e�e�n� �J�u�l�y� �1�9�9�3� �a�n�d� �S�e�p�t�e�m�b�e�r� �1�9�9�3�.� �C�o�r�e�s� �o�f� �t�h�e� �u�p�p�e�r� �3�0� �c�m� �o�f� �s�o�i�l� �w�e�r�e� �t�a�k�e�n� �f�r�o�m� �2� �r�a�n�d�o�m� 

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

�S�y�s�t�e�m�s� �E�n�g�i�n�e�e�r�i�n�g� �D�e�p�a�r�t�m�e�n�t� �W�a�t�e�r� �Q�u�a�l�i�t�y� �L�a�b� �a�n�d� �s�t�o�r�e�d� �a�t� �4� �°�C� �u�n�t�i�l� �a�n�a�l�y�s�i�s�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� 

�a�n�a�l�y�z�e�d� �f�o�r� �o�r�g�a�n�i�c� �m�a�t�t�e�r� �(�O�M�)� �c�o�n�t�e�n�t�,� �N�H�,�"�-�N�,� �N�O�;�-�N�,� �a�n�d� �T�K�N�.� �T�a�b�l�e� �B�.�9� �s�h�o�w�s� �t�h�e� �s�o�i�l� �s�a�m�p�l�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� �O�n� �M�a�y� �1�5�,� �1�9�9�3� �t�w�o� �u�n�d�i�s�t�u�r�b�e�d� �s�o�i�l� �c�o�r�e� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �e�a�c�h� �b�u�f�f�e�r� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �s�a�t�u�r�a�t�e�d� �(�8�,�.�,�)�,� �f�i�e�l�d� �c�a�p�a�c�i�t�y� �(�0�;�.�)�,� �a�n�d� �w�i�l�t�i�n�g� �p�o�i�n�t� �(�8�,�,�)� �w�a�t�e�r� �c�o�n�t�e�n�t�s�;� �t�h�e� �p�o�r�o�s�i�t�y�;� �d�r�y� 

�b�u�l�k� �d�e�n�s�i�t�y�;� �a�n�d� �v�e�r�t�i�c�a�l� �s�a�t�u�r�a�t�e�d� �h�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �(�K�g�)�.� 

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

�p�l�o�t�s� �i�n� �J�u�n�e� �1�9�9�3�.� �R�a�i�n�f�a�l�l� �a�n�d� �r�u�n�o�f�f� �r�a�t�e�s� �w�e�r�e� �r�e�c�o�r�d�e�d� �f�o�r� �t�h�e� �s�e�c�o�n�d� �a�n�d� �t�h�i�r�d� �r�a�i�n�f�a�l�l� �e�v�e�n�t�s� �(�t�h�e� 

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

�a�n�d� �s�t�e�a�d�y�-�s�t�a�t�e� �i�n�f�i�l�t�r�a�t�i�o�n� �r�a�t�e�s� �f�o�r� �e�a�c�h� �p�l�o�t�.� �T�h�e� �m�e�a�n�s� �o�f� �t�h�e� �f�i�n�a�l� �i�n�f�i�l�t�r�a�t�i�o�n� �r�a�t�e�s� �w�e�r�e� �3�.�1�9�,� �2�.�8�2�,� 

�4�.�1�4�,� �2�.�4�8�,� �4�.�4�3�,� �a�n�d� �2�.�4�2� �c�m�/�h� �f�o�r� �8�.�5� �m� �(�A�)�,� �4�.�2�7� �m� �(�B�)�,� �0� �m� �(�C�)�,� �4�.�2�7� �m� �(�D�)�,� �8�.�5� �m� �(�B�)�,� �a�n�d� �0� �m� �(�F�)� 

�V�F�S�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�h�e� �s�o�i�l� �c�o�r�e�s� �w�e�r�e� �o�v�e�n�-�d�r�i�e�d� �f�o�r� �2�4� �h�r� �a�t� �1�0�5� �°�C� �a�n�d� �w�e�i�g�h�t�e�d�.� �T�h�e�n� �t�h�e�y� �w�e�r�e� �p�l�a�c�e�d� �f�o�r� �2�4� �h�r� 

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

�E�X�P�E�R�I�M�E�N�T�A�L� �F�I�E�L�D� �S�T�U�D�Y� �8�1



�T�a�b�l�e� �5�.� �S�o�i�l� �p�h�y�s�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �f�i�l�t�e�r�s� �A� �-� �E� 

� � 

� � 

� � � � � � � � � � � � � � � � 
� � 

�O�s�a�t� �O�r� �O�w�n� �P�o�r�o�s�i�t�y� �B�u�l�k� �K�s� 

�(�%�v�o�l�.�)� �|� �(�%�v�o�l�.�)� �|� �(�%�v�o�l�.�)� �(�%�)� �D�e�n�s�i�t�y� �|� �(�c�m�/�h�r�)� 

�F�i�l�t�e�r� �A� �3�9�.�1�7� �2�7�.�8�9� �1�7�.�5�2� �4�7�.�3�0� �1�.�1�9� �4�.�6�0� 

�F�i�l�t�e�r� �B� �4�0�.�0�6� �2�6�.�9�9� �1�7�.�2�8� �4�8�.�5�0� �1�.�1�9� �1�.�7�5� 

�F�i�l�t�e�r� �D� �3�8�.�7�4� �3�0�.�5�9� �2�3�.�8�1� �4�6�.�1�3� �1�.�3�9� �0�.�8�0� 

�F�i�l�t�e�r� �E� �3�7�.�0�5� �2�7�.�4�0� �1�9�.�7�3� �4�4�,�2�9� �1�.�2�5� �1�.�0�7� 

�N�o�t�e� 
�O�s�a�r� �s�a�t�u�r�a�t�e�d� �w�a�t�e�r� �c�o�n�t�e�n�t� 
�B�i�e� �f�i�e�l�d� �c�a�p�a�c�i�t�y� 

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

�E�X�P�E�R�I�M�E�N�T�A�L� �F�I�E�L�D� �S�T�U�D�Y� �8�2



�s�a�t�u�r�a�t�e�d� �f�o�r� �2�4� �h�r�,� �t�h�e� �s�o�i�l� �c�o�r�e�s� �w�e�r�e� �w�e�i�g�h�e�d� �a�n�d� �t�h�e� �0�,�,�,� �w�a�s� �o�b�t�a�i�n�e�d� �(�E�q�.� �(�1�7�3�)�)�.� �T�h�e� �s�o�i�l� �c�o�r�e�s� �w�e�r�e� 

�t�h�e�n� �p�l�a�c�e�d� �o�n� �a� �t�e�n�s�i�o�n� �t�a�b�l�e� �w�i�t�h� �a� �5�0� �c�m� �w�a�t�e�r� �c�o�l�u�m�n� �a�n�d� �l�e�f�t� �s�t�a�n�d�i�n�g� �f�o�r� �2�4� �b�r�.� �A�f�t�e�r� �2�4� �h�r� �t�h�e� �s�o�i�l� 

�c�o�r�e�s� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �a�t� �0�;�,�.� �T�h�e� �s�o�i�l� �c�o�r�e�s� �w�e�r�e� �w�e�i�g�h�e�d� �a�n�d� �t�h�e� �6�;�,� �w�a�s� �o�b�t�a�i�n�e�d� �(�E�q�.� �(�1�7�4�)�)�.� �T�h�e� �s�o�i�l� 

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

�p�r�e�s�s�u�r�e� �p�l�a�t�e� �a�p�p�a�r�a�t�u�s� �a�t� �1�5�0�0� �K�P�a� �f�o�r� �a� �w�e�e�k�,� �t�h�e�n� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �w�e�i�g�h�t�e�d�,� �o�v�e�n� �d�r�i�e�d� �f�o�r� �2�4� �h�r� �a�t� 

�1�0�5� �°�C�,� �r�e�w�e�i�g�h�e�d� �a�n�d� �6�,�,� �w�a�s� �t�h�e�n� �c�o�m�p�u�t�e�d� �(�E�q�.� �(�1�7�5�)�)�.� �S�o�i�l� �p�o�r�o�s�i�t�y� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �a�s� �t�h�e� �r�a�t�i�o� �o�f� 

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

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

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

�t�h�e� �t�w�o� �s�o�i�l� �c�o�r�e�s� �f�o�r� �t�h�e�s�e� �p�r�o�p�e�r�t�i�e�s� �i�s� �g�i�v�e�n� �i�n� �T�a�b�l�e� �5�.� �T�h�e� �w�a�t�e�r� �c�o�n�t�e�n�t� �a�t� �O�s�u�,� �9�%�,� �a�n�d� �0�,�4�)� �w�e�r�e� 

�c�o�m�p�u�t�e�d� �a�s�:� 

�S�w�i�t�  ��-�O�D�w�t� 
�0�3�.� �= � � � ��_� �p�,�,� �:�1�0�0� �1�7�3� �s�a�t� �O�D�w�t� �P�r� �(� �)� 

�F�C�w�t ��-� �O�D�w�t� 
�6�,�,� �= � � � � � �� �f�p�,� �1�0�0� �1�7�4� 

�f�e� �O�D�w�t� �P�o� �a �� 

�W�P�w�t�  �� �O�D�w�t� �O�w�e� �= � ��B� �P�v� �1�0�0� �(�1�7�5�)� 

�w�h�e�r�e� 

�S�w�t� �=� �s�o�i�l� �c�o�r�e� �w�e�i�g�h�t� �a�t� �s�a�t�u�r�a�t�i�o�n� 
�F�C�w�t� �=�s�o�i�l� �c�o�r�e� �w�e�i�g�h�t� �a�t� �f�i�e�l�d� �c�a�p�a�c�i�t�y� 
�W�P�w�t� �=� �s�o�i�l� �c�o�r�e� �w�e�i�g�h�t� �a�t� �w�i�l�t�i�n�g� �p�o�i�n�t� 
�O�D�w�t� �=�o�v�e�n� �d�r�y� �w�e�i�g�h�t�,� �(�2�4� �h�r� �a�t� �1�0�5� �°�C�)� 
�P�o� �=� �d�r�y� �b�u�l�k� �d�e�n�s�i�t�y�,� �r�a�t�i�o� �o�f� �t�h�e� �o�v�e�n� �d�r�y� �m�a�s�s� �t�o� �t�h�e� �s�o�i�l� �c�o�r�e� �v�o�l�u�m�e�.� 

�L�a�b�o�r�a�t�o�r�y� �S�a�m�p�l�e� �A�n�a�l�y�s�i�s� 

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

�T�h�e� �s�a�t�u�r�a�t�e�d� �(�0�,�.�:�)�,� �f�i�e�l�d� �c�a�p�a�c�i�t�y� �(�0�;�.�)�,� �a�n�d� �w�i�l�t�i�n�g� �p�o�i�n�t� �(�6�,�,�)� �w�a�t�e�r� �c�o�n�t�e�n�t�s�;� �t�h�e� �p�o�r�o�s�i�t�y�;� �d�r�y� 

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

�s�a�m�p�l�e�s� �c�o�l�l�e�c�t�e�d� �o�n� �M�a�y� �1�5�,� �1�9�9�3�.� �T�h�e� �r�e�s�u�l�t�s� �a�r�e� �i�n� �T�a�b�l�e� �5�.� 

�A�n�a�l�y�s�i�s� �o�f� �t�h�e� �S�e�d�i�m�e�n�t� �a�n�d� �N�i�t�r�o�g�e�n� �C�o�n�t�e�n�t� �o�f� �R�u�n�o�f�f� �a�n�d� �S�o�i�l� �S�a�m�p�l�e�s� 

�R�u�n�o�f�f� �s�a�m�p�l�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �f�o�r� �T�S�S�,� �T�K�N�,� �F�T�K�N�,� �N�H�,�"�-�N�,� �a�n�d� �N�O�;�-�N� �f�r�o�m� �2� �d�a�y�s� �t�o� �6� 

�E�X�P�E�R�I�M�E�N�T�A�L� �F�I�E�L�D� �S�T�U�D�Y� �8�3



�m�o�n�t�h�s� �a�f�t�e�r� �t�h�e�i�r� �c�o�l�l�e�c�t�i�o�n�.� �T�h�e� �s�o�i�l� �s�a�m�p�l�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �f�o�r� �T�K�N�,� �N�H�, ��*�-�N�,� �N�O�;�-�N�,� �a�n�d� �O�M� �c�o�n�t�e�n�t� 

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

�t�a�k�e�n� �o�n� �M�a�y� �1�5�,� �1�9�9�3�.� �A�m�m�o�n�i�a�-�N�,� �T�K�N�,� �a�n�d� �N�O�;�-�N� �w�e�r�e� �e�x�t�r�a�c�t�e�d� �f�r�o�m� �t�h�e� �s�o�i�l� �s�a�m�p�l�e�s� �p�r�i�o�r� �t�o� �t�h�e� 

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

�a�n�d� �s�o�i�l� �s�a�m�p�l�e�s� �a�n�a�l�y�s�e�s�.� �T�h�e� �r�e�s�u�l�t�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e�s� �B�.�5�,� �B�.�6�,� �a�n�d� �B�.�9�.� 

�T�h�e� �T�S�S� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �m�e�t�h�o�d� �1�6�0�.�2� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �M�e�t�h�o�d�s� �f�o�r� �C�h�e�m�i�c�a�l� �A�n�a�l�y�s�i�s� 

�o�f� �W�a�t�e�r� �a�n�d� �W�a�s�t�e� �(�U�S�E�P�A�.� �1�9�8�3�)�.� �S�a�m�p�l�e� �v�o�l�u�m�e�s� �o�f� �1�0�0� �m�L� �w�e�r�e� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �p�r�e�-�w�e�i�g�h�t�e�d� �4�.�7� 

�s�t�a�n�d�a�r�d� �g�l�a�s�s� �f�i�b�e�r� �f�i�l�t�e�r�s�.� �F�i�l�t�e�r�s� �a�n�d� �r�e�s�i�d�u�e� �w�e�r�e� �t�h�e�n� �d�r�i�e�d� �f�o�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�4� �h�o�u�r�s� �a�t� �1�0�3� �t�o� �1�0�5� 

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

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

�+� �0�.�7�4� �m�g�/�L�,� �t�h�e� �r�e�l�a�t�i�v�e� �e�r�r�o�r� �o�f� �t�h�e� �p�r�o�c�e�d�u�r�e� �w�a�s� �+� �5�%�,� �t�h�e� �d�e�t�e�c�t�i�o�n� �l�i�m�i�t� �w�a�s� �0�.�0�2� �m�g�/�L�.� 

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

�L�a�b�c�o�n�c�o� �d�i�g�e�s�t�o�r� �a�p�p�a�r�a�t�u�s� �(�L�a�b�c�o�n�c�o� �C�o�r�p�o�r�a�t�i�o�n�>�)�,� �b�a�s�e�d� �o�n� �t�h�e� �O�f�f�i�c�i�a�l� �M�e�t�h�o�d�s� �o�f� �A�n�a�l�y�s�i�s� �A�O�A�C� 

�(�1�9�8�4�)� �w�e�r�e� �f�o�l�l�o�w�e�d�.� �T�o� �d�e�t�e�r�m�i�n�e� �T�K�N�,� �1� �g� �o�f� �s�o�i�l� �s�a�m�p�l�e� �(�o�r� �1�0� �m�L� �r�u�n�o�f�f� �s�a�m�p�l�e�)� �w�a�s� �d�i�g�e�s�t�e�d�.� �T�o� 

�d�e�t�e�r�m�i�n�e� �F�T�K�N�,� �t�h�e� �r�u�n�o�f�f� �s�a�m�p�l�e� �w�a�s� �f�i�l�t�e�r�e�d� �a�n�d� �1�0� �m�L� �o�f� �t�h�e� �f�i�l�t�r�a�t�e� �w�a�s� �d�i�g�e�s�t�e�d�.� �A� �d�i�g�e�s�t�i�o�n� 

�s�o�l�u�t�i�o�n� �o�f� �0�.�4�2�g� �H�g�O�,� �9�g� �o�f� �K�,�S�O�,�,� �a�n�d� �1�5� �m�L� �o�f� �H�,�S�O�,� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �t�u�b�e�.� �T�h�e� �s�a�m�p�l�e� �w�a�s� �p�l�a�c�e�d� 

�i�n� �t�h�e� �L�a�b�c�o�n�c�o� �d�i�g�e�s�t�o�r� �f�o�r� �4�5� �m�i�n� �a�t� �4�1�0� �°�C�.� �A�f�t�e�r� �d�i�g�e�s�t�i�o�n�,� �5�0� �m�L� �o�f� �d�e�i�o�n�i�z�e�d� �w�a�t�e�r� �w�e�r�e� �a�d�d�e�d� �t�o� 

�t�h�e� �s�a�m�p�l�e�.� �W�h�e�n� �t�h�e� �s�a�m�p�l�e� �w�a�s� �c�o�o�l�,� �6�0� �m�L� �o�f� �N�a�O�H� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �t�u�b�e�,� �a�n�d� �t�h�e� �d�i�g�e�s�t�o�r� �t�u�b�e� �w�a�s� 

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

�1�0�0� �m�L� �o�f� �H�3�B�O�;� �/�i�n�d�i�c�a�t�o�r� �s�o�l�u�t�i�o�n�.� �A�f�t�e�r� �d�i�s�t�i�l�l�a�t�i�o�n� �t�h�e� �s�a�m�p�l�e� �w�a�s� �t�i�t�r�a�t�e�d� �w�i�t�h� �0�.�1�N� �H�C�I� �s�o�l�u�t�i�o�n� �t�o� 

�t�h�e� �p�u�r�p�l�e� �e�n�d�p�o�i�n�t�.� �I�n� �a�n�o�t�h�e�r� �t�u�b�e� �a� �b�l�a�n�k� �s�a�m�p�l�e� �(�r�e�a�g�e�n�t�s� �o�n�l�y�)� �w�a�s� �t�i�t�r�a�t�e�d� �w�i�t�h� �0�.�1�N� �H�C�l� �s�o�l�u�t�i�o�n�.� 

�T�h�e� �n�u�m�b�e�r� �o�f� �H�C�]� �e�q�u�i�v�a�l�e�n�t�s�,� �e�q�u�a�l� �t�o� �t�h�e� �n�u�m�b�e�r� �o�f� �N� �e�q�u�i�v�a�l�e�n�t�s� �w�a�s� �c�o�m�p�u�t�e�d� �a�s�:� 

�E�d�u�c� �=� �(�V�i�c�i�s�a�m�p�i�e� �~� �V�i�a�c�t�i�a�n�k� �)�*� �N�u�c� �(�1�7�6�)� 

�w�h�e�r�e� 

�E�q�u�c�.� �=� �n�u�m�b�e�r� �o�f� �H�C�l� �e�q�u�i�v�a�l�e�n�t�s� 
�V�u�c�i�s�a�m�p�i�e�=� �V�O�l�u�m�e� �o�f� �H�C�l� �u�s�e�d� �t�o� �t�i�t�r�a�t�e� �s�a�m�p�l�e� 
�V�u�c�w�u�n� �=� �V�o�l�u�m�e� �o�f� �H�C�I� �u�s�e�d� �t�o� �t�i�t�r�a�t�e� �b�l�a�n�k� 
�N�u�a� �=� �H�C�l� �n�o�r�m�a�l�i�t�y� 

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

�-�M�W� �S�y� �=� �e�d�u� �M�W� �(�1�7�7�)� 
�W�s� 

� � 

�5� �L�a�b�c�o�n�c�o� �C�o�r�p�o�r�a�t�i�o�n�,� �8�8�1�1� �P�r�o�s�p�e�c�t�,� �K�a�n�s�a�s� �C�i�t�y�,� �M�O� �6�4�1�3�2� 

�E�X�P�E�R�I�M�E�N�T�A�L� �F�I�E�L�D� �S�T�U�D�Y� �8�4


