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ABSTRACT 

A general theory is formulated, based on extensive experimental 

and theoretical work, concerning the variation of chemical species 

in the top aerated horizon of the soil associated with the intermittent 

percolation of a secondary treated sewage effluent containing aqueous 

arrmonium ions. 

Experimental data are presented to show that the variation of 

aqueous cations in inorganic percolating solutions is a result of 

the consecutive steps of rapid ion exchange of cations from the 

electric double layer followed by slow ion exchange of chemisorbed 

cations diffusing through aluminosilicate mineral structures. 

High concentrations of alkaline earth salts in interstitially 

held solutions when the granitic sand is drained of solution are 

shown to be a result of desorption of cations from the sand by aqueous 

hydrogen ions generated by the conversion of adsorbed arrrrnonium ions 

to nitrite ions by Nitrosomonas. Only a slight amount of mineral dis

solution is shown to occur. Data are also presented to show that when 

a sol¥tion is again percolated through the sand, hydrogen ion ·desorp

tion is accompanied by only minimal nitrification. 

A mathematical model is presented to predict the variation of 

aqueous calcium, rragnesium, sodium, ammonium, nitrate, nitrite, oxygen, 

acidity, and bicarbora.te ions as well as the bacterial population 

densities, adsorbed cations, and gaseous constituency of a soil column 

and solution as an intermittent percolation process is operated. 
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INTRODUCTION 

Groundwater recharge by percolation of secondary treated sewage 

effluent has been practiced for centuries. In the past twenty years, 

population pressures have warranted the increased practice of recharg

ing groundwater supplies with secondary treated sewage effluent through

out the world and in the United States. A solution percolating through 

the ground is acted upon by various physical, chernical, and biological 

mechanisms. Most rapid changes to the quality of the solution occur 

when it first enters the soil. A vast number of biological transfor

mations to the solution's dissolved chemical species can occur; however, 

any one biological transformation will proceed only under a specific 

set of environmental conditions. Study of the quality of solution re

charging groundwater supplies has been extensive (Tefflemire et al., 

68; Fetter et al., 69). Rather than the present research concerning 

itself with the entire change of solution quality as secondary treated 

sewage effluent travels down through the soil and channels across 

acquifers to the groundwater reservoirs, the present research has 

centered on aqueous quality as solution percolates down through the 

topmost horizon of soil. Most of the chemical species dissolved in a 

solution jnterrnittently percolating through a laboratory granitic sand 

column were studied under the specific conditions of the presence of 

aqueous·armnonium and bicarbonate ions and -lack of organic carbon com

pounds. The specific conditions of percolation were chosen so that a 

local problem with groundwater recharge by intermittent percolation of sec

ondary treated sewage effluent could be analyzed. An understanding of the 
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recharge process under a specific set of conditions builds toward 

understanding the same process under all sets of conditions. 

A rapidly growing population and subsequent demand on underground 

reserves requires the Los Angeles County Flood Control District 

(IACFCD) to augment water supplies by replenishing the naturHl ground

water reservoirs . Some recharge of these reservoirs is accomplished 

by intermittently spreading secondary treated sewage effluent on the 

ground's surface so that it can percolate through the soil and to the 

reservoirs . Undesirable increases of total dissolved solids in the 

percolating solution have been observed as it travels through the soil 

matrix . Only plausible explanations have been given for the dissolved

solids pickup. This present investigation has concentrated on a basic 

understanding of the chemical, biological, and physical interactions 

that lead to the change in Total Dissolved Solids content of solutions 

in a soil environment. 

Th~ results of the Los Angeles Flood Control District's spreading 

operation at Whittier Narrows had been carefully examined. A scaled

down version of the intermittent percolation process, as performed in 

the field by the IACFCD at Whittier Narrows, was operated in the lab

oratory so that more control could be placed on the variables influenc

ing the chemical composition of percolating water. Such contrDl has 

permitted development of a quantitative model for the change of total 

dissolved solids in the actual spreading operations. Develoµnent of 

the mathematical model required a recognition of basic processes 

associated with the interaction of minerals, solutions, and bacteria. 

Such recognition permits engineering recommendations to be made for 
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reducing the total dissolved solids increase of intermittently perco

lated treated sewage effluents. The results of this investigation 

relate to the discovery of heavy metals from mine tailings by acid 

leaching which apparently is also a chemical, physical, and biological 

process of percolation. 
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BACKGROUND 

The spreading of water for the conservation of groundwater sup

plies first came into use in Southern California tcward the beginning 

of the twentieth century. Usual practice then was to construct catch 

basins on the peripheries of river channels. Weirs jutting into the 

channels diverted water into spreading basins during flooding periods 

of the river (Mitchelson, 1). Population approximately doubled each 

ten years and drew a heavy demand on its subsurface water reserves . 

Such demand prompted the widespread practice of recharging the ground

waters. The l.Ds Angeles County Flood Control District (LACFCD) con

structed spreading facilities adjacent to the Rio Hondo and the San 

Gabriel Rivers in 1938 to compensate for their lining of the Rio Hondo 

and the l.Ds Angeles Rivers for flood control purposes (Leona.rd, 2). 

Eleven years later the lACFCD investigated the spreading of treated 

sewage effluent to augment groundwater reserves. 

Since 1963 gruundwater quality research has been conducted by the 

LACFCD . Field research is conducted on a small test spreading basin 

between the Rio Hondo and the San Gabriel Rivers in Whittier Narrows. 

Effluent from the Whittier Narrows Water Reclamation Plant is diverted 

for spreading purposes to ascertain variations of solution quality as 

percolation proceeds through the soil matrix to the aquifers below. 

Attention will be given presently to the test basin at Whittier Narrows 

although one further south on the Rio Hondo was also operated 

(McMichael et al., 3). The Whittier Narrows test basin used by the 

lACFCD is a 50 by 70 foot plot of level ground circumferenced by a 
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two foot high levee and centered with a four-foot diameter cylindrical 

hole approximately ten feet deep and reinforced by a corrugated pipe. 

Effl uent leav.ing the vJhittier Narrows Water Reclamation Plant is 

diverted intermittently to flood the test basin for one week every 

three weeks. As the treated sewage effluent percolates through the 

soil, solution samples are withdrawn through the corrugated pipe at 

two- foot depth intervals (Reid, 5). Analysis of the samples permit t ed 

evaluations to be made on water quality as percolation of secondary 

sewage effluents proceeded. 

Data from the original work at vJhittier Narrows (McMichael et al ., 

3) show that towan:i the beginning of the 8-hour Wet Period and 16- hour 

Dry Period a Total Dissolved Solids (TDS) increase of 300 to 400 

mg/£ could be expected in a solution after percolation through ei ght 

feet of soil. Leaching of soil salts was considered as an initial con

tributor to the TDS increase. Production of carbonate and nitrate ions 

by soil bacteria was given as the rrain continuing factor affecting the 

TDS . Such biological activity, in lowering the solution pH, would 

encourage the dissolution of carbonate and ferrous minerals and thereby 

would give the inundating solution a higher TDS content. A series of 

tests performed by the lACFCD at the vJhittier Narrows test basin ten 

years since the initial work was reported (Reid, 4). Aqueous samplings 

were taken at four different times during the one-week Wet Period. 

Instead of 300 to 400 mg/£ dissolved solids being acquired by the per

colating solution, 550 mg/£ TDS had been added to the solution by the 

time it had traveled eight feet into the soil. The periodicity of 

samplings permitted the new observation that the cumulative quantity 
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of dissolved solids added to the percolating solutions decreased from 

550 to 80 rng/.Q, by the seventh day of the Wet Period. The same 

transient behavior of TDS content of percolating solutions is apparent 

in more recent data (Reid, 5). Reid attributed the total dissolved 

solids increase to a hardness increase. Production of aqueous hydrogen 

ions can be catalyzed by the bacteria Nitrosomonas (and Nitrococcus) 

according to the reaction 

+ 3 + 
NJ\Caq) + ~ 2 ---+ NO;(aq) + H20 + 2H (aq) 

Resulting hydrogen ions would drive calcium carbonate to dissolution. 

Reid listed the further nitrification step by Nitrobacter 

Primarily calcium, nitrate, and bicarbonate ions composed the overall 

'IDS increase of the solution. A less important contributor to 

hardness, accoroing to Reid, was the release of calcium ions by ion 

exchange reactions for ammonium ions. 

The change of nitrogen compounds ill intermittently percolated 

soil systems has been studied extensively. Pincince (6) investigated 

the nitrate content of soil at Whittier Narrows and found there to be 

little nitrification when solution was percolating. As soon as the 

solution began draining from the soil, nitrification proceeded very 

rapidly as air was drawn into the soil. Lance et al. (7) also showed 

that nitrification was extensive when soils drained of solution and 

that the leading edge of na..Jly infiltrating solutions would be charac

terized by large concentrations of nitrate ions. Bouwer (8,9,10) 
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observed high aqueous nitrate ion containing peaks at the start of each 

new infiltration of solution into the ground and attributed the source 

of nitrate to nitrification of ammonium ions in cellular rna.tter or 

adsorbed to the soil. 

With the field ~rk data from Whittier Narrows in mind, it would 

be expected that a solution of amnonium and other ions, on passing 

through a well aerated soil should experience ion exchange of its 

cations for calcium and magnesium followed in time by a conversion of 

its aqueous or adsorbed ammonium ions to nitrate ions. Acid result

ing from this biologically catalyzed nitrification process would then 

promote dissolution of certain minerals, thus increasing the total 

dissolved solids content of the percolating solution. 
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EXPERI1'¥NI'AL APPARATUS 

lABOMTORY COLUMN 

A laboratory apparatus was set up to simulate the intermittent 

groundwater recharge process and its operation. A column of artificial 

soil, approximately eight feet tall would permit such simulation. One

quarter-inch walled, six-inch inside diameter Lucite plastic was 

chosen as the column's material of construction to perrnit visual exam

ination of the soil matrix during experimental runs. A six-inch inside 

diameter was sufficiently large to avoid wall effects to the flow and 

minimize flow distortions by so~ution withdrawals for sampling. 

Assembly and disassembly of the laboratory column was facilitated by 

segmenting the structure axially into eight units. Each individual 

segment had as its base a 70 Mesh stainless steel screen permitting 

each separate segment to support a one-foot layer of soil. To dis

courage the growth of photosynthetic organisms the entire laboratory 

column was enclosed in a black sheath. Except to permit radial passage 

of solution, the column's top segment was designed to be closed frcm 

the outside envin:mnent. Any gases that might escape the surface into 

the six-inch depth of solution capping the soil could be sampled 

through a septum at the apex of the top segment's conical enclosure. 

During the inundation phases (the Wet Period) of the intermittent 

groundwater recharge process the solution ideally stands at a constant 

depth. A "constant head" tank stood above the top of the column and 

hydraulica::!.ly connected to it via a 1/2-inch inside diameter Tygon 

tube to maintain a constant head of 15 inches of water on the top 

of the laboratory column's soil (Figure 1). To force a fl.ow of 
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550 mQ,/min. horizontally across the surface of the column's "soil", 

solution was pumped (Gorman-Rupp Inc.) from a large holding tank into 

the constant head tank at approximately 1000 mi/min via a 1/2-

inch inside diameter Tygon tube. From there the flow was horizontal 

across the surface of the collrrnn' s soil and out the other side of the 

top segment of column where it was piped back down to the holding tank. 

The minute quantity of solution that percolated away from the flow, 

across the soil surface, and down the eight-foot column was funneled 

through a 1/2-inch ball valve at the colt.rrnn's base. Flow rate of 

the exiting solution was controlled with a rotometer. To prevent 

gases fro~ coming out of solution and interfering with the rotometer, 

the flow traveled out of the meter and up a tube to such a height as to 

maintain a seven-foot head of water on the meter. The flow was then 

disposed of. The laboratory colt.rrnn permitted solutions to travel across 

the surface of an artificial soil, down through that soil, and away 

from the soil thereby simulating the physical operations of the inter

mittent groundwater recharge process. 

SOLUTION, GAS , AND SOIL S.AMPLING 

Each segment of column \vas supplied with a tap whose stainless 

steel inlet easily could be rroved across the diameter of the colt.rrnn for 

solution sampling purposes (Figure 2). When the laboratory column was 

drained of solution, during the Dry Pericx:i, the same tap served a s a 

gas sampling port. Immediately below the solution/gas sampler was an 

access for soil samples (Figure 3). Soil sampling was accomplished by 

screwing a hollow stainless steel rod into a solid stainless steel rod 
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of the same diameter and already positioned horizontally through the 

column (Figure 4-). The hollow rod was then pushed into the body of 

the column. When a plunger inside the hollow tube was withdrawn, 

approximately one gram of soil 'M)uld follow the flow of solution 

through the tube's single opening and into the vacated cavity. The 

hollow rod then would be withdrawn from the column. Design of the 

sampler permitted soil samples to be taken only when the column was 

saturated with solution. 

ARTIFICIAL SOIL 

Filler soil for the laboratory column was chosen to approximate 

that in the vJhittier Narrows test basin so that the Total Dissolved 

Solids problem of this intennittent recharge process could be simulated. 

The test basin is constructed on alluvium that has been deposited since 

the Middle Miocene Epoch. The irregularity of the fluvial deposits has 

given the test basin an anisotropic vertical soil profile with grain 

sizes varying from fine silt to sand. Although the grain's source 

undoubtedly was the granitic San Gabriel Mountains, the vertical soil 

profile was not exactly chemically homogeneous but rather varied ID 

coloration from red to black. Instead of filling the laboratory 

column with material of pure origin such as crushed granite, calcite, 

or quartz, or of using the same soil mixture as that under the test 

basin, an intermediate was chosen. Sand from a Rio Hondo sand bar was 

collected to fill the column. Such sand originated in the San Cxlbriel 

Mountains and would be very similar to the bulk chemical comJ;X)sition of 

the soil of the Whittier Narrows test basin located 1/4-mile 

east of the Rio Hondo; therefore, there was a good probability that the 
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high Total Dissolved Solids content of percolated solution associated 

with the Whittier Narrows test basin percolation could be duplicated in 

studying the intermittent groundwater recharge process. 

The river sand was cleaned in water and classified. To prevent 

the long-term possibility of a flow-generated axial distribution of 

sand finer than 70 Mesh throughout the collUilTl's length, all sand finer 

than 65 Mesh was separated out with W. S. Tyler ComP3Dy screens. 

Pebbles in the column's soil could cause an inconvenient flow pattern 

near a solution sampler or interfere with the taking of a soil sample. 

Sand larger than 8 Mesh was discarded. Approximately three per cent of 

the original river sand was removed by the two screening processes. 

Grain siz2 distribution for the classified sand showed a linear form 

typical of unclassified natural sand when a plot was made of grain size 

(Mesh) versus cl.Illlulative weight (probability scale) (Appendix A). The 

final geometric grain size for the laboratory column's soil was O . 5 mm 

whereas 'Whittier Narrow' s soil was of mean size O . 2 8 mm. 

Although the important interfacial processes in the laboratory 

column will be liquid-solid in nature, the sand's surface area was 

determined by a method involving gas-solid interactions. A BrW1auer 

Errmett, and Teller (BET) analysis by nitrogen adsorption yielded a 

surface area of 0.4 m2/gm dry sand.t A separate analysis by krypton 

adsorption on a different piece of equiµnent yielded 0.22 m2/gm.f If 

all the grains were perfect, nonporous spheres 0.05 cm in diameter, the 

surface area would be only O. 005 m2 /gm. The grains, therefore, are 

t Performed by Vega Sankur, Division of Chemistry and Chemical Engin
eering, Caltech. 

f Performed by Jet Propulsion laboratory, Caltech. 
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either very irregular or they are extremely porous. Scanning electron 

micrographs typically reve.aled the sand to be irregularly shaped but 

with few fissures larger than 100 A.t 

Once the laboratory column was filled with the sand, certain 

physical characterizations could be made on the column's solution/sand/ 

gas system. Porosity can be considered to be of two types (Collins, 

58) . Total porosity includes the volume fraction that is not occupied 

by sand. A well packed sample of the sand outside the laboratory 

column gave a total porosity of 0.44 ± 0.01. Since the medium density 

of the sand was 2.6 ± 0.03 g/mt, then the bulk density would be 1.5 ± 

0.3 g/mt. Effective porosity includes only those pore spa.ces that are 

available to fluid flowing through the porous media. Wet Period effec

tive _porosity was quantified with depth by monitoring the downward 

movement of a rapidly moving (1700 £/day) salt solution replacing a 

deionized water solution in the laboratory column. Effective porosity 

was 0.23 at the top but leveled off to 0.35 ± 0.02 below the one-foot 

depth. Effective porosity for the Dry Period would be the volume 

fraction available for gas diffusion. Termination of a certain Dry 

Period was accomplished by purging the column with deionized water. 

The total quantity of aqueous chloride ions in the column at the end of 

the Dry Period was made. Under the re.asonable assumption that the sand 

did not rele.ase aqueous chloride ions during the Dry Period and with 

the knowledge of the chloride ion content of the preceding Wet Period 

solution, the quantity of water in the column could be determined. The 

volume fraction of water was 0.06 ± 0.02, therefore the effective 

t Performed by Ken Evans, Jet Propulsion Laboratory, Caltech. 
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porosity of the Dry Period was 0.38 ± 0.03. 

Polarizing microscopic examination of a O . 0 3 mm thin section of 

t the column's sand helped characterize the sand's chemical nature. 

Particular attention was made to detect such rapidly dissolving 

minerals as calcite (CaCO3) and dolomite (MgCa(CO 3) 2). Percentages of 

minerals detected were: 

quartz (SiO2) 40 ± 20 

plagioclase (labradorite, andesine) 20 ± 10 
((Ca,Na)(Al,Si)A1Si2o8) 

biotite (K2(Mg,Fe) 6(si6Al2)o20 COH) 4) 5 ± 2 

hornblende NaCa2[(Mg,Fe) 4Al]Al2Si6o22 (OH) 2 3 ± 2 
++ 

augite (Ca,Mg,Fe ,Al)(Si,Al) O3 1 ± 1/2 

opa.ques 5 ± 2 

microcrystallines 25 ± 12 

Detection of quartz, plagioclase, biotite, and hornblende was in 

accordance with the source of the sand. Although oo carbonates were 

detected, they did exist in trace arrounts in the sand by virtue of the 

fact the trace grains of the sand produced marked effervescence in 

hydrochloric acid. Clays were not detected. 

ROUTINE ANALYTICAL PROCEDURES 

Aqueous Samples 

Solution samples from the laboratory column were collected in 50 mi 

polyethylene screw-cap bottles that previously had been washed in 

deionized water, 5 M nitric acid, and deionized water again. Most 

analyses were made directly on the contents of the polyethylene oottles. 

t Thin section prepared by Rudy Van Heuen, Pasadena. 
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However, solution samples collected in 100 mt pyrex beakers were 

mrrnediately analyzed for pH and aqueous oxygen content. Analyses for 

various aqueous species were performed in the following manner: 

H+ - Bec½nan Ex:pa.ndometric SS-2 gave pH values with errors 

of ± 0.001. 

Ca++ - EDTA titration to a murexide indicator endpoint (Taras, 

56) gave an uncertainty of± 0.04 mg/Q,. When aqueous 

sodium, magnesium, and potassium were also to be analyzed, 

aqueous calcium ions were quantified by atomic absorption 

(M) spectroscopy (Varion Techtron, type AA-5) with an 

air-acetylene flame at 422.6 nm. Standardization was 

made against known calcium salt solutions (Taras, 56). 

The error of analysis was one to five per cent. 

++ Mg . - Analysis was made by flame AA spectroscopy at 285.2 nm and 

standard.ized against known magnesium salt solutions (Taras, 

5 6) . Uncertainty of the value was one to two per cent . 

Na+ - For solutions containing less than 100 mg/Q, sodium, 

analysis was ITBde by flame AA spectroscopy at 589 nm. 

For solutions above 100 mg/£, emission spectroscopy at 

the same wavelength was employed. Standardization was 

+ made against sodium chloride solutions containing 2 gm K / Q,. 

Error of analysis was two to five per cent. 

K+ - Analysis was made by flame M spectroscopy at 766.5 nm. 

Standardization was against known potassium chloride 

+ solutions containing 1 gm Cs/£. Error of analysis was 

one to two per cent. 
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M1/+ - Analysis was made by flame AA spectroscopy at 279. 5 nm. 

Standardization was made against known manganese solu

tions (Taras, 56) and error of analysis was one to two 

per cent. 

Iron - Analysis was made by flame M spectroscopy at 248.3 nm 

against known iron salt solutions (Taras, 56). Uncer

tainty on the result was five per cent. 

NHi - The sample was treated with ZnSO4 and KOH followed by 

Nesslerization (Taras, 56). Solution absorbances were 

taken on a Beckman Model B Spectrophotometer. An error of 

± 0.05 mg NH: (as nitrogen)/t was typical. 

- The sample was reacted with naphthylamine hydrochloride 
. p 

reagent (Taras, 56). Solution absorbances were taken and 

standardized against fresh nitrite salt solutions. Un

certainty of the value J.JaS ± 0 . 0 01 mg NO; ( as nitrogen)/ i . 

_No; - The sample was acidified and scanned from 275 to 220 mµ 

with a Beckman Ratio Recording Spectrophotometer. Nitrite 

concentrations at the same level as nitrate concentrations 

gave one- tenth the absorbance. Uncertainty was 10 per cent. 

Hco; - A titration curve was generated from pH 9.5 to 5.0 for the 

sample with the Radiometer system ABU12, PHM26, Till, and 

SBR2c . Calibration -was performed on known sodium bicar

bonate solutions . An error of three per cent was realized. 

Cl- - A potentiometric curve was generated for the sample using 

a silver/silver chloride electrode (Taras, 56). Calibra

tion was based on acidified sodium chloride solutions and 
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yielded an error of five per cent . 

Si(OH) 4 - The molybd.osilicate method (Taras, 56) gave uncertainties 

of± 0.02 mg SiO2/£. 

o2 - The sample's temperature was irnm.ediately determined with 

a thermocouple. Aqueous oxygen content was then deter

mined with a Beckman Fieldlab Oxygen Analyzer. Calibra

tion was made with a solution saturated with oxygen at a 

known temperature. Errors in the oxygen analysis started 

at± 1 mg/£ but later in the investigation leveled off to 

± 0. 2 mg/L 

Gaseous Samples 

Gas sampling during the Dry Period was accomplished by withdrawing 

a sample through the solution/gas sampling rort into a 50 m£ glass 

syringe. Ten feet of 1/16-inch inside diameter stainless steel tubing 

filled with 50-80 Mesh Porapak Q was capable of separating air, carbon 

dioxide, and nitrous oxide. Oxygen, nitrogen, and nitric oxide were 

separated in a 10-foot, 1/16-inch inside diameter stainless steel 

column of 60-80 Mesh molecular sieve 5A. For routine operations, only 

carbon dioxide, oxygen, and nitrogen were analyzed. A O .4 m£ gas 

sample could be separated into oxygen and nitrogen by operating the 

Porapak Q column at o0 c with 20 psia helium as the carrier flowing at 

1. 5 mQ./ second. A 2 mQ, gas sample could be separated into carbon 

dioxide and air by operating the rrolecular sieve column at ambient 

temperatures with 20 psia helium as the carrier flowing at 0.67 rn£/ 

second. All gases were detected with a therrnoconductivity detector on 

a Carle Instrwnent Company Basic G3.s Chromatograph, Model 8000. 
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Biological Samples 

Cell counting apparatus and reagents were all steam sterilized at 

248°F for 30 minutes. A soil sample of approximately one gram sand, 

accompanied.by 3 mt S8lution, was emptied into 40 mt of sterilized, 

deionized water in a 50 mt polyethylene centrifuge tube (sterilized for 

24 hours with ultraviolet light). The tubes were individually capped 

and agitated at full speed on an S8223 Vortex Genie Mixer (American 

Hospital Supply Corporation) for two minutes to remove bacteria 

from the sand grains. The resulting agitated solution was then 

diluted 10, 100, and 1,000 times before being plated. 

An accl.Il'nulative count of all types of heterotrophic bacteria 

living at various depths in the laboratory colwnn was ascertained by 

spreading 100 µ£ of the hundred and thousandfold dilutions of agitated 

solution on plates of nutrient agar. Colonies became visible after 

only 24 hours of growth on the agar in the dark. Final bacterial 

counts were made three or more days after the solutions were plated. 

The white to yellow circular colonies were primarily gram negative 

cocci and bacilli two to five microns in length. 

Nitrosomonas and Nitrobacter are potentially important micro

organisms that cause secondary treated sewage effluent to acquire a 

higher Total Dissolved Solids content as it percolates through the 

soil. Populations of ooth of these nitrifying autotrophs were analyzed 

quantitatively with depth in the laboratory column. A silica based 

compound, free of organic compounds, was used as the plating medium to 

discourage heterotrophic bacterial growth. Work of Pramer (57) 

served as a basis for the preparation of the silica substrate. A 
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Biological Samples 

Cell counting apparatus and reagents were all steam sterilized at 

248°F for 30 minutes. A soil sample of approximately one gram sand, 

accompanied.by 3 mi solution, was emptied into 40 mi of sterilized, 

deionized water in a 50 mi polyethylene centrifuge tube (sterilized for 

24 hours with ultraviolet light). The tubes were individually capped 

and agitated at full speed on an S8223 Vortex Genie Mixer (American 

Hospital Supply Corporation) for two minutes to remove bacteria 

from the sand grains. The resulting agitated solution was then 

diluted 10, 100, and 1,000 times before being plated. 

An accumulative count of all types of heterotrophic bacteria 

living at various depths in the laboratory column was ascertained by 

spreading 100 µ£ of the hundred and thousandfold dilutions of agitated 

solution on plates of nutrient agar. Colonies became visible after 

only 24 hours of growth on the agar in the dark. Final bacterial 

counts were made three or more days after the solutions were plated. 

The white to yellow circular colonies were primarily gram negative 

cocci and bacilli two to five microns in length. 

Nitrosomonas and Nitrobacter are potentially important micro

organisms that cause secondary treated sewage effluent to acquire a 

higher Total Dissolved Solids content as it percolates through the 

soil. Populations of both of these nitrifying autotrophs were analyzed 

qu9-r1titatively with depth in the laboratory collITiln. A silica based 

compound, free of organic compounds, was used as the plating medium to 

discourage heterotrophic bacterial growth. Work of Pramer (57) 

served as a basis for the preparation of the silica substrate. A 
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solution of 30 gm sodium metasilicate in 300 m.Q, water was passed 

through 200 rn.9, of IR-120 C.P. (Mallinckrodt Chemical Works) cation 

exchange resin which had previously been purged with 1:1 N HCl. The 

resulting silicic acid solution was acidified further to pH 1 with con

centrated HCl and sterilized. Extensive reports on the preparation of 

culture media (Lewis et al., 59; Loveless et al., 11; Lees, 12; 

Dessers et al., 13; Laudelout et al., 14) and plating media (Engel et 

al., 15; Delwiche et al., 60) for Nitrosomonas and Nitrobacter exist. 

The plating media used was similar to the chemical envirorment from 

which the bacteria v-K)uld be collected. An amnonium salt-containing 

solution was prepared with the following salts and concentrations (mg/t): 

CaC12 560 

MgSO4 238 

MnC1 2 • 4H2O 8 

K2HPO4• 3H2O 65.2 

KHl04 59.3 

NaHCO3 1382 

CNI\) 2so4 8000 

A nitrite salt-containing solution was prepared of similar constituency 

except arrononium sulfate was replaced by 600 mg/.Q, NaNO2. After sterili

zation, the Nitrosomonas plating mixture was prepared by raising the pH 

of an equal volume mixture of silicic acid solution and the ammonium 

salt solution to 6.0 with :[X)tassium hydroxide. The resulting solution 

was poured into 9 cm diameter culh~re dishes; gelling occurred in less 

than 10 minutes. A similar procedure was followed for the Ni trobacter 

plating com:[X)und except that nitrite solution, instead of arrrrronium salt 
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solution, was used. One hundred µ,Q, of the ten and hundredfold dilu

tions of the agitated solution were plated. Within one week of incu

bation in darkness, minute specks were visible on the plates . A final 

count of the specks, made two weeks after the plating, yielded the 

population densities of Nitrosomonas and Nitrobacter in the laboratory 

column. 

The plate containing ammonium salt should permit only Nitrosomom.s 

bacteria to multiply (Stanier, 16) and similarly Nitrobacter should be 

the only bacteria that could grow in the nitrite salt containing 

medium. Actually there do exist various genuses that could populate 

the same plates (Breed, 17). Nitrifying bacteria colonies were single

cell thick transparent star-shaped masses approximately 3 rrrrn in 

diameter . Colonies growing on the amnonium enriched medium were gram 

positive, nonrnotile rods 1. 0 by 2. 0 micn::ms. These rods were loosel y 

joined together on chains of up to six rods (Figure 5). The nitrite 

ion-enriched silica gel plating medium grew single-cell thick masses 

of gram-positive rods of similar geometry. These rods however, wer e not 

primarily chained (Figure 6) . The behavior of the colony to its being 

manipulated with a wire and t he regularity of distance between cells 

suggested each cell was surrounded by a 1 µ-thick slime l ayer. These 

descriptions strongly suggest the former bacteria as being Nitrosomonas 

and the latter as Ni trobacter (Breed , 17) as was the intent of each 

medi um. 

Surface Chemical Species 

Analysis of the distribution of cationic chemical species adsorbed 

to the surface of sand r equired the use of sand whose surface was 
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Cells from Center of 5 rrnn 
Diameter Colony 

Cells from Edge of CDlony 

Figure 5: Nitrosomonas Ba.cteria Grown on .Arrrrnonium Salt Silica Gel 
Plating Com]X)und 



Figure 6: 
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Nitrobacter B3.cteria Grown on Nitrite Salt Silica Gel 
Platmg Compound 
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adsorbed with just one cation. For the preparation of such a sand, 

sand was leached for three days with a salt solution of the appropriate 

cation. Immediately after the leaching step, the sand was washed m 

200 mQ, of acetone in less than two minutes and rapidly dried in a 

stream of air. Such procedure would leave a sand surface undisturbed 

by possible dissolution of the sand. 

The procedure for the determination of the quantity of cations 

adsorbed to the surface of sand (in equilibrium with a specifically 

.prepa.red solution) was followed in a manner that would avoid the possi

bility that sand dissolution would alter the chemical composition of 

solution irmnediately in contact with the sand surface. A sand sample 

was leached by the specifically prepared solution, but not dried 

(Barber et al., 18). The moist sand was weighed and frozen. Later, 

the sand was leached for four hours with 0.01 M arrunonium acetate solu

tion (0 1 01 M barium chloride was used when adsorbed amrrDnium ions were 

being determined). Analysis of · the leachate and knowledge of the 

composition and quantity of solution film originally on the moist sand 

yielded the quantity of cations adsorbed to the surface (Sivasu

bramaniam et al., 19) even if the sand itself were dissolving to yield 

more aqueous cations. 
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GENERAL EXPERlliENTAL PROCEDURE 

Wet Period procedure essentially called for the permitting of a 

solution to flow, at constant rate, through the experimental coll.DTID so 

that samples of the percolating solution could be taken with depth and 

time. Usually the feed solution was prepared by diluting a more con

centrated solution one-hundredfold to give a 50 t feed stock. A well

mixed feed solution was insured by circulat:ing the solution between the 

holding and constant head tanks for several minutes before flow was per

mitted into the column itself. The first flow :into and down the lab

oratory coll.DTID usually ran at the average rate of 670 t/day until the 

solution reached the column's base. Flow was then set at a much lower 

rate by adjusting the rotometer. Nine solution samples could be taken 

at nine depth intervals in less than 15 minutes. To terminate the 

Wet Period, flow of solution into the coll.DTID's top segment was diverted. 

Flow leav:ing the base was disconnected from the rotometer and permitted 

to exit to the drain. Emptying lasted approximately 30 minutes; 

however, even a week after the erd of the Wet Period tiny sporadic flows 

would periodically be released. 

The Dry Period was considered to have begun as soon as solution 

flow to the column was stopped and draining had begun. Easy access of 

air to the soil was insured by remov:ing the conical roof from the 

column's top segment. Gas samples, taken through the solution/gas 

sampling ports were :i.rrrrnediately analyzed. The entire gaseous interior 

of the column could be sampled and quantified in less than one hour. 

The Dry Period usually lasted two weeks. Even though the 1/2-inch 

ball valve at the column's base remained open, the bottom two feet of 
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the column's soil usually remained waterlogged throughout the Dry 

Period. 
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SPECIFIC EXPERIMENTAL PROCEDURES, RESULTS, At-ID CONCLUSIONS 

GENEAAL TREND OF THE INVESTIG\TION 

Experimental investigations with the laboratory column were begun 

as soon as a minimal knowledge of the intermittent percolation process 

v,;ould permit. The preliminary investigations permitted the investi

gator to make most of his mistakes and yet to acquire a feel for the 

operation of the laboratory column and the relative importance of 

various basic processes at work. It was learned that ion exchange 

reactions were im:rnrtant enough that the initial condition of the sur

face of the sand would have to be quantified in ord.er to predict mathe

matically transient changes to the cationic character of a solution 

percolating through the sand. The main body of research can essen

tially be viewed as composed of three areas of investigation. One area 

centered on the general nonbiological interaction between the perco

lating solution arrl sand system. Another area of investigation was a 

detailed examination of the interactions of a granitic sand sample and 

an aqueous solution outside of the laboratory column. The third basic 

area of investigation of the main body of research focused on the 

general overall interactions of physical, chemical , and biological 

agents with a percolating solution, thereby permitting a theory to be 

developed on the mechanism of the addition of large quantities of dis

solved solids to percolating secorrlary treated sewage effluent and the 

intermittent groundwater recharge process in general. 
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PRELIMINARY INVESTIGA.TIONS 

Percolation of Deionized Water 

Total Dissolved Solids content of secondary treated sewage effluent 

percolating through the top 10 . feet of soil at the Whittier Narrows 

test basin has been reported to be increasing mainly in the form of 

hardness. By one mechanism, the calcil.Iln and magnesium ions of hardness 

are driven into solution by ion exchange with the solution' s ammonium 

ions. The major increase of hardness is attributed to dissolution of 

carbonate minerals due to a continuous production of aqueous hydrogen 

ions by the nitrification reactions during the percolation process. 

The present run ascertained the change of aqueous calcium ions in 

a solution percolating through the column when no aqueous ammonium ions 

could exchange calcium into solution nor be converted to nitrite ions 

with an accompanying production of carbonate-dissolving hydrogen i ons . 

Nine solution samples were drawn simultaneously at one-foot interval s 

as demineralized water percolated down through the column at 37 £/day. 

Data on the concentration of aqueous calcil.Iln and hydrogen ions were 

taken at three time periods . 

• f ++; f f • A production o 0.5 mg Ca £ per oot o travel existed through-

out the 37.5 hours of the run (Figure 7). In general, there was a 

decrease of aqueous hydrogen ions in the solution as it traveled down 

through the sand (Figure 8). The solution was acidified in the top foot 

of travel. Thereafter it became increasingly alkaline until the five

foot depth was reached . At that depth a leveling off of pH rise was 

apparent even though calcium ions were still being added to the 
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. ++; solution at 0.5 mg Ca £. 

Electroneutrality of the percolating solution requires that the 

appearance of 0.22 meq Ca++/£ of the effluent solution be matched by 

the disappearance of 0.22 meq/£ of another cation or the appearance of 

0.22 meq/£ of an aqueous anion. By virtue of the fact that deionized 

water was being percolated, the only cation that could disappear from 

the solution would be the hydrogen ion. Because less than a tenth of a 

per cent of the 0.22 meq/£ can be matched by the disappearance of aque

ous hydrogen~ then there must have been an addition of some aqueous 

anion species to the percolating solution 

This run brings out the fact that, in the absence of nitrifica

tion reactions and substantial ion exchange reactions, the maximum 

-4 ++ rate of release of aqueous calcium ions would be 10 mg Ca / gm sand• 

hr. Furthermore, the ability of the column's mineral assemblage to 

alter solution acidity is but very slight. 

Percolation of a Sodium Salt Solution 

Ion exchange of aqueous ammonium ions for calcium and magnesium 

ions was partially blamed as being a slight cause of dissolved solids 

acquired by a percolating solution. Motivation for percolating a 

sodium salt solution through the column was to exhibit the rate and 

extent of ion exchange reactions in which the column's sand could 

participate. 

The surface chemical constituency of the sand was the same as that 

after the end of the previous run of 37. 5 hours of percolation of de

mineralized water. A feed solution of 119 mg Na+/£ (typical sodium ion 
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level of the "Whittier Narrows' secondary treated sewage effluent) was 

percolated through the lal:x)ratory column at 33.6 £/day. Percolation 

lasted for 25 hours during which time two sets of depth pro-

file concentrations of aqueous calcium and hydrogen were taken. 

A pronounced appearance of aqueous calcil.rrn ions occurs in the per

colating solution when up to 31 mg Ca++/9., was added (Figure 9). Even 

during the short 12.5 hour interval between samplings there was a drop

off of rate of calcium ion addition to the percolating solution. 

Aqueous hydrogen ions were removed from the percolating solution (Fig

ure 10) until a pH of 7.0 was reached at the three-foot depth . Below 

three feet; acidity of the solution increased throughout the remainder 

of travel down through the column. With time, there was a tendency for 

the consumption of acid to diminish at the column's top even though the 

addition of acids further down was constant. 

Since no anaJ.ysis was made for aqueous sodium ions, it can only be 

theorized that these graphs represent the ion exchange of sodium ions 

for calcium ions. Since the outlet concentration of aqueous calcium 
f 

. ++; . ions varied from 31 to 22 mg Ca £, then the amount of calcium that 

was released from the column's sand averaged O. 4 µeq/ gm dry sand. Con

sidering the entire run's release of aqueous calcium ions, the sand's 

capacity to hold calcium must be at least 1.0 µeq/gm. If the ion 

exchange reaction between solid exchangers Na and Ca and aqueous_ species 

N + d Ca++ • a an is 

- + k2 - ++ 
Ca + 2Na k 2Na + Ca 

1 
(1) 
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then the concentration of aqueous calciwn ions, Ca, in the percolating 

solution with depth, z, (neglecting axial diffusion through the coll..Il'Ilil) 

is describable by 

aCa 2 - -2 8Ca - az - a(K1 Na Ca - K2 Ca Na ) + B ~ (2) 

where a and Bare constants, K1 and K2 are rate constants of reaction 

(1), Na and Ca are the concentrations of adsorbed cations, and Na and 

Ca are aqueous cation activities. Because the initial surface concentra

tions are not known, quantitative use of the above mass balance equa

tion cannot be made. It is clear, however, that the sand surface could 

not have been devoid of sodium species. If calcium species were domi

nant on the sand, then there would be a larger rate of addition of 

calciwn ions at the top of the colwnn than at the bottom. Of course 

the data show the reverse to be true and therefore there must have been 

liberal quantities of sodium ions adsorbed to the sand surface at the 

start of this percolation. 

Percolation of a Calcium Salt Solution 

A long duration study of changes to a percolating solution of 7 mg 

++ Ca 19, was undertaken. The sand surface chemical constituency would be 

+; . the same as that at the end of the 25-hour flow of 119 mg Na £ solution. 

The sand's surface should be approximately half-to-fully saturated with 

sodium ions. Over a period of 50 hours the flow of solution was main

tained at a constant at 33.6 £/day. Six depth samplings of solutions 

were taken. 

The depth profiles of aqueous calcium ion concentration can be 
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described as a set of breakthrough curves traveling down the colwnn. 

These breakthrough curves connect an aqueous calcium ion concentration 

of 7.1 mg/£ with one of 3.6 mg/£ (Figure 11). Neglecting the top 

segment of column, the aqueous hydrogen ion content depth profiles also 

are breakthrough type curves connecting pH 6. 5 with pH 7. 5 (Figure 12). 

The hydrogen curves appeared to move down the column in conjunction 

with the calcium ion profiles. 

Assuming the prevalent process is an ion exchange of aqueous 

calcium ions for sodium, certain numerical results can be concluded. 

The average rate of travel of the breakthrough curve is 0.13 ± 0 . 03 ft/ 

hour down the column. Since the porosity of the colwnn is 0 .44, then 

++; . 0.25 ± 0.06 µeq Ca gm was adsorbed by the sand along with 0.0004 ± 

+ O. 0001 µeq H / gm. Sand located above any breakthrough curve represents 

sand that has come to equilibrium with the inlet solution. Since the 

inlet solution is devoid of aqueous sodium ions, then the sand above 

any breakthrough curve must have negligible sodium adsorbed to its 

surface. Sand below the breakthrough curve is in equilibrium with 

the aqueous calcium ion (3.6 mg/£) and sodium (3.85 mg/2) released in 

the breakthrough curve region of the column. If only sodium is 

released when aqueous calcium ions are adsorbed by the sand, then the 

quantity of sodium ions on the san::i below the breakthrough curve must 

+ be O. 25 ± O. 06 µeq Na /gm. If "x'' is the total capacity of the san:i to 

hold cations, in µeq/grn, then the equilibrium coefficient, Keq' for the 

exchange reaction (1) can be defined as 

K = eq 

2 -Na Ca 

ea ra (3) 
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am evaluated as 

K = S(x - 0.25)[mM gm/µeq] eq 

Study of Extraneous Sand and Solution Chemical Species 

(4) 

So far, the only ion investigated that w::iuld be released by the 

laboratory's sand was calciwn. However the colwnn's minerals are known 

to contain calcium, sodiwn, p:)tassiwn, magnesium, iron, zirconiwn, and 

probably manganese. The standard chemical formulas of minerals in the 

laboratory column are purely ideal and any number of cationic substitu

tions could occur in the mineral. To head off the p:)Ssibility that an 

imp:)rtant cation might have been neglected in considerations of the 

interaction of the minerals and a percolating solution, a sample of the 

column's sand was vaporized man electric arc am its emission spectrwn 

was analyzed for most metallic elements.t Also, effluent from the 

. . f ++; . column during the percolation o a 40 mg Ca i solution was taken and 

evaporated to dryness under an infrared lamp. The residue was also 

submitted for analysis for many extraneous cations. 

There were no surprises in the composition of the sand itself 

(Table 1). The presence of certain cations in the solution is imp:)r

tant. The relative abundance of barium ions in the percolating solu

tion is asswned to represent an impurity in the feed solution. How

ever the abundance of :iron, rnanganese, and copper in the solution 

relative to their relative quantities in the mineral material itself 

r:ossibly means that the minerals of these cations are more r1ccc~~~;ible 

t Perfonned by Mrs. r.. Bingham, Geology, Caltech. 



t Element 

Mg 

Fe 

Ti 

Ba 

Sr 

Mn 

Zr 

Cu 

V 

Cr 

Ga 

Sc 

42 

Table 1 

Emission Spectrographic Analyses 

Sand 
ppm/ ppm Sr 

3.7 

1.2 

1.2 

0.85 

1.00 

0.22 

0.11 

0.06 

0.03 

0.03 

0.02 

0.01 

Solution 
mg/,Q, I mg/£ Sr 

100 

1 

trace 

3 

1 

17 

1 

0.5 

1 

0.3 

0.2 

0.3 

t Certain elements are not tabulated due to their being dif
ficult to analyze or their being too abundant. 
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to dissolution. Possibly the accessory minerals are coatings on the 

surface of other minerals. 

Percolation of Calcium Salt Solution 

Again, a calcium salt solution was percolated through the column. 

Th • . h . h 0 ++/ . is tlffie t e concentration was igher at 37 to 38 mg Ca £ with a 

flow rate of only 3.7 £/day. The initial condition of the sand was 

that after two weeks of deionized water flow, for which the column 

effluent contained 4 mg Ca++/t. The column was initially full of de

ionized water. During the run, samplings were taken every 12 hours and 

analyzed for calciwn, pH, and carbonate. 

pH profiles show a breakthrough curve moving down the column at 

approximately 0.17 ft/hr. and connecting solution of pH 6.3 with pH 6.9. 

When the curve had swept through the column in 6 0 hours, the pH prof iles 

were quite constant at pH 6. 3. Curves representing the quantity of 

aqueous calcium ions in the percolating solution with time appeared to 

have tWJ breakthrough curves. One curve was similar to the pH break

through curve in that it traveled down through the column at the rate 

of 0.17 ft/hr. The second breakthrough curve rroved at a much slower 

rate down the column. The slow moving curve connected solution of 38 mg 

++/ • 7 ++/ • • d • f 30 Ca .Q. with 2 '± 1 mg Ca .Q.; the other curve Jome solution o ± 

++/ . ++; f • f • 4 mg Ca .Q. with 3 ± 2 mg Ca £. On top o all the many in lections 

of the calcium ion profiles was a gradual increase of 0.5 mg Ca++/£•ft. 

Carbonate ion concentrations (see Appendix B) increased in the perco

lating solution at a constant rate of 0.0667 rnM/ft. 

I3oth the pH breakthrou,gh curve and the fast moving calciwn ion 

\ 

\ 
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breakthrough curve are the leading edge of the calcium salt solution 

as it displaces the deionized water solution already in the column. 

The smaller calcium ion breakthrough curve represents the boundary 

between sand trat is in equilibrium with the incoming solution and sarrl 

in equilibrium with the column's effluent. The quantity of calcium 

ions that must be added to the sand so trat it will be, in equilibrium 

with the influent determines the rate at which the breakthrough curve 

travels down the column. ++ The data show that 1.2 µeq Ca /gm was added . 

Gradual upward inflections in the calcium ion profiles are assumed due 

to genuine dissolution of a calcium-containing mineral. The addition 

of carbonate ions to the percolating solution suggests that mineral to 

be calcium carbonate. 

General Conclusions 

The prel:iminary investigation revealed several important points 

relative to the addition of dissolved solids to a percolating solution . 

When a neutral solution passes thrDugh the laboratory column, aqueous 

• - 4 Ca++/gm•hr. calciilll; would be released at less than 10 mg 

carbonate is the partial source of the aqueous calcililil ions. 

Calcium 

Rate of 

release of calcium ions did not appreciably vary with pH between the 

range 6. 3 and 7.7 . If bacterial nitrification .is going to cause a 

large increase of the rate of release of calcium ions to the percolating 

solution snnilar to the situation ~t the Whittier Narrows test basin, 

the pH will have to be dropped considerably below 6.3. 

Ion exchange reactions are rapid and extensive enough to be im

portant transient factors in the cationic constituency of a percolating 
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solution . Cationic exchange capacity of the sand is at least 1.2 µeq/ 

gm. Besides sodiwn and calciwn, the aqueous hydrDgen ion can also 

µ3.rticipate in ion exchange reactions with the colwnn's sand. 

Ion exchange reactions must be considered if a mathematical model 

is to predict the variation of aqueous species in a percolating solu

tion under non-steady-state conditions. Verification of the role of 

ion exchange .reactions requires that, at least, all the concentrations 

of all prominent ions in the aqueous phase be known. 

MAIN BODY OF RESEARCH 

Percolation of Deionized Water 

This run represented a situation of dissolution of the column's 

minerals in a near neutral environment in the absence of biological 

interference. Later, when a biological corrrnunity would be established 

in the column, effect on the dissolved solids content of the solution 

by bacteria would be :inrrnediately obvious. 

Chemical interactions between the mixture of minerals of the lab

oratory column and a percolating solution was undertaken with the 

addition of tw::::, more sampling ports at the 1/4- and 1/2-foot depth 

positions. Biological production of acids and bases was to be avoided 

as much as possible during this run. Bacteria were deactivated in the 

column, ·in a manner that would be harmless to future colonies to be 

grown, by percolating deionized water at 11 Q,/day. Oxygen content of 

the percolating solution gradually rose from a minimum value of 2 mg 

Oi Q, to 8 mg Oi Q, over a period of one month. Except for traces of 

organic compounds and light coming into the top segment, there would be 
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no energy sources to support bacterial growth capable of altering the 

chemical properties of the percolating solution. 

Aqueous species oonitored, in consideration of the constituency of 

the sand's nrinerals, were sodium, magnesium, calcium, potassium, 

manganese, iron, and silica. Deionized water percolated thrDugh the 

column for two weeks at 11.1 t/day. 

tion were monitored. 

Only the last two days of percola-
/ 

In no sample was the aqueous manganese or iron concentration higher 

than 0.01 mg/t. Detectable aqueous species exhibited time independent, 

unimodally-increasing concentrations as the solution percolated down 

through the column. The rate of addition of aqueous species decreased 

with depth of travel. Aqueous rnagnesilUil concentrations leveled off at 

0.9 mg/£ as did sodium ion values at 0.2 ± 0.01 mg/£ (Figures 15 and 

16). Potassium ions were added to the solution throughout the column 

at approximately the same rate (Figure 17). large experimental errors 

on aqueous silica content did not hide the fact that approximately 

1.5 ± 0.3 mg SiO2/i had been acquired by the column's effluent (Figure 

18). The solution was acidified in the top three inches of sand but 

was driven back toward neutrality in the remainder of flow (Figure 19). 

The well oxidized condition of the percolating solution (8 mg 

02/£) and its neutral pH required Fe(OH) 3 and MnO 2 to be the stable 

forms of iron and manganese in the column (Stumm et al., 20). Aqueous 

species concentrations of iron or manganese in equilibrium with either 

of the minerals is negligibly small and consistent with observations. 

Generation of aqueous cations from aluminosilicate minerals by 

ion exchange or by dissolution is but a subtle distinction. Assuming 
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the microscopic examination of the sand to be thorough, the source of 

cations by dissolution can be only aluminosilicate minerals. Overall 

dissolution reactions of such aluminosilicate minerals as plagioclase 

((Ca,Na)(Al,Si)A1Si2O8), biotite (K2(Mg,Fe) 6(Si6Al2)o20 COH) 4), or 

hornblende (NaCa2[(Mg,Fe) 4Al]AJ.. 2Si6o22 (OH) 2) will generally be one, or 

a combination of, the following in a well-oxidized neutral aqueous 

environment: 

aluminosilicate(s) + H+(aq) = Fe,Mn wreckage(s) 

+ silica(aq) + alumina(aq) + cation+(aq) 

aluminosilicate(s) + H+(aq) = Fe,Mn wreckage(s) 

+ silica(aq) + alumina wreckage(s) + cation+(aq) 

aluminosilicate(s) + H+(aq) = Fe,Mn wreckage(s) 

+ clay(s) + cation+(aq) 

(5) 

(6) 

(7) 

The specific path of dissolution taken will be dependent on the con

centration of aqueous silica and alumina adjacent to the dissolving 

aluminosilicate surface. Minerals in contact with fresh free-flowing 

solutions will dissolve according to reaction :path (5) where the Fe,Mn

wreckage would represent trace quantities of iron and manganese oxides, 

hydroxides, and oxyhydroxides. Neutral solutions percolating through 

a soil rapidly saturate with respect to aluminum hydroxide, gibbsite 

(Al(OH) 3). Eventually, as further dissolution occurs, a high enough 

aqueous silica concentration will prevail that further dissolution of 

minerals will yield clays (reaction 7). In the absence of high 

cationic activities the clay will typically be a member of the kaolin 

g:ruup CA14Si4o10 (OH) 8). The present run was of high enough silica 
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concentration that a combination of reaction p:iths 2 and 3 would be 

thermochemically :possible down through the laboratory column: 

+ aluminosilicate(s) + H (aq) = Fe,Mn, and claywreckages(s) 

+ silica(aq) + cation+(aq) 
(8) 

Such a dissolution mechanism gives the aqueous hydrogen ion and cations 

the attribute of ion exchangers. Pure ion exchange reactions, however , 

do not involve change of the solid exchanger's structure. The question 

of whether the source of cations in percolating solutions at Whittier 

Narrows is due to ion exchange or to mineral dissolution is of great 

im:fX)rtance, and the eventual separation of the two mechanisms is impera 

tive. 

The appearance of aqueous silica in the present investigation's 

solution cannot be by the ion exchange path since its aqueous species 

is neutral. Si( OH\ is the only aqueous species :possible over the 

entire pH range that will exist in the percolating solution (pH 4.5 to 

8.5). Aqueous silica appears in the solution due only to actual 

mineral dissolution. 

Simplification of the source mechanism of aqueous silica is accom

plished by neglecting dissolution of quartz. The overall reaction of 

solid silica phases with water is: 

Si(OH) 4 can dissociate or :polymerize into at least five other aqueous 

species (1.a.gerstrom et al., 30). As long as the solution pH is between 

2 and 9, Si(OH) 4 concentration is unaffected by pH. Much study has 
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been given the solubility of quartz due to discrepancie~ between data 

caused by a more soluble metastable, arrorphous silica phase or micro

crystalline quartz (M)ore et al., 53). The present discussion is 

focused on the macrocrystalline silica mineral, quartz, of solubility 

12 mg Si02/i. Only the dissolution portion of the quartz water reaction 

needs to be considered since the silica content of the solution of this 

run was well below saturation of any solid silica phase. Change of 

concentration of aqueous silica in a batch reaction of quartz and water 

can be described by: 

(9) 

The dissolution reaction itself controls the overall rate of transfer 

of silica away frDm the crystal quartz due to the srrallness of the 

• ( -11 / 2 ) ( • reaction rate constant, k1 , 4 x 10 mg cm ·hr van Lier et al., 31; 

Henderson et al., 32). Using the BET analyzed surface area for o, quartz 

could have contributed only 0.006 mg SiOit to the laboratory column's 

effluent 1. 5 mg SiOi t. Therefore quartz can be neglected as a factor 

affecting the percolating solution's pH or aqueous silica concentration. 

Dissolution of aluminosilicate minerals must be the reason for the 

addition of aqueous silica molecules to the percolating solution. The 

least complex dissolution of the aluminosilicates of the column's sand 
I 

would be via reaction path (5). However a more complex situation 

arises by considering the possibility of incongruent dissolution. The 

aluminum-to-silicon molar ratio for the aluminosilicate minerals of the 

collilllI1 is approximately unity. Congruent dissolution (reaction path 5) 
+++ 

should yield an aqueous effluent alumina activity of 0.75 mp, Al /£. 
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Maximum solubility of the hydrated aluminum hydroxide gibbsite 

(Al2o3 3H2O) in the pH range of the present run is 0.0007 mg Al+++/£ 

(Gardner, 36). Gibbsite, therefore, must be a product of the incon

gruent dissolution of the parent aluminosilicate throughout the length 

of the column. Furthermore, subsequent data show that aqueous aluminum 

. . +++; . concentration is at least less than 0.01 mg Al £ thus negating the 

possibility that a more soluble amorphous gibbsite (Wollast, 29) and 

slow gibbsite crystallization rate could permit a higher aqueous 

alumina concentration. As aqueous silica concentrations increase 

further, another solid mineral, kaolinite, could precipitate by reac

tion of aqueous silica and gibbsite: 

Theoretically 1.2 mg SiO2/t is all the aqueous silica necessary to 

start the formation of kaolinite from gibbsite (Sturrrrn et al., 20). By 

observation of natural water systems Garrels (37) listed 10 mg SiO2/£ 

as the minimum silica concentration. According to Weaver (38), six 

kaolin phases exist. Due to the unknown kinetics of the reaction, it 

is difficult to state which phase will prevail as a solution percolates 

through the column. From a thermodynamic point of view, if equilibrium 

has been reached, 1.2 mg SiO2/t would be the maximum concentration the 

percolating solution could attain. Therefore, minerals above the 

three-foot depth must incongruently dissolve to gibbsite and those 

below the same depth will dissolve incongruently to kaolinite. 

It has been proposed (Helgeson, 33; Wollast, 29) that products of 

incongruent dissolution form a coating on the parent mineral, hindering 
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the flow of prcxiucts and reactants of dissolution. If the overall rate 

of release of aqueous silica is controlled by diffusion through an 

amorphous coating, then a steady state representation of aqueous s i l i ca 

in a percolating solution will be described by: 

where 

( 10 ) 

[SiO2J(z) = aqueous silica concentration as a function of dept h, z 

[Sio2J~ = aqueous silica concentration at interface of parent 

mineral and coating 

D 

L 

= diffusion coefficient of silica through t he coat i ng= 

3.6 x l□-11 cm2/hr (Wollast, 29) 

. . -7 = thickness of coating = 10 cm. 

Because diffusion through the surface coating is assumed to control the 

overall rate of release of silica from the parent alwninosilicate, 

then the interfacial aqueous silica concentration will be i n equilib

rium with both the parent and the coating mineral. In the case of 

albite (NaA1Si3o8) in contact with either gibbsite or kaolinite, that 

concentrat i on is approximately 10 mg SiO2/ i (Stumn et al . 20 ) . 

Therefore, 

[SiO 2J( z ) ~ 10(1 - exp(0.0lz)) (11) 

If the products of incongruent dissolution do not adhere t o t he parent 

mineral, the overall release of silica will be governed by 

(12) 
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where 

k1 = rate constant of dissolution 

[Si02J~ = aqueous silica concentration in equilibrium with both 

gibbsite and kaolinite. 

Either equation could represent the change of aqueous silica concentra

tion of percolating solutions if reasonable guesses for the constants 

of the equations were made. 

Incongruent dissolution of any aluminosilicate mineral reaction 

(8) in a near neutral deionized environment will produce the same 

equivalents of alkali ions as it will consume hydrogen ions. 0.003 

+ µeq H /i was removed from the percolating solution; yet, 0.26 µeq 

cations/£ were added. Conservation of the solution's electroneutrality 

requires that an anion be released with the cations to the extent of 

0. 257 µeq/£. Because the column had been inundated for a month with 

solution, the dissolving mineral-salt releasing anions and cations must 

at least be only sparsely soluble or else it v-X)Uld have dissolved away 

its trace occurrence in the laooratory column. Calcium or magnesium 

carbonate or phosphate minerals are the possible source of released 

anions. Sodium and potassium ionic salt minerals found in nature are 

not sparsely soluble. Sodium and potassium ions are undoubtedly pro

ducts of the breakdown of aluminosilicate minerals. Both sc:x::lium and 

calcium exist in the plagioclase structure to preserve electroneutrality 

in the structure composed of four member chains of Si02 tetrahedra 

partially replaced by alumina. Sodium additions to the percolatinp.; 

solution would result from the breakdown of plagioclase and variation 

of the rate of addition of sodium with depth should follow that of 
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aqueous silica. Potassium ions probably originate from biotite at a 

rat e dependent on the diffusion of potassium ions out from between the 

aluminosilicate sheets that form biotite (Reed et al., 39). 

This run specifies the upper bound to the rate at which cati ons 

and silica v-Duld be released to a neutral percolating solution. Calcium 

ions are released (Figure 20) presumably by dissolution of carbonat es 

. -5 / . . . at the rnaxlffium rate of 3 x 10 mg gm• hr. Possibly by dissolution of 

carbonates and hornblende, magnesium is released at the maximum rate 

of 1 x 10-5 mg/gm·hr . The maximum rate of addition of sodium i ons to 

a percolating deionized solution is 2 x 10-6 mg/gm•hr; potassium' s 

. -6 / rate is 5 x 10 mg gm•hr. The release of silica is a direct r esult 

of dissolution of the column's alt.rrninosilicates. Forty per cent of t he 

column's sand can be neglected as a supplier of the aqueous sili ca 

because quartz is extremely slow at dissolving. As a result of t hi s 

run, the effects, if any, of bacterial activity on the dissolved solids 

content of a percolating solution will be readily apparent. 

Percolation of a Calcium Salt Solution 

Preliminary f indings show that, despite its coarseness, the sand 

of the column is an excellent cation exchange medium. This run was 

intended to exhibit the importance of cation exchange react ions on a 

large array of aqueous species. The first step of dissolut i on of a 

fresh mineral surface is an ion exchange of the mineral's cation f or 

the hydrogen ion (Helgeson et al. 35). The sodium and calcium of 

plagioclase could be replaced by the aqueous hydrogen ion without much 

alteration of the alumina/silica bonds. Similarly, potassium of 

biotite is weakly held as an interlayer ion. Potassium is replaced 
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by the hydronium ion to give vermiculite (Frye, 44) in the early stage 

of dissolution of biotite. The effect of a counter ion on the release 

of cations from the column's mineral assemblage must be examined more 

closely. 

The counter ion used in this run was calcium in a calcium chloride 

• f ++; solution o 40 mg Ca_ L It is important to remember that previously 

deionized water had been purging the column for two weeks. At the 

rate of 11.1 £/day the calcium solution percolated for 197 hours during 

which time the aqueous composition of the solution with depth was 

determined at seven time intervals. Analysis was again made after 

another 235 hours of flow at 36 £/day, followed by 75 hours at 11.1 £/ 

++ 
day of the same 40 mg Ca /£ solution. 

Aqueous silica, oxygen, potassiurn, and hydrogen concentrations of 

the percolating solution were essentially time independent whereas 

sodium and especially calciurn and magnesium aqueous levels were not. 

The rate of addition of potassium ions to the solution (Figure 21) more 

than tripled over the rate when deionized water was percolated (Figure 

17). As previously experienced, the rate of addition of aqueous JX>tas

sium ions decreased with depth. Aqueous silica levels (Figure 22) 

were unaffected by the increased ionic strength of the percolating 

solution. pH (Figure 23) followed the same general pattern as when 

deionized water was percolated (Figure 19). In the top six inches 

0. 005 meq acid/ft was added to the incaning solution and the final 

constant pH for the remainder of flow was 6 .1 instead of 6 . 7 . There 

also existed a definite consumption of 2.5 mg o2/£ (Figure 24) from 

the solution in the top segment of the column with a gradual readdition 
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of oxygen thrDughout the remainder of flow. Sodium ions appeared in 

the solution (Figure 25) at a rate three times that of the deionized 

water run (Figure 16). After extensive percolation, the quantity of 

sodium ions acquired by the calcium salt solution matched that of 

the deionized water percolation. Calcium ion level of the solution 

dropped thrDugh the breakthrDugh curve from 40 mg Ca++/£ to a quasi

equilibrium value of 29 to 31 mg Ca++/£ (Figure 26). Magnesium levels 

generally rose at some depth thrDugh its breakthrough curve from Oto 

7 mg Mg++/£ (Figure 27). After extensjve percolation, the calcium and 

magnesium ion breakthrough curves had traveled down and out the column 

and the quasiequilibrium concentrations of 29.5 ± 0.5 and 7.1 ± 0.3 
I 

mg/£, respectively, gave way to the inlet values with a gradual upward 

movement of concentrations with depth. 

One of the more interesting aspects of this run is the variation 

of aqueous magnesium and calcium content of the percolating solution. 

Aqueous caiciurn and magnesium ions are coupled in ion exchange. The 

sum of equivalents per liter of aqueous calcium and magnesium ion levels 

is, to within ten per cent, a constant throughout the column. The 

complete variation of the concentrations of aqueous calcium and mag

nesium of the percolating calcium chloride solution can be described by 

considering a mass balance for both species and making certain assump

tions . Neglect any radial distribution in the column by considering 

only the average concentration taken radially through the solution. 

An effective diffusivity coefficient will account for axial rrolecular 

diffusion and dispersion. The effective porosity will be assumed to 

equate superficial fluid velocity with its average linear velocity. 
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The differential ma.ss balance for the aqueous phase calcium ion is 

2 
~ a ca + D a ca = aea R R 

P 

"' E 2 ~t - - - dea- • c E oZ az • 0 ' l, a 
(13) 

Dissolution of any solid phase will be assumed to take place well 

below saturation and therefore the rate of production of aqueous calcium 

ions will not be a function of the concentration of aqueous calcium 

but rather constant 

1 - p 
L (14) 

where dCa is the dissolution constant, Ss is the surface area, and PL 

arrl PE are porosities. The most prominent ion exchange reaction is, 

++ - kl - ++ 
Ca (aq) + Mg 'k Ca + Mg (aq) . 

2 
(15) 

If the reaction itself controls the overall rate of mass transfer, the 

production of aqueous calcium ions will be governed by the rate expres-

sion, 

(16) 

A similar set of equations then exists for the magnesium ion. 

A steady state situation is one in which aqueous species at a fixed 

depth are constant of time and in equilibrium with the solid cation 

exchangers. The steady state expression for equation (13) is 

(17) 

If an inlet solution contains only salts of calcium and magnesium of 

respective concentrations Ca1 and Mg1 , the integration of (17) is 
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Ca(z) 
R P 

= Ca + d,Ca E 2 r u (18) 

Prior to the present run, the sand had been percolated by deionized 

water. Since the prevalent cations appearing in solution during that 

run were calcium and magnesium, then it is reasonable to assume the 

initial solid cation exchanger of the sand for this run was composed 

entirely of calcium and magnesium. A distribution coefficient will be 

assumed constant and defined by 

K eq (19) 

During the deionized water run when a small quantity of aqueous calcium 

and magnesium (Car and Mgr) was percolated through the column, the 

equilibrium solid cation exchange ratio at various depths is predictable 

by use ,of the distribution coefficient and equation (18), 

( 20) 

Electroneutrality of the aqueous phase of the present run will be main

tamed, therefore, 

[ 

R P Z) 
20 Mgir - Mg+ d,~ E J (21) 

A newly infiltrating solution of salt concentration Carr amd Mg11 per

colating down through the column will eventually have changed its 

aqueous cationic ratios until they are in equilibrit.un with the solid 

cation exchange ratio xc /~ l given by equation ( 20) . This 
a gJo 
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quasiequilibrium solution, existing below the breakthrough curve, will 

have a calcium concentration as defined by (19), (20), and (21) to be 

1.s4(Mgn + Rd,~PEz] 
+ CaII + 

Rd,CaPEa 

Caquasi(z) 
u ( 22) = 

(Mgr + R,i_,~PEz] 
1 + 1.64 

[~ Rd CaPEz] + ' u 

Mg .(z) is found by use of equation (19). Equation (22) predicts quasi 

for this run a Ca . ( 8 feet) of 30 mg Ca++/ t which is in good agreement quasi 
++ with the actual value of 30. 4 ± 0. 7 mg Ca / L 

Prediction of the unsteady state variation of aqueous calcium and 

magnesium ion concentrations in the percolating solution requires the 

use of equations (13) and (16) as well as similar differential mass 

balances for magnesium. These equations cannot be solved analytically. 

The result of the nlD'Ilerical solution (Appendix C), as represented in 

Figure (28), shows 24-hour interval profiles of the aqueous concentra

tions of the percolating solution at various depths in the column. The 

initial calcium ion concentration falls from its inlet value through 

the breakthrough curve to sane quasiequilibrium value along the line 

M' which is also defined by equation (22). The large inflection 

below the quasiequilibrium values represents the interface between the 

newly infiltrat:ing 40 mg Ca++/.t and the deionized water that was pre

viously occupying the column. By the eighth day the calcium breakthrough 

curve has re.ached the three-foot depth. Calcium ion concentrations in 

the percolating solution above that breakthrou~h curve are represented 

by equation (18). As- for the magnesium ion concentrations, the first 

day profile shows the inlet concentration of magnesium rise through 
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the magnesium breakthrough curve at 0.5 feet and fall back downward at 

five feet vJhere the calcium salt solution interfaces with the deionized 

water solution. On the eighth day profile, the inlet solution gains a 

slight arrount of magnesium ions in the top three feet of flow due to 

the dissolution term of the differential JIB.ss balance for magnesium. 

However, at the three-foot depth the percolating solution suddenly is 

supplied with a relatively large quantity of magnesium ions due to the 

fact that the sand and solution there are experiencing the ion exchange 

reaction (15). It is clear the differential mass balances fully repre

sent the actual data (Figures 26 and 27). 

Aqueous J_)Otassium accumulated in the percolating solution of 

calcium chloride at a higher rate than was experienced with the de

ionized water solution. After extensive percolation, the quantity of 

J_)Otassium liberated from the sand was unchanged; therefore, the source 

was essentially unaltered. As the cationic content of the percolating 

• • f ++; ++; ++; 7 solution varied rom 40 mg Ca £-0 mg Mg £ to 30 mg Ca £- mg 

++ Mg It, there was no change in the rate at which potassium was added 

to the solution. The mechanism of potassium release is una.ffected by 

variation from the one doubly-charged cation to the other. Possibly 

the mechanism of potassium release centers on the diffusion of the 

J?Otassium ion out from between the aluminosilicate sheets of the biotite 

crystal. The general shape of the potassium ion profiles is similar to 

those of the aqueous silica molecule. Such aqueous potassium concen

tration profiles could be modeled if it were assumed that the rate con

trolling step of the transfer of potassium ions from the interior of 

the biotite crystal to the percolating solution was the internal 
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diffusion of the potassil.Ull ion. If this were the case, then 

[K](z) = [K] (1 - exp(-A z/ul)) eq ( 23) 

where [K] = equilibrium concentration of potassil.Ull inside the biotite eq 

crystal 

1 = distance between ion exchange site and opening of the 

sheet. 

Suppose the reaction step is 

++ • ~ + 
M. (aq) + 2K. -~ M. + 2K. (aq) 
ill ill .K2 in in 

( 24) 

where M:~(aq) is the aqueous calcil.Ull or magnesium concentration at the 

reaction site. Since an equilibril.Ull coefficient is assl.Ulled of the form, 

then 
K [M. ] · eq in 

[K] = ---'=------ xK 
eq '11 

This implies that 

d[K](z) cx:[M. J 
dz in 

( 25) 

(26) 

(27) 

The concentration of calcium and rragnesil.Ull ions in the deionized water 

was approximat~ly 0.10 rnM between the five and eight-foot depths where 

potassil.Ull ions were being released at 4.1 x 10-6 mg K+/gm.;hr. The 

quantity of calcil.Ull and magnesium ions in the present run was 1 rnM. If 

indeed the overall rate is controlled by the diffusion of the potassium 

ion out from between the aluminosilicate sheet of biotite, ·then the 
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internal concentration of aqueous calcium and magnesium ions will be 

-5 + 1 mM. The rate of release should, therefore, be 1. 3 x 10 mg K / 

. -6 +; gm· hr; it actually was 8 . 6 x 10 mg K gm• hr . 

Aqueous sodium ions initially were released by the minerals of 

the sand at triple the rate of the deionized water run. However, after 

extensive percolation of the 40 mg Ca++/i solution the sodium ion 

release fell back down to that of the deionized water run. Such time

dependent behavior of the aqueous sodium ion profiles can be modeled 

by a process including ion exchange of aqueous calcium ions for sodium 

ions with a continuous addition of sodium ions to the percolating 

solution. After the transient effects of the ion exchange die out, the 

continual addition of sodium ions remains. 

Aqueous hydrogen ions in the percolating solution are susceptible 

to a large number of effects. Extensive :i;::ossibilities will not be 

discussed. The percolating solution should have been totally un

buffered; however, 0.07 rnM of phosphate ions were detected in the solu

tion throughout the column. No aqueous carbonate ions were detectable. 

Acidification of the percolating solution in the top six inches of the 

column must represent the result of some bacterial activity that con

sumes oxygen and perhaps utilizes light. After the acidification, the 

pH of the solution showed a gradual climb from 5. 3 to 6. 2. Such a 

climb represents a consumption of 0.004 mM of aqueous hydrogen ions. 

Constancy of the asymptotic pH value of 6.1 is suggestive th3.t the 

aqueous hydrogen ion's concentration is governed by ion exchange reac

tions rather than dissolution reactions. 

Dissolution of aluminosilicates proceeded at the same rate 
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in the 1 rnM calcium chloride solution as in a deionized water solution. 

Exchange of cations of a mineral's interior with aqueous hydrogen ions 

is the first step of dissolution; breakup of the remaining alumino

silicate superstructure is the final step. The presence of relatively 

high concentrations of other cations did not speed the degradation of 

the column's minerals despite the fact that the rate of addition of 

sodium, potassium, and magnesium to the solution had increased. If the 

reason for the aqueous silica concentration's leveling below 2 mg 

SiO2/t is due to the formation of a second solid phase containing 

silica, that second phase cannot be a magnesium or calcium-containing 

clay or else the equilibrium concentration of silica muld have been 

dropped by the high concentrations of calcium of this run. 

Cation exchange, even on sarrl grq.ins 0.05 cm in diameter, is 

extensive. The duration of the transient cation exchange reactions is 

directly proportional to the total capacity of the medium to hold 

adsorbed cations. Considering the siltiness of the soil of the Whittier 

Narrows test plot, transient cation exchange would be of long duration. 

By the end of this run, cation exchange reactions involving weakly 

held ions have been giving way to mineral dissolution as the main con

tinuing cause of addition of aqueous cations to the percolating solu

tion. The minimum rate of addition of scxlium and of magnesium ions 

was respectively 1.6 x 10-6 an:i 1.3 x 10-G mg/gm•hr. Rate of release 

of aqueous silica by dissolution is a constant of the ionic strength 

of the percolating solution up to at least 3 rnM. All the data of 

this run exhibited consistent results with data of the preliminary 

investir;ation. 
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Higher Rate Percolation 

Certain mass transfer steps of solid-liquid reactions can be dis

counted as rate determining steps by observations of the effects of an 

in::!reased flow rate of solution. If mass transfer of ions from a 

mineral is controlled by reaction or internal diffusion of ions, then 

a threefold increase of flow rate will leave the overall rate unchanged. 

If external diffusion controls, an increase of Reynold's number will 

tend to improve mass transport by external diffusion and increase the 

overall r1ate of dissolution or ion exchange. 

To test ma.ss transfer, the sand experiencing 197 hours of flow at 

11.1 t/day with 40 mg Ca++/£ was suddenly subjected to 36 ± 6 £/day 

flow of the same solution. During the 233 hours of the run, four sets 

of depth samples were taken from the column's percolating solution and 

aralyzed. 

The aqueous calcium and ma.gnesium profiles, as before, were time

deperrlent (Figures 29 and 30). Furthermore, the rate at which the 

breakthrough curves traveled the length of the column was tripled. The 

travel rate is the rate of re-equilibration of the solid cation ex

change ratios with the inlet solution. Because the rate of flow was 

three times faster, the solid cation exchange ratios were forced to 

equilibrate three times faster. The behavior of these :two aqueous 

species can be modeled merely by changing the fluid velocity used in 

the solution of equation (13). 

Dissolution of the column's aluminosilicate minerals proceeded at 

the same rate as when percolation was slower. Such a response corrob

orates the theory that either the mineral dissolution reaction step or 
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internal diffusion controls the overall rate of silica release. 

Furthermore, the curvature of the higher flow rate aqueous silica con

centration profiles (Figure 31) decreases from that of the lower per

colation rate. The equations of aqueous silica profiles (10 and 12), 

based on dissolution reaction or internal diffusion control, show that 

the second derivative of the profile should vary inversely with velo

city. 

Variation of acidity of the percolating solution as depicted by 

the pH profiles was somewhat erratic (Figure 32). Acidity increases at 

the top were still present; however, there was a tendency for the maxi

mum acidity to occur further down the column. Further into the run 

these acidity additions were less prominent. The cause of the behavior 

IDuld be speculative. As solution percolated deeper into the column, 

pH rose to a value of 6.1, the same value of the previous run. 

Aqueous oxygen content of the percolating solution (Figure 33) is 

suggestive that the higher flow rate carried an oxygen sink down the 

column's length and finally out. Initially, oxygen content of the 

effluent was 4 mg 0/9.- under that of the inlet solution. The final 

profile shows essentially no oxygen was rerroved from the solution. 

If a straight line is forced through the aqueous profiles, an 

average rate constant for the release of aqueous species can be 

evaluated. By the end of the previous 11.1 9.,/day calcium salt solution 

percolation, sodium was being released at 4.6 x 10-6 rng/gm•hr into the 

solution (Figure 25). At the start of the 36 9.,/day run its rate was 

8.9 x 10-6 rng/gm•hr (Figure 34). This increase of 70 per cent can be 

associated with the ion exchange portion of the sodium release process. 
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At the end of the 36 t/day run, aqueous sodium had a release rate of 

-6 3 .. 2 x 10 mg/ gm• hr. When the 11. l t/ day run was resumed, the sodium 
' -6 

release rate dropped to 1.4 x 10 mg/gm•hr. Potassium ion release in 

the 36 t/day flow was greater than that of the 11.1 t/day flow. The 

final rate of release of magnesium ions to the solution was 2.9 x 10-6 

mg/gm•hr (Figure 35) while that at the end of the second 11.1 t/day run 

-6 was 1. 3 x 10 mg/gm•hr. Therefore sodium, rragnesium, and potassium 

additions to the percolating solutions did not remain the same but 

rather were higher with high flow rates of solution. 

Percolation rates of 11.1 and 36 t/day represent extremely low 

flow through the column (Re= 0.004 to 0.012). Mass transfer rates 

controlled by translX)rt of products or reactants from the bulk solu

tion to the solid surface certainly are approaching the situation of 

diffusion through stagnant solution. Mass transfer can be specified 

by assuming the simplification that the rate of mass transpo~t between 

sane bulk solution and a spherical p:i.rticle is represented by trans

port between a flat solid plane of uniform aqueous surface concentra

tion c surf and a bulk solution concentration ~ulk. The rate of mass 

transport between bulk solution arrl solid is equated with a mass 

transfer coefficient k. Therefore, 
C 

where 

3~ulk 
at = akc(csurf ~ulk) 

a= surface area of mass transfer per volume solvent. 

( 28) 

As Reynold's number approaches zero for a packed bed of effective 

porosity PE the mass transfer coefficient approaches a constant value; 
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= 0.914 , (Yip, 40). (29) 

A mass transfer coefficient for a finite but small Reynold's number 

has been correlated; 

1.09 =---~ 
(ScRe) 273 (30) 

The long-term data imply that sodium, potassium, and magnesium are 

being continually added to the percolating solution by mass transfer 

controlled by diffusion of ions between the mineral surface and the 

bulk solution. Steady state concentration profiles for the aqueous 

species ~ulk is described by, 

uacbulk 
- PE az = -akc (csurf - ~ulk) • 

For the present run, the inlet was free of cations except for the 

calcium ion. Therefore, 

c. 1k = c f (1 - exp(-ak z/u)). 
DU sur C 

If, as the data imply, the long-term bulk aqueous activity of the 

various cations are far from c f, then sur 

(31) 

( 32) 

(33) 

Diffusion coefficients of cations moving away from the parent alwnino

silicate surface into the bulk solution will be assumed to be 1.5 x 

10-5 crn2 / sec (Harned et al. , 21 , 2 5 , 4 2 ) . For the two flow rates 11.1 

and ,36 £/day, the Peclet number (ScRe) is 2.4 and 7.1, respectively. 

The kc values are then 4.5 x 10-3 and 6.4 x 10-3 mg/(cm2•hr•mg/£), 



90 

respectively. If the minimum surface area is assumed as being one in 

which the particles are nonporous spheres, then ak /u will have a 
C 

value greater than 20000 ft-1 . Therefore, external mass transfer by 

diffusion of chemical species from the bulk solution to the surface of 

the mineral is essentially infinitely fast and thus either reaction or 

internal diffusion control the overall rate of mass transfer. 

Percolation of Lithium and Ammonium Salt-Containing Solutions 

Particular attention must be directed at determining the rate at 

which aqueous calcium ions are released by the column's minerals in 

dissolution. For a period of one month the laboratory column was 

operated on an intermittent schedule with solution devoid of calcium 

salts. Magnesium chloride was used to adjust the solution's ionic 

strength back up to 11 mM. For a period of five months thereafter, a 

solution of the following composition was percolated intennittently: 

2.43 mM LiCl 

4 .12 mM LiHCO3 

0.49 mM (NH4) 2so4 

Because the percolating solution was free of aqueous sodium, magnesium, 

potassium, and calcium, addition of small amounts of the same cations 

to the percolating solution was readily apparent. Solution samplings 

were taken periodically for five rronths. Final data collected showed 

the variation of aqueous calcium, magnesium, sodium, potassium, and 

silica in the percolating solution at different solution flow rates. 

Throughout the study, magnesium content of the percolating solution 

dropped gradually from an outlet concentration of 3.5 to 1.5 rng/i 
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(Figure 36). However, two years previously an effluent magnesium con

centration of 0.2 rng/i was attained after extensive percolation of 

++/ . 40 mg Ca i solution. Other aqueous cation profiles did not show 

sustained changes with t:ime and are assumed to represent steady state 

situations. The outstanding phenomena observed was that despite a 

150-fold variation of flow rate, the concentration profiles of all 

aqueous cations remained unchanged (Figures 37, 38, and 39) even trough 

the level of aqueous silica dropped (Figure 40). 

Considering the variation of solution composition m the top three 

feet of the column, the rate of release of any ion is controlled by 

chemical reaction or molecular diffusion inside the mineral structure. 

Aqueous silica was released from the minerals at the same rate no 

matter what the flow rate was. The variations of aqueous cations with 

depth are unchanged with flow rate changes. It v.Duld appear at first 

sight that the rate of release of cations from the minerals increases 

with increasing flow rate. The consistent constancy of concentration 

profiles, despite wide variations in flow rate, is a hint that a 

reversible reaction controls the aqueous cationic concentrations. 

Already it has been shown that ion exchange reactions occur in the 

column; however, large scale ion exchange reactions can be observed to 

die out with t:ime (Figure 29). It is proposed that there is a 

secondary ion exchange reaction which is so fast that even when 

Reynold's Number of the flow is increased from 0.004 to 0.63, the 

extent of the ion exchange at each depth is unchanged. Because the 

concentrations of cations change with depth, the secondary ion 

exchange reaction must be in local equilibrium with the adsorbed 
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chemical species on the sand at each depth. In general, the ion 

exchange reaction will be of the form 

(34) 

where Mis a chemisorbed cation. Primary ion exchange reactions involve 

electrostatically adsorbed cations. The chemisorbed cation must be 

part of the structure of the mineral, such as the calcium or sodium of 

plagioclase. Because, for all purposes, the concentration of the 

aqueous lithium ion is constant in the solution , the equilibrium 

expression for the reaction ideally is 

K = M+ CU/ffi . ( 35) 

The particular variation of M+ concentration with depth ideally i s 

directly proportional to (MIU). If the same percolating solution were 

sent through the column in the opposite direction, the cation concen

trations would initially start at higher values and drop off to lower 

concentrations in reflection of the variation of (M/U). The one 

stumbling block to the acceptance of a secondary ion exchange r eaction 

is that it is always in equilibrium. Equilibrium of one ion exchange 

reaction v-.Duld mean that the aqueous phase concentration of cations is 

always set by that reaction. To bring the theory in tune with all the 

known data, it must be assumed that when lithium is first brought into 

contact with the minerals of the column, it first ion exchanges with 

electrostatically adsorbed cations. During the electrostatic ion 

exchange reaction, the presence of aqueous lithium ions is unknown to 

chemisorbed cations until the lithium has exchanged with a majority of 
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the electrostatically adsorbed cations on the minerals' surfaces. Once 

the shielding effect of the electrostatically adsorbed cations i~ gone, 

lithium can carry on rapid reversible ion exchange with chemisorbed 

cations. Since the equilibrium coefficient for the exchange is small, 

and because the surface of the mineral is constantly being renewed, 

the chemisorbed cations are continually being added to the percolating 

salt solution. 

Summary of Nonbiological Changes to a Percolating Solution 

Investigations have been concentrated on ronbiological inter

actions between a percolating solution and a granitic sand matrix. 

Minerals of the column were basically quartz and aluminosilicates. 

There had been chemical evidence (localized effervescence when a sand 

sample was acidified) of trace amounts of calcite (Ca.CO3) in the sand 

but, after two years of percolations, trace amounts were no longer 

apparent. Forty per cent of the sand, quartz, dissolves at a negligible 

rate. The remaining 60 per cent is aluminosilicates which have molecular 

structures of silica and alumina interconnected by cations. Dissolu-

tion of the aluminosilicate will yield a cation but no anions. 

Dissolution of the mixture of aluminosilicates m the column was 

evidenced by the release of aqueous silica to the percolating solutions. 

Aqueous silica was produced at the rate of 2.4 to 3.7 x 10-5 
mg SiO2/ 

gm•hr aluminosilicate minerals at a pH between 8.5 and 5.5 irrespective 

of the ionic strength or flow rate of the solution. When the aqueous 

silica concentration cl:imbs above 1.2 mg SiO2/i, the solution becomes 

supersaturated with respect to kaolinite CA14Si4o10 COH) 8). 



99 

Because some of the aqueous silica, dissolved from aluminosilicat e 

mineral~potentially can be lost to kaolinite,or JX)Ssibly some other 

clay mineral, the rate of appearance of aqueous silica is a lower 

bound on the estimate for the rate at which cations should be released 

by the aluminosilicate assemblage. Based on the ideal mineral formulas, 

the bulk comJX)sition of the aluminosilicates in the laboratory column 

suggests that the rate of release of calcium, ma.gnesium, sodium, and 

. . -6 -6 potassium, respectively, should be 2.9 to 4.4 x 10 , 1.4 to 2.1 x 10 , 

1.5 to 2.3 x 10-6, and 1.6 to 2.5 x 10-6 mg/gm•hr aluminosilicate. The 

minimum rate of release of the respective cations experimentally was 

1.4 x 10-6, 2.2 x 10-6, 3.6 x 10-6, and 5.0 x 10-6 mg/gm•hr alumino

silicate. 

Silica was released by the minerals at a rate that, contrary to 

the usual dissolution case, was not controlled by transfer of silica 

from the mineral surface to the bulk solution but rather by the dissolu

tion reaction itself or by diffusion of silica inside the mineral. 

Variation of aqueous silica content of the percolating solution with 

depth Z can be modeled with the general equation 

SiO2(z) = Sio2}
0 

(1 - exp(-Az/u)) (36) 

Sio2] 0 
is an equilibrium, or quasiequilibrium concentration of aqueous 

silica and A is a constant that can be either the rate of the dissolu-

tion reaction or a diffusivity coefficient. 

Release of cations from minerals can proceed by two ion exchange 

mechanisms. Primary ion exchange reactions are relatively short-lived, 

larp;e scale exchanges of electrostatically held cations for cations in 
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the bulk solution. The capacity of the sand to hold such cations is on 

the order of 10 µeq/grn sand (it will later be shown to be 27 µeq/grn) . 

Primary ion exchange reactions for a percolating solution are charac

teristically located in one band in the column above and below which 

the distribution of cations in the bulk solution is in equilibrium with 

the sand surf ace distribution of cations. Primary ion exchange reac

tions are the first and most prominent cation exchange reactions 

affecting a newly composed solution. The zone of the primary ion 

exchange reaction moves down and out the colwnn as observed by the 

motion of an inflection in the concentration profile (Figures 26 and 27) . 

Once the primary ion exchange reaction is gone, a secondary ion exchange 

reaction lingers on throughout the colwnn for an indefinite duration of 

time. As long as the distribution of cations in the bulk solution does 

not sway too far from equilibrium with respect to primary ion exchange, 

the secondary exchange reactions are always in equilibrium so that any 

change in the flow rate of solution will not change the depth profiles 

of the concentrations of aqueous cations. The secondary r eactions are 

believed to occur between the bulk solution and chemisorbed cations. 

Because the source of chemisorbed cations is in the structure of the 

aluminosilicates themselves, the capacity for chemisorbed cations is 

extremely large. Secondary ion exchange reactions are a first step in 

the overall mineral dissolution process whereby cations in the mineral 

structure are replaced by aqueous hydrogen iohs or another cation. The 

replacement weakens the bonds of the alumina and silica superstructure 

which breaks up the mineral crystal, thereby exposing new chemisorbed 

cations ionically bonded in the crystal structure. 
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Nitrifying bacteria generate tvx:i aqueous hydrogen ions f or every 

arrnnonium ion that is converted to nitrite. The hydrogen ion can 

exchange with electrostatically held cations or it can exchange with 

chemisorbed cations. Electrostatic cation exchange should be the major 

process redistributing the aqueous hydrogen ions between the solution 

and mineral phases. If the secondary ion exchange occurs, its effects 

v-:ould not be noticed due to the primary exchange reactions. Both cation 

exchange reactions are identical in their net effects to the cation 

concentration in the percolating solution; that is, an equivalent of 

hydrogen ions produced by the nitrifying bacteria will exchange an 

equivalent of calcium, magnesium, sodium, or potassium from the rninerals . 
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CHEMICAL PROPERTIES OF THE LABORATORY COUJMN SAND 

Mineral Dissolution 

Positive proof was sought for three hypotheses. It was known that 

. . . -5 -6 rrunerals were releasmg cations at the rate of 10 to 10 mg/g;m •hr , 

but the question was if the aluminosilicate structure of the mineral 

was actually disintegrating or if the observed aqueous silica was 

coming from some other source such as a clay ( Siever et al . , 4 6) . 

Another question to be answered was concerned with the presence of a 

mass transfer hindering amorphous layer of mineral matter growing on 

the surface of a dissolving aluminosilicate mineral. Finally, positive 

proof of the release of aqueous calcium from aluminosilicates rather than 

from some trace mineral was sought. Answers to these questions wer e 

sought by observation of sand grain surfaces under a scarming electron 

microscope (SEM) before and after the grain was pennitted to interact 

with various solutions. 

I..aboratory column sand was sampled and separated into feldspar, 

hornblende, and quartz fractions. Each fraction was mixed with epoxy . 

After drying, the epoxy was broken, thereby splitting in half individual 

sand grains. One half of each grain was kept as a specimen untreated 

with aqueous solution. The other face of each mineral was permitted to 

react for one to two months in one of three solutions. 0.16 M nitric 

acid was used to permit detection of actual breakup of the alumino

silicate structure in a strong acidic solution in a reasonably short 

time period. A solution to be used as a feed solution for the labora

tory column (Table 3) was permitted to react with the mineral grains 
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so that the formation of an amorphous layer could be detected. The 

third solution was 1 M potassium fluoride and potassium phosphate for 

the detection of release of calcium ions from the aluminosilicate 

minerals. The mineral grains remained in the l" x 1/8 11 x 1/8" epoxy 

support while they interacted with 30 mQ, of gently stirred solution. 

Specimens treated with nitric acid showed signs that the epoxy 

itself had disintegrated ,slightly, possibly leaving sane residue on 

the grain surfaces. Quartz showed no effects of the acid treatment 

either in low magnitude scanning electron micrographs or in higher 

magnitude pictures (Figure41) . . The quartz surface was covered with 

sharp concoidal fractures characteristic of a freshly cleaved specimen . 

Pictures of freshly fractured plagioclase and hornblende mineral grains 

are com:pa.red to the upside-down reversed picture of the twin fragment 

that was treated for one month in 0 .16 M nitric acid. The plagioclase 

crystal (Figure 43) did actually disintegrate in the acid (Figure 44 ) 

. -4 / at approx1JI1a.tely 4 x 10 mg gm•hr. A closer look at the surface 

(Figure 42) does not reveal an arrorphous layer forrrB.tion to hinder 

dissolution of the :pa.rent mineral. Formation of an arrorphous layer is 

theoretically doubtful in such an acidic environment. Hornblende 

(Figures 45 and 47) also actively dissolved in nitric acid (Figures 46 

and 48) at approximately the same rate as the plagioclase. It is 

therefore seen that when the aluminosilicate ions exchange their cations 

with aqueous hydrogen ions, they also experience an actual disintegra

tion of their structure in a measurable amount of time. 

Plagioclase grains treated for tw:i months in solution to be perco

lated through the laboratory column (Table 3) show clumps of matter on 
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Figure 41: Quartz Surface after Tv.D Month Treatment in 0 .16 M 
Nitric Acid (7500 Magnification) 
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Figure 42: Plagioclase Surface after One Month Treaunent in 
0.16 M Nitric Acid (7800 Magnification) 
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Figure 43: Freshly Fractured Plagioclase in EJX)xy SupJX)rt 
(79 fugnification) 

Figure 4-4: 'Twin Fragment of Freshly Fractured Plagioclase after 
One Month Treatment in O .16 M Nitric Acid (79 Magni
fication) 
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Figure 45: Freshly Fractured Hornblende in Epoxy Support (79 Magni
fication) 
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Figure 46: Twin Fragment of Freshly Fractured Hornblende after one 
Month Treaiment in 0.16 M Nitric Acid (79 1'13.gnification) 
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Figure 47: Freshly Fractured Hornblende (4000 Magnification) 
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Figure 48: Twin Fragment of Freshly Fractured Hornblende after One 
Month Treatment in 0.16 M Nitric Acid (40')0 Magnification) 



108 

the surface (Figure 49). The clumps are 1 to 0.1 micron in size. Be

cause there was some clumpy material on the surface of the quartz 

grains treated in the same manner, the plagioclase debris cannot be 

assumed to have originated from the mineral its elf . Hornblende grains 

also were coated with debris. The attempt to detect a surface coating 

must be judged inconclusive. 

Quartz, plagioclase, and hornblende treated for~ rronths in t he 

potassium fluoride/phosphate solution were expected to show a coating 

of calcium f luoroapatite (Ca5(PO4)3F) wherever calcium would be 

released from the crystal surface. Quartz was totally unchanged in t he 

solution . Plagioclase (Figure 50), and especially hornblende (Fi gures 

51 and 52), showed hexagonal crystals growing on the surfaces . The 

crystals were much stronger calcium emitters than the background 

mineral and are therefore assumed to be 0. 2 to 0. 5 micron crystals of 

calcium fluoroapati te. There was no preferential growth of cryst al s on 

any specific mineral cleavage plane; however, there was a conspicuous 

lack of crystals inside the mineral fissures (Figure 52). PresUJIBbly 

the calcium fluoroapatite crystals are present because of release of 

calcium from the interior of the aluminosilicate and subsequent r eac

tion of the calcium ion with the fluoride and phosphate i ons of t he 

solution. The surfaces were freshly cleaved, calcium ions which had t o 

have been desorbed from the mineral by the chemisorption of potassiwn 

ions from the solution. Judging from the coverage of crystals, calcium 

must have been released from the hornblende mineral at the rate of 

- 3 ++ 5 x 10 mg Ca /g}Tl•hr. The high concentration of aqueous potassiwn 

ions would tend to cause an ion exchange of calcium from the crystal 
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Figure 49: Plagioclase Surface after Tw:> Month Treatment in Neutral 
Salt Solution (7750 Magnification) 

Figure 50: Plagioclase Surface after Two Month Treatment in 
Fluoride/Phosphate Solution (4000 Magnification) 
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Figure 51: Hornblende Surface after Two Month Treatment in 
Fluoride/Phosphate Solution (3700 Magnification) 

Figure 52: Hornblende Surface after Two Month Treatment l.I1 Fluoride/ 
Phosphate Solution (7000 Magnification) 
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at a higher rate than lower strength solutions as used previously m 

percolation experiments through the column. Sharpness of crystal 

edges on the hornblende specimen suggests that this mineral did not 

experience disintegration of its structure during the tv.;!:)-month 

reaction with solution. 

This present investigation has shown that plagioclase and hornblende 

do dissolve, in the manner of destruction of their crystalline struc

ture, in a reasonable amount of time in an acidic solution. Disinte

gration of their structure could be neither confinned nor disproven in 

neutral salt solutions. In a one molar potassium fluoride/phosphate 

solution, the de.struction of the structure was not evident. Quartz 

was totally unaffected by any solution. Calcium ions were released 

from the interior of the aluminosilicate minerals with little or no 

alteration of the external appearance of the mineral. The reaction 

causing the release of calcium ions must be an ion exchange of aqueous 

potassium ions for chemisorbed calcium ions. Presence of a mass 

transfer hindering surface coating on the minerals was not observed m 

the acidic solution. In the 10 rnM neutral salt solution, the coating's 

presence is inconclusive. Minerals interacting with the fluoride/ 

phosphate solution showed no signs of a surface coating which follows 

from the observation that the mineral probably did mt release silica 

in the destruction of its structure. 

Determination of Ion Exchange Distribution Coefficients 

Cationic exchange reactions have been demonstrated to be of impor

tance for solutions percolating through a soil assemblage. An 
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empirical relationship was found to correlate the distribution of 

calcium, magnesium, ammonium, and the aqueous hydrogen ion on the 

column's sand surface to their respective concentrations in the aqueous 

solution. The potassium ion was not included in the study because this 

ion was found to be of minimal importance to solutions percolating 

through the laboratory colwnn. 

Experimental work was based on the assumption that equilibria 

between the distribution of the five cations on the sand and solution 

could be represented by determining the equilibrium distribution 

between calcium and each of the remaining cations. Sand samples that 

had previously been equilibrated with calcium salt solutions were re

equilibrated with four series of solutions containing varying concen

trations of calcium, of ionic strength 11 nM, and one other cation salt 

buffered to pH 8.3 with bicarbonate (the hydrogen/calcililTl ion distribu

tion was analyzed with nitric acid as the hydrogen ion "salt"). One 

dry gram of the sand was equilibrated with 25 mi of solution. After 

one week, solution was drained from the sand and analyzed for the con

centrations of aqueous calcium and the other cation to give the distri

bution of ions in the aqueous phase. Weight of the moist sand gave 

the quantity of ions in the thick film of solution surrounding the sand . 

Armnonium acetate molar solution was used to leach the wet sand for four 

hours (in the case of calcium/ammonium distribution, barium chloride 

solution was used). Analysis of the leachate yielded the distribution 

of cations on the sand's surf ace ( the hydrogen ion surf ace concentra

tion was found by analysis of the pH of the 25 mi solution before and 

after the equilibration). 
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Binary ion exchange reactions, such as between calcium ions and 

an arbitrary cation M+ follcws the reaction 

An equilibrium expression for the calcium/cation exchange can be 

defined as 

I Zeal I 7c -I 
~ [Ca] -M 

(37) 

(38) 

where l~I is the absolute value of the charge on the cation M, [M] is 

the activity of Min the aqueous phase, and~ is the activity of Mon 

the substrate. The equilibrium expression implies that a plot of 
l~I !zeal l~I !zeal 

Ca /M versus xCa /~ would be a straight line. The 

experimental data did mt plot linearly when the aqueous and surface 

activities were replaced respectively by molarity and surface equivalent 

fraction. If the surface species act like a regular solution (Garrels 

et al., 27), the activity coefficient of a surface species is 

( 39) 

where B is a cons,tant, x is the surface concentration, R is a constant, 

and Tis the temperature. For any distribution of the species 

lz I 
[M] Ca 

lzM I 
[Ca] 

For surface distributions for which neither species dominates t}1c 

(40) 
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surface by more than 90 per cent 

= (41) 

The data for the binary equilibrium reactions between calcium and four 

other cations all gave linear plots when plotted according to the above 

Ca Ca equation (Figure 53). Two constants, K7 __ and K2 , are used to deter-
-"M M 

mine the distribution of calcium and another cation, M, in an ion 

exchange system. 

Specific Role of the Aqueous Hydrogen Ion 

The phenomenon of ion exchange of electrostatically held cations on 

an aluminosilicate is a result of charged sites on the crystal surface 

resulting from amphoteric dissociation of surface hydroxyl groups, 

SiOH and AlOH, giving positive or negative sites: 

K = 10-6 to 10-S (Stumm et al., 20; 
eq 

Dugger et al., 49) (42) 

( 43) 

Another origin of surface charge would result from isomorphic substitu

tion of aluminum for silicon in a tetrahedral site in the structure of 

the mineral. The former mechanism of charge f onnation makes the 

aqueous hydrogen ion a potential-determining species. 

The quantitative description of the surface charge for a mixture 
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of minerals is 8mplex. It would be expected that in a pH environment 

between 10 and 2, the hydroxylated silica surface would only act as 

neutral or negative sites. The hydroxylated alumina surface would be 

composed of negative and positive sites in the same pH range (Tanabe, 

28). Kaolinite, a mixture of silica and alumina groups, has both 

negative and positive sites (StlUI\111 et al., 20) over much of the pH 

range of an aqueous solution. Theoretically, the aqueous hydrogen ion 

can participate in any number of dissociation reactions on the column's 

mineral surfaces in the pH ranges found in the column's percolating 

solution. Such reactions are amphoteric dissociation reactions rather 

than common ion exchange of hydrogen ions . 

Specific or selective ion exchange reactions are reactions involv

ing cations attracted to the mineral surface by electrostatic forces 

augmented by chemical bonds. Ion exchange of cations bonded 

by chemical forces is a specific ion exchange reaction. Alumino

silicate minerals, of course, do have substantial capacity for chemi

sorbed cations . Even pure silica can hold an important quantity of 

chemisorbed calcium above pH 7 (Parks, 48). Both theory and experimental 

evidence suggest calcium, sodium, potassium, and magnesium are parti

cipants in specific ion exchange reactions with the minerals in the 

laboratory column, i.e., alkaline earths are ionically bound. 

Aqueous cations attracted to the mineral surface by charged sites 

are positioned in a layer over the mineral surface so that they are 

balanced between the electrostatic force of the charged sites and the 

tendency of the cation to diffuse away from high concentration zones. 

Similarly, anions, repulsed by a surface charge (negatively adsorbed), 
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will be JX)Sitioned in balance between their being repelled by a nega

tive charge and diffusing back into a low concentration zone. The 

above tvX) layers cornJX>se the wuble Layer. A negatively charged 

mineral in an aqueous solution of ionic strength 10 mM should have a 

double layer thickness of approximately 30 A in which the cation 

concentrations could be thousands of times larger than in the surround

ing solution (van Olphen, 24). If aqueous hydrogen ions are exten

sively being chemisorbed , then the interaction between sand surface 

and solution will be more complex than a simple ion exchange of the 

hydrogen ion for another cation. Chernisorption of an equivalent of 

hydrogen ions by the sand will rot yield an equivalent release of other 

cations; instead , more equivalents of cations will be released (than 

hydrogen ions adsorbed) by virtue of the fact that less anions will be 

negatively adsorbed. 

The equal equivalent exchange between the hydrogen ion and other 

cations was investigated. CDlumn sand which had been equilibrated with 

sodium bicarbonate salt solution was permitted to react with a constant 

pH nitric acid solution . The sample was placed inside a 1/4-inch 

lucite tube through which approximately 35 mt of solution was circu

lated at 25 mi/min by a peristaltic pump (Figure 54). Circulation of 

the solution took it into a glass chamber where pH was monitored with 

a glass membrane/saturated rubidium chloride electrode system. A 

JX)Sitive pressure was maintained above the chamber by helium to prevent 

acidification of the solution by atmospheric gases. Any deviation of 

the solution's pH was checked by addition of nitric acid from a 

titrator system. The quantity of hydrogen ions taken up by the sand 
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Mineral/Solution Interactions 



119 

mixture was assumed to be equal to the quantity added to the solution 

to maintain a constant pH. The quantity of cations released by the 

sample was calculated from the analysis of the solution which had been 

circulated through the sample. Another method was used to determine if 

an equivalent adsorption of hydrogen ions would give an equivalent 

release of cations. A sand sample, previously equilibrated with 

calcium chloride solution, was permitted to react with a 11 mM solution 

of calcium chloride acidified to various pH's with nitric acid. The 

change of pH of the solution after a week gave the quantity of hydrogen 

ions adsorbed by the sample, and analysis of the quantity of calcium 

on the sand surface before and after the reaction gave a direct account 

of the quantity of calcium released from the sand slll'.'face. Results are 

plotted as quantity of hydrogen ions consumed against quantity of 

cations released (Figure 55). The points of largest uncertainty repre

sent the results of the calcium chloride equilibrated sample. There 

was a tendency for more cations to be released than hydrogen ions to 

be adsorbed thereby suggesting that the aqueous hydrogen ion is being 

chemisorbed and changing the concentration of negatively charged sites 

on the sand surfaces. The ef feet is weak enough to warrant, as a first 
-

approximation, the assumption that, above pH 4, aqueous hydrogen ions 

exchange in a one-to-one equivalent ratio with other cations. 

The capacity of a sand sample to hold cations by electrostatic 

forces must be kncwn in order to rrodel the distribution of cations be

tween the sand surface and the percolating solution. When the binary 

ion exchange distribution coefficients between the calcium ion and 

four other cations was determined, the total cation exchange capacity 
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was found to be a function of the particular pair of cations. Cation 

exchange capacities for the binary pairs calcium/ammonium, calcium/ 

magnesium, and calcium/sodium were, respectively, 15 ± 1, 11 ± 2, and 

36 ± 3 micro equivalents per gram of column sand at a pH of 8. 3. The 

cation exchange capacity of the column sand mixture was determined in 

a solution of comJ:X.)sition identical to the solution to be fed to the 

column (Table 3) but with a variable pH. The above -capacity would be 

taken as the average for small changes of solution cationic comJ:X.)sition 

around that of the percolating solution's inlet comJ:X.)sition. A column 

sand sample that had been equilibrated with solution to be percolated 

through the column (Table 3) was permitted to react with the same 

solution at various pH's adjusted with nitric acid. After the equilib

rium terminated, the adsorbed species were extracted from the sample 

with 200 mi of ammonium chloride for four hours. The total equivalents 

of calcium, sodium, J:X.)tassium, and magnesium adsorbed to the samples at 

various solution acidities are plotted at the top of Figure 56. A 

similar experiment had been performed on a sand sample; however, a 

calcium chloride solution was used in place of the multi-salt contain

ing solution. The results of the calcium adsorption investigation are 

plotted on the bottom of Figure 56. The cation exchange capacity of 

the sand mixture in the column feed solution varied from 23 to 29 µeq/grn 

in the pH range 4 to 8. The capacity to hold calcium remained approxi

mately constant at 30 ± 5 µeq/grn over the same range of pH. Because 

there was no drastic change of the sand's capacity to adsorb cations 

in the wide range of pH from 4 to 8, it can be assumed that the hydro

gen ion is not participating in chernisorption reactions in the same 
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pH range. -The total cation exchange capacity of sand will be assumed 

constant at 27 µeq/gm and changes of pH can be neglected. Even when 

the pH of the aqueous solution drops as low as 4, Figure 55 shows that 

the overall effect can still be treated as a simple ion exchange of 

cations between the sand surface and the aqueous solution. 

Proof of the Rate Controlling Step of Ion Exchange 

Data suggest that cations released by the column's sand particles 

originate within the mineral structure rather than on its surface or 

in a surrounding electric double layer. A more conclusive proof of 

the origin of cations was undertaken for the ion exchange between 

aqueous hydrogen ions and another cation in a continuous flow system. 

One gram samples of column sand that had previously been equili

brated with a single salt solution were leached at 46 mt/hr with 22 mM 

hydrochloric acid. During the operation, the effluent was collected 

an::i analyzed for the cation of the salt with which the sand had been 

equilibrated with magnesium salt solution, the interruption was 

characterized by draining the sand and permitting it to rest for 3600 

seconds. The calcium salt solution equilibrated sand was interrupted 

of leaching by its being drained, flushed with acetone, and dried 

followed by 4630 seconds of rest. The resumption of leaching was 

started and the effluent was constantly sampled. The accumulative 

quantity of cations released from the sand is plotted against the 

square root of time elapsed from the start of the leaching and also 

from the start of the resumption of leaching. 

Time variation of accumulative quantities of cations released 
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from a sand sample can be determined for the condition that diffusion 

of reactants or products inside the crystal controls the overall rate. 

The time required for a species to diffuse a short distance L into a 

crystal is approximately 12/D, where Dis the effective diffusion co

efficient. Suppose the crystal has S sites per crystal volume to be 

converted from one cationic form to another. The approximate time it 

would take to convert all the ion exchange sites a small depth, 1, 

further into the crystal will be the m.unber of sites, AlS (A is the 

area perpendicular to the direction of diffusion), divided by the rate 

of transport of cations into (or out of) the crystal, ADC/L (C is the 

concentration of the species diffusing). If the time to convert 

exchange sites 0.11 further into the crystal is much longer than the 

time required to transport cations between the sites and the surface of 

the crystal, then it is assured th3.t the transport of cations through 

the crystal is approxirrately at steady state. The criterion of a 

steady state diffusion profile inside the mineral is 

l « 0.1 S 
C 

If the number of exchange sites represents the number of chemisorbed 

cations in a mineral , then Sis on the order of 104 µeq/£. For the 

present investigation of exchanging a sand with a solution of 22.4 mM 

of hydrogen ions , the most stringent test of the criterion would be to 

assume that the diffusion of hydrogen ions into the minerals controls 

the release rate of other cations . Therefore C is 22.4 µeq/t and the 

right hand side of the above criterion is 130 which is much larger than 

one. Under the further assumption that exchange reactions occur only 
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at sites at the furthest depth of penetration of cations inside the 

crystal, the rate of penetration of the reaction front into the mineral 

will be equal to the rate at which cations diffuse into or out of the 

crystal 

or 

DC/L = S dL 
dt 

L = lbct/S' 

(44) 

(45) 

The accl.lITil.llative release or consumption of cations for a crystal system 

of total area A is 

Accum = A✓DSC/t' (46) 

A plot of accumulative release versus the square root of elapsed time 

should therefore yield a straight line if diffusion of cations inside 

the mineral structure controls the rate of release of cations. 

The interruption test can eliminate external diffusion as the 

slowest step for the transport of cations between the bulk leaching 

solution and the inside of the crystal. If the diffusion of cations 

from the bulk solution to the mineral surface controls, then a sudden 

stoppage of flow of leachate and resumption will not change the rate of 

release of cations. On the other hand, if diffusion of cations inside 

the crystal (or the exchange reaction itself) controls, an interruption 

will permit internal diffusion (or reaction) to proceed such that when 

the leaching resumes the rate of release of cations would have suddenly 

increased. The latter was the case for the extraction of rragnesium and 

calcium from the sand samples . At least for the secondary ion exchange 
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process, the rate of release of cations from the column's sand is not 

controlled by external diffusion. 

Data are plotted against the square root of elapsed time to 

show an indication of the specific rate determining step (Figure 57). 

Initially when the acidified leachate reaches the sand sample, cations 

are released at a rate that does not indicate that internal diffusion 

controls. Presumably the initial release of cations is by the same 

primary ion exchange as presumed for percolating solutions in the 

laboratory coll.IlTin. The primary ion exchange reaction is exchange of 

cations in the mineral's double layer and must be controlled by the 

diffusion of cations between the bulk solution and the double layer. 

The curves of accumulative release become straight lines with time 

which implies that internal diffusion has taken over as the rate deter

mining step. After the interruption (Figure 57), the curves tend to be 

linear. If the line is extended back to the origin, it does not inter

cept zero; therefore, during the interruption or immediately upon 

resumption of leaching, some cations have entered the double layer 

and disrupted its equilibrium with the leaching solution. 

Summary of the Chemical Properties of the Column Sand 

By direct observation, it was found that the aluminosilicate 

minerals dissolve in a reasonable amount of time with complete destruc

tion of their structures. The steps leading to the final dis integration 

of their aluminosilicate superstructures can be traced. A solution 

coming in contact with the mineral will first redistribute cations in 

the double layer of the mineral. The redistribution comes about by 
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cation exchange between the bulk solution and the double layer cations 

at a rate controlled by mass transfer of cations between the same two 

regions of cations . The double layer was found to be so thick , and 

the minerals' !X)res so srrall, that the cation exchange capacity of the 

column's sand is directly pro!X)rtional to the external surface area of 

the sand. Once the double layer has reached equilibrilD'Il with the per

colating solution, a continuing, but slower, exchange of cations f rom 

the interior of the mineral persists. Whereas the capacity of the sand 

for cations in the double layer was 27 µeq/gm, the cations being r eleased 

from the interior of the mineral structure are chemisorbed cations and 

therefore, being part of the original structure of the crystal, have a 

capacity of 4000 µeq/gm . ElectronrnicyDgraphic pictures of !X)sitions on 

the mineral structure of release of cations imply th:3.t chemisorbed 

cations are only released from the external surface of the mineral; 

therefore, the release rate is directly pro!X)rtional to the external 

mineral surface area. The slowest step of the release of chemisorbed 

cations is the diffusion of cations inside the mineral structure . 

Apparently when the original cations of the mineral have been replaced 

by hydr>ogen ions, or some other cation, the allD'Ilinosilicate structure 

of the mineral breaks up at a fixed rate controlled by the disintegra

tion reaction itself. Certainly in strongly acidic solutions the 

superstructure of the all.D'Ilinosilicate mineral breaks up completely ; 

however, in neutral solutions there is a therrrodynamic possibility 

that the allD'Ilina and silica resolidify into a clay mineral and inter-

fere with further mass transfer of cations to and from the parent 

mineral. 
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Ion exchange equilibria between calcium and each one of the cations 

magnesium, sodium, ammonium, and hydrogen was determined. Undoubtedly 

there 'Wa.S some specific ion exchange participating. Even though the 

aqueous hydrogen ion is a potential determining species for the column's 

sand, it can still be considered as an ordinary cation participating 

in nonspecific ion exchange· reactions. Furthermore, as long as the 

solution pH is above 5.5, the cation exchange capacity of the column 

sand can be considered as constant at 27 µeq/grn. Because of specific 

cation exchange, the cation exchange capacity rigorously is a function 

of the cations participating in the ion exchange. 

Consider a solution percolating through a soil matrix, cation 

exchange of cations in the double layer for cations in the bulk solu

tion will be the most important first reaction to change the composi

tion of the percolating solution. The extent of the cation exchange 

reactions of the solution's cations is dependent on the exchange 

distribution coefficients; however, the duration of the ion exchange 

process will be directly proportional to the surface area of the soil. 

A silty soil will change the composition of a percolating solution for 

a longer duration of time relative to a coarser soil. Once the solution 

has percolated past the zone of ion exchange, and thereby equilibrated 

itself with ions in the double layer of the soil's minerals, it will 

continue to show a slow change in its composition due to ion exchange 

with chemisorbed cations inside the strue:t ure of aluminosilicate 

minerals. For all intents and purr,oses , the aqueous hydrogen i on will 

participate in ion exchange in a manner s imi.l a:r· to the other aqueous 

cations. As long as the mineral material of the soil is quartz or 
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alurninosilicates, the interactions of the percolating solution and the 

minerals v..r:i..11 result in negligible change to the total dissolved cation 

content of the percolating solution. The hardness of the solution, of 

course, can be changed for the vJOrse if a hard solution had previously 

been percolating through the soil or less so if the aluminosilicates 

are primarily calcium and magnesium containing. Again, the pH will be 

only as important as the concentration of any other cation in ion 

exchanging calcium or magnesium of a mineral. The concentration of 

hydrogen ions of the percolating solution becomes rrore important than 

the concentration of other cations when the percolating solution en

counters a mineral such as calcite (Ca.C0 3) or dolomite (CaMg(C03) 2) 

which dissolves more rapidly in an acidic solution. Moderately 

soluble minerals such as calcite will dissolve to increase the total 

dissolved solids of the percolating solution as well as its hardness. 
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PERCOLATION OF SOLUTIONS THROUGH A NITRIFYING COMMUNITY 

The last stage of experimental research focused on the variation 

of the aqueous chemical composition of solutions percolating through 

a nitrifying bacterial cornrmmity. The nitrifying bacterial community 

alone was assumed responsible for the high dissolved solids content of 

percolating solution. The laboratory column had been purged for i:¼D 

months with solutions devoid of carbon-containing compounds and there

fore of no value to any bacteria. It was necessary to encourage the 

gr>owth of any bacteria which would survive in an inorganic solution of 

similar composition to that percolated at the Whittier Narrows t est 

plot . Since it was the immediate goal of the research to approximate 

the Whittier Narrows data, the entire array of different autotrophic 

bacteria in the Whittier Narrows soil was permitted the opportunity 

to grow in the laboratory column. Approximately 50 grams of moist 

soil from the surface of the Whittier Narrows test basin was slurried 

with 250 m£ of water and injected into the top segment of the column. 

The type of bacteria that would become dominant in the column's 

bacterial community should be similar to the bacteria of the test plot 

because the percolating solutions of both environments were similar 

except for a total lack of organic carbon in the laboratory solution. 

Growth of the i\itrifiers Nitrosomonas and Nitrobacter can occur 

only under a limited set of chemical conditions. Carbon dioxide is 

the .carbon source of the nitrifying bacteria. The presence of organic 

carbon will encourage the growth of faster multiplying heterotrophic 

bacteria and may actually inhibit the growth of nitrifiers (Delwiche 
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et al., 60). Energy for the bacterial conversion of carbon dioxide 

to cellular material is from the reaction of ammonium and nitrite ions 

with oxygen to yield nitrite and nitrate ions, respectively. Compo

sition of solution to be percolated intermittently through the labora

tory column contained aqueous ammonium ions and dissolved oxygen and, 

in general, was very similar in composition to the solution spread 

on the Whittier Narrows test plot (Table 2). The final feed solution 

contained manganese and iron (Table 3) to satisfy the bacterial r e 

quirement for these aqueous species. later in the study, ferric 

nitrate was not added to the feed solution because it was found that 

the iron would be lost from the feed solution as a precipitate in an 

aerobic envirorrnent .. The laboratory column's feed solution contained 

aqueous ammonium ions , oxygen, and bicarbonate; theoretically the only 

type of bacteria that could be supported would be nitrifiers. 

Many chemical species in the percolating solution were analyzed; 

but not all at the same time. Cation exchange reactions are impor-

tant enough that all aqueous cations interact with one another; there

fore, for a full understanding of one or two aqueous cation concentra

tions, all important cation concentrations (such as calcium, magnesium, 

sodium, potassium, ammonium, and the hydrogen ion) were determined. If 

nitrification was to be recognized during the one-week Wet Period, the 

primary reactants of nitrification, dissolved oxygen and aqueous 

amnonium ions, as well as the products, nitrite, nitrate, and the 

hydrogen ion, were determined. During the tm-week Dry Period, oxygen 

carbon dioxide, and nitric oxide in the column's gaseous aunosphere 

were checked as indicators of nitrification (Yoshida et al., 22; 
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Table 2 

v.Jhittier Narrows Water Reclamation Plant 
Effluent Quality 

Aqueous Species Concentration mg/£ 

Calcium 51 

Magnesium 12 

Sodium 119 

Potassium 11 

Ammonium 18 

Bicarbonate 251 

Sulfate 114 

Chloride 93 

Nitrate 23 

Phosphate 18 

Total Dissolved Solids 703 

Dissolved Oxygen 5.1 

B.O . D. 4 

C.O . D. 60 

(Reid, 4) 
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Table 3 

Composition of Solution Fed Intermittently to Column 

Salt 

Calcium Chloride CaC12 

!'-1.agnesium Sulfate MgS0
4 

Manganese Chloride MnC12•4H2O 

Potassium Phosphate K2HPO4 •3H2o 

Potassium Phosphate KH
2
Po

4 

Sodium Sulfate Na2so4 

Sodium Bicarbonate NaHCO 3 

Sodium Nitrate NaNO 3 

Arrnnonium Sulfate (NH4) 2so4 

Ferric Nitrate Fe(NO3) 3·9H2O 

Concentration mg/£ 

140. 

59.3 

2.0 

16.3 

14.9 

28.5 

346. 

28.9 

65.0 

1.0 
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Verhoeven, 23). A quantitative measure of the bacterial populations 

of heterotrophic bacteria and the nitrifiers, Nitrosomonas and Nitro

bacter, on the column sand was taken. All the important chemical 

compounds participating in nitrification reactions throughout the inter

mittent percolation schedule were monitored. 

It was anticipated that as the feed solution percolated down 

through the column, nitrifying bacteria w:::iuld consume aqueous ammonium 

ions and oxygen and generate sand-dissolving aqueous hydrogen ions, 

thereby releasing large quantities of aqueous calcium and magnesium 

ions . During the Dry Period of two weeks it was expected that nitrifi

cation would occur on the moist sand with consumption of gaseous oxygen 

and dissolution of the sand. 

First Wet Period 

Feed solution was percolated at 11 £/day through the column for the 

typical one-week duration. Because the column would be experiencing a 

period of adjustment with respect to the distribution of bacteria 

throughout its length and with respect to the distribution of cations 

in the solution, only a few aqueous species were analyzed. 

Up until the third day of percolation, aqueous oxygen content of 

the percolating solution hardly changed. By the last day, 5.6 mg o2/t 

of the inlet solution's 8 mg O2/t was conswned before the solution per

colated to the 1/2-foot depth. Aqueous silica content increased 

linearly with depth from 0.25 of the inlet to 1.95 mg SiO2/i of the 

effluent. Analysis of the sand's adsorbed cations at the one-, four-, 

and eight-foot depths revealed that calcium was the most prominent 
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cation and that :p::itassiwn and sodiwn comprised the remaining two per 

cent. 

The variation of pH with depth is conspicuous because approximately 

2 rnillirnoles of acid WJuld be required to lower the carbonate buffered 

solution's pH the amount observed. If the source of acidity is the 

first nitrification reaction 

NH+ 3 Nitrosornonas + 
4 C aq) + 2 0 2 ===-=---=----=-----=---:.....-➔- ~JO; ( aq) + 2H + H2 0 ( 4 7) 

1 Nitrobacter 
No; Caq) + 2 o2 ==-=--=---=---=------)-- No; Caq) (48) 

then the conswnption of 5. 6 mg 0/ Q, can account for only part of the 

total quantity of acid released to the percolating solution. Despite 

the solution's increased acidity, the quantity of silica released i s 

the same as that of the deionized water and calciwn salt solution per

colation investigations. Because there were no chemical com:p::iunds 

capable of consuming large quantities of dissolved oxygen, it is 

asswned that oxygen is disappearing from the percolating solution due 

to the presence of bacteria. 

First Dry Period 

The first Dry Period was started by diverting solution away from 

the top of the column and permitting solution to continue exiting the 

bottom at 11 t/day. It was later decided that such practice was 

causing unnecessarily complex initial and boun::l.ary conditions for later 

rnatherratical models of the column' s gaseous atmosphere. The column, 

he..reafter, was permitted to drain in as short a time as :p::iss ible 

(approximately 30 minutes). Three gas samplings were taken from the 
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column and analyzed to detect aerobic bacterial activity during the 

tID-week Dry Period. 

No nitric oxide was detected at any depth of the column. However, 

nitrogen dioxide was detected as a trace gas but with a concentration 

no different from the ambient concentration. There was a noticeable 

decrease of gaseous oxygen with depth especially for the 48-hour profile 

(Figure 58). The 72- and 192-hour gas samplings showed less conspicuous 

changes of gaseous oxygen volume percentages with depth. Substantial 

quantities of carbon dioxide appeared in the gaseous atmosphere of the 

laboratory column. For the 72-hour gas samplings, carbon dioxide at 

the five-foot depth was 1.0 volume per cent whereas atmospheric carbon 

dioxide averages 0.033 volume per cent. Gas samplings below the seven

foot depth were not taken because of the interference by intermittently 

released interstitial water. 

The first Dry Period showed that gaseous oxygen is consumed and 

carbon dioxide emitted very early in the period. Such behavior of the 

column's gaseous atmosphere implied that bacteria were consuming oxygen 

and producing acids to convert bicarbonate ions in the interstitially 

held water to carbon dioxide gas. Proof that nitrifying bacteria are 

responsible for the changes in the column's aiJnosphere will be pre

sented further into this report. 

Second Wet Period 

Feed solution percolating into the column and displacing air out 

through the column's base terminated the previous Dry Period. Once 

solution reached the column's base, the flow was adjusted to 11.1 £/day 
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for the duration of the one week Wet Period. Samples of solution were 

taken 42 and 85 hours after the run started. Sand samples from the 

column were analyzed just before the end of the Wet Period. 

Except for aqueous sodium which did not sway from 120 rng/t, all 

aqueous cationic concentrations in the percolating solution were time

and depth-dependent. Magnesium content of the solution exhibited 

typical ion exchange type profiles (~igure 59) with breakthrDugh curves 

taking the inlet magnesium concentration down to 0.3 rng/Q, from 12.8 rng/Q,, 

The rate at which the zone of magnesium ion exchange traveled down the 

column implied an addition of 1. 6 µeq of magnesium per gram of sand. 

Potassium content of the percolating solution also changed in a manner 

suggestive of ion exchange with 0.24 µeq potassium added per gram of 

sand. The first hint of an increase of hardness of a percolating 

solution came from the aqueous calcium profiles which showed humps of 

calcium concentrations suggestive of ion exchange desorption of 0.9 µeq 

calcium/gram. 

Acidity of the percolating solution increased as it traveled down 

the column (Figure 60). This increase represented a constant addition 

of acid to the percolating solution of 0.7 µeq/Q,•ft down to the five

foot mark for the 43-hour profile and 0.6 µeq/Q,•ft down to the seven

foot mark for the 85-hour profile. Therefore the appearance of aqueous 

hydrogen ions in the percolating solution did not occur at one partic

ular zone m the column as typical of the other cationic concentration 

profiles. 

The 85-hour profile of nitrogen compounds susceptible to nitrifica

tion is plotted (Figure 61). The most important feature is that 
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aqueous ammonium ions were extracted from the percolating solution. 

There was an increase of aqueous nitrate ions and a lesser increase 

of aqueous nitrite ions. The rrax.imum amount of ammonium ions that 

could be converted to nitrite ions, based on the quantity of dissolved 

oxygen, is 0 .17 rnM. The maxjmum concentration of nitrate ions that 

could result from nitrification, based on the dissolved oxygen content 

of the incoming solution, would be 0.13 mM. Despite the fact that 

dissolved ammonium ions and oxygen are disappearing from the solution 

and dissolved nitrate and hydrogen ions are appearing, it must be con

cluded that the bulk of the disappearance of aqueous ammonium ions is 

not due to bacterial nitrification of ammonium ions but rather due to 

adsorption of ammonium ions by the column's sand . The increase of 

nitrate ions at the base of the column is attributable to a lingering 

of high concentrations of nitrate ions from the previous Dry Period. 

The oxygen profiles for the percolating solution show a drop of 

6. 5 mg 0/ Q, (Figure 62) which presumably is due to bacteria; however, 

there was an increase of oxygen content of the solution further down 

the column. The increase is a result of oxygen-deficient solution per

colating into regions of the laboratory column where oxygen-containing 

air is trapped in the interstices of the sand. Considering the rate at 

which the upward inflection of the aqueous oxygen profile moved down 

the column, exhausting interstitial air of oxygen, the volume fraction 

of interstitial air between the four- and six-foot depths should be 

0.06--a reasonable result considering that the measured total porosity 

for solution in the column was 0.44 and the effective porosity was 0.35. 

Sand samples removed from the column were leached at approximately 
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50 mt/hr for seven hours with 0.01 M barium chloride solution. The 

leachate was collected in one-hour batches and analyzed for magnesium, 

sodium, !X)tassium, and calcium. The accumulative release rate of 

cations followed the trend previously observed with a rapid initial 

release of double layer cations and a slower final continuing release 

of chemisorbed cations. The chemisorbed desorption !X)rtion of the 

accumulative release curves was extrapolated back to the ordinate to 

determine the accumulative quantity of cations in the double layer. 

The results are plotted in Figure 63. Calcium is, by far, the most 

prominent adsorbed cation . Adsorbed magnesium tended to approach zero 

µeq/gm with depth, a fact which suggested that the rragnesium ion 

exchange breakthrough curve had not traveled past the five-foot depth 

mark by the end of the second Wet Period. Adsorbed species on the sand 

prior to the second Wet Period did not include magnesium. The first 

and second Wet Periods were characterized by the column's sand adsorb

ing 1.6 µeq magnesium/gm thereby bringing the distribution of adsorbed 

cations on the sand in to closer equilibrium with the distribution of 

cations in the aqueous phase feed solution. 

The second Wet Period has shown the percolating solution to lose 

its dissolved oxygen and arnrronium ions and gain aqueous nitrate, calcium, 

and hydrogen ions. A close look at the quantitative data showed exten

sive nitrification was limited by the maximum aqueous oxygen concentra

tion being 8 mg/£. At least 80 per cent of the disappearing ammonium 

ions was adsorbed to the column's sand. Presurrably the disappearance 

of dissolved oxygen was due to nitrification with production of 0.05 mM 

of nitrite ions and theoretically 0.08 mM of aqueous nitrate ions. No 
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continuing large scale production of dissolved solids was observed. 

Second Dry Period 

The second Dry Period was initiated in the routine manner of per

mitting the column to drain of its solution in approximately 30 minutes 

and remain W1disturbed for about two weeks with the top segment closure 

left open. Thirty-milliliter gas samples withdrawn from the 0. 39 

volume fraction of air in the column at three time intervals were 

analyzed for oxygen and carbon dioxide. 

As previously observed, there was a consumption of gaseous oxygen 

and production of carbon dioxide (Figure 64). The total quantity of 

gas flowing through the top of the column would be the integral over 

time of the diffusivity (D) multiplied by the gas' concentration 

gradient at the entrance. The effective diffusivity of a gas in a 

porous media is approxirrB.tely 0.69D (Edwards et al., 54). Because the 

diffusivity of oxygen in air is 0.69 ft 2/hr, approxirrately 9200 mg of 

oxygen were consumed in the laboratory column during the Dry Period. 

That amoW1t of oxygen could be a potential reactant for nitrification 

of about 140 millimoles of amnonium ions. Because carbon dioxide 

diffusivity is 0.54 ft2/hr, approxirrately 3000 mg of carbon dioxide 

we,,.,e generated. Eleven millimoles of aqueous bicarbonate ions were 

consumed if the source of the carbon dioxide gas was the acidification 

of the interstitially held solution of 4 m"-1 bicarbonate. The origin 

of the remaining carbon dioxide gas is not known. 

Third Wet Period Start-Up 

Consumption of gaseous oxygen and production of carbon dioxide 
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during the previous Dry Period :implied the existence of a large amount 

of aerobic bacterial activity. To evaluate change in the composition 

of the 0.06 ± 0.02 volume fraction of interstitial solution surround

ing the column sand during the Dry Period, the leading edge of solution 

initiating the third Wet Period was sampled as it reached progressively 

deeper down the column. Analysis of this leading edge \,X)uld reflect 

on the actual constituency of the interstitial solution at the end of 

the previous Dry Period. 

Exceptionally large quantities of dissolved cations were encountered 

by the leading edge (Figure 65). With an inlet calcium, magnesium, 

sodium, an:i potassium content of 48, 15.2, 113., and 11.2 mg/£, the 

leading edge of the newly infiltrating solution peaked at 235, 52, 158, 

and 15 mg/£ for the same respective cations. The Whittier Narrows data 

of Reid (5) show that an inlet solution of aqueous calcium, magnesium, 

sodium, and potassium content respectively of 47 ± 2, 12 ± 1, 112 ± 2, 

and 10 ± 1 mg/£ would have acquired peak concentrations respectively of 

135 ± 10, 40 ± 10, 178 ± 5, 16 ± 2 mg/tat the four-foot ITBI'k. The 

arrnnonium ion content of the leading edge fell practically to zero by 

the first foot of travel. At Whittier Narrows the inlet aqueous 

arrnnonium ion content dropped from 20 ± 5 mg/£ to 3 ± 3 mg/£ by the 

second foot of percolation . Nitrate ion content, however, rose to 

218 mg/£ (Figure 66), compared to 500 ± 50 mg/£ at Whittier Narrows. 

Lance (67) and Lance et al . (7) reported a 50 mg NO;(N)/£ 

move out of a soil column irrespective of the duration of their Dry 

Period. Pincince (6) measured a solution wave of 50 mg NO;(N)/t in 

his soil column. The same author measured the concentration of nitrate 
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ions in the interstitial water at the Whittier NaI"r'a-ls test plot as 

40 mg No;(N)/R. 14 hours into the Dry Period. The leading edge became 

more and more acidified as it increasingly gained the chemical 

characteristics of the column's interstitial solution (Figure 67). The 

pH of the leading edge at Whittier Narrows is, within experimental 

uncertainty, equal to that of the laooratory column. Silica content 

(Figure 68) rose to 6.9 mg/R. by the time the feed solution reached the 

six-foot mark. 

During the first week, at least, of the Dry Period amrronium ions 

adsorbed. to the minerals and contained in the 0.06 ± 0.02 volume frac

tion of solution surrounding the sand were nitrified by bacteria; hence, 

the consumption of gaseous oxygen during the Dry Period. Considering 

only the top six feet of the laboratory column, the total amount of 

nitrate ions pnxluced was 31 millim.oles. Because there were negligible 

quantities of aqueous nitrite ions generated., a total of 31 millirroles 

of amrronium ions must have been consumed. during the Dry Period. The 

anount of amnonium ions in the interstitial solution at the start of 

the Dry Period was 1.2 millimoles based on the analysis of the amrronium 

ion content of the percolating solution at the end of the third Wet 

Period . The rerraining amrronium ions have to have been adsorbed to the 

column's san::l--0.62 µeq/gm of amnonium ions were . therefore desorbed 

fran the sand and ni trif ied. Note trat the anount of gaseous oxygen 

consumed during the Dry Period could have been enough to convert a 

total of 140 millirroles of arromnium ions. Because 31 millirroles of 

nitrate ions were generated, then 6 2 millimoles of aqueous hydrogen 

ions must rave been the byproduct of nitrification. Sixty-two 
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millimoles of hydrogen ions is far and beyond the 8,3 millimole bi

carbonate ion capacity to buffer the interstitial solution . The pH of 

the interstitial solution would have fallen to less than 2 during the 

Dry Period if it were not for the fact that hydrogen ions ion exchanged 

with cations on the sand . The average formula of the aluminosilicate 

minerals has 0.7 moles of calcium, magnesium, sodium, and pot assium 

per mole of silica. The aqueous silica concentration of 0.11 mM implies 

essentially that only 0.08 rnM of cations could have been r eleased i n 

the total destruction of the aluminosilicate minerals . The 31 milli

equivalents of cations appearing in the interstitial solution were 

desorbed by 31 milliequivalents of aqueous hydrogen ions; the vacancy 

of 31 milliequivalents of adsorbed ammonium were taken up by the remain

ing aqueous hydrogen ions produced by bacterial nitrification. The net 

result was a near neutral solution of pH 6.2 and sand with 1. 24 µe q/ gm 

of its adsorbed amnonium, calcium, magnesium, sodium, and pot assium 

replaced by hydrogen ions. The downward deflection of the concentration 

of aqueous magnesium ions in the leading edge profile is the strongest 

suggestion that the high concentration of aqueous magnesium ions in 

the interstitial solution originates not by dissolution of the column' s 

minerals but by desorption of adsorbed cations f rom the mineral sur

faces. Figure 63 has shown that below the three-foot mark in the 

column, sand was deficient of adsorbed magnesium ions ; therefore, the 

interstitial solution in the same region of the column did not gain a 

large amount of magnesium ions during the Dry Period ion exchange of 

aqueous hydrogen ions (Figure 65). The 0. 06 volume fraction of inter

stitial solution surrounding the sand at the beginning of the Dry 
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Period contained 7 rnM of dissolved salts, half of which were in the 

form of bicarbonates and one-third were hardness salts; at the end of 

the Dry Period the same interstitial solution contained twice a s much 

salts, most of which were nitrates and half were hardness salts . The 

newly infiltrating solution intercepted the interstitial solution and 

took on its characteristics. The above mechanism presumably is the 

mechanism for the major proportion of hardness and total dissolved 

solids appearing in the samples taken at Whittier Narrows . TI1e 

aqueous nitrate ion content at Whittier Narrows, however, indicates 

that about four times more amnonium ions were nitrified than in the 

laboratory column. 

Third Wet Period Continued 

Once the leading edge of solution reached the column's base , the 

flow was set at 11.1 t/day. During the one week of percolation, three 

solution sampling series were taken and analyzed. Because the sand 

had been forced to adsorb 1.2 µeq of hydrogen ions per gram sand from 

a solution of pH 6.2, it was natural that during the percolation of 

solution of pH 8.3 the sand would desorb hydrogen ions. Hydrogen ion 

desorption manifested itself as a pH change with depth of the percolat

ing solution (Figure 69). pH at the Whittier Narrows test basin (Reid, 

5) dropped from 7.1 to 6.5 after two feet of percolation 29 ± 9 hours 

after the start of the Wet Period. By the end of the Wet Period , the 

drop was only from 7.1 to 6.8. The change of pH reflected a rate of 

release of aqueous hydrogen ions into the bicarbonate buffered solu

tion of 0.37, 0.25, and 0.11 rnillimoles of hydrogen ions per liter•foot 
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for the 58-, 96-, and 160-hour profiles, respectively, in the t op s ix 

feet of the sand column. An average 2.5 ± 0.1 µeq/gm was desorbed 

throughout the six-foot length of the column during the seven days of 

the run. The desorption of aqueous hydrogen ions should be mat ched by 

an adsorption of an equivalent amount of other cations. Ma~nesium and 

potassium concentration profiles (Figure 70) contain breakthrough 

curves that represent an average adsorption of -0.5 µeq K+/gm and 1.2 

++ 
µeq Mg /gm. At Whittier Narrows there was no hint of ion exchange of 

incoming aqueous alkali ions for adsorbed hydrogen ions. The concen

tration of dissolved oxygen in the percolating solution (Figure 71), 

as at Whittier Narrows, limits the nitrification of aqueous ~TIITDnium 

ions to O .1 mM; therefore, the minimlDTI amount of arrm::mium ions that 

were adsorbed by the column's sand was 0.7 µeq/gm (Figure 72). At 

Whittier Narrows the percolating solution's amnonium ion content at the 

two-foot mark started at 3 ± 3 mg/£ at the start of the Wet Period but 

tended to rise to 6 ± 5 mg/£ after a week of percolation. Rather than 

having one breakthrough curve , the aqueous proton lost the trait of 

having a breakthrough curve due to its being desorbed at various zones 

in the column in response to the different locations of the break

through curves of three different cations. 

The first quantitative measure of both Nitrosomonas and Nitrobacter 

was made on the last day of the third Wet Period. Sand sampl es were 

agitated in 40 mt of deionized water. The water was then pl at ed on 

silica gel, and bacterial counts were made one month later. Cell 1x rpu

lation counts for both nitrifiers were approximately 2 x 10
4 

cells /gm 

sand throughout the column's length. Positive population counts 
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of nitrifying bacteria reinforce the assumption of their being respon

sible for the nitrification of aqueous ammonium ions. 

The third Wet Period permitted a theory that was held up in later 

tests to be presented. The column contains no relatively readily 

soluble minerals. A high Total Dissolved Solids content, however, was 

experienced. Nitrification of adsorbed ammonium ions on the sand 

during drying periods, when oxygen is readily available, causes a high . 
concentration of nitrates in the interstitial solution. Aqueous hydro

gen ions, produced by nitrification, exchange with other cations on the 

sand to yield an interstitial solution of concentrated nitrate salts . Newly 

infiltrating solutions displace the interstitial solution and acquire 

a temporarily high Total Dissolved Solids content. Subsequent percola

tion has only a slight increase, . with depth, of Total Dissolved Solids; 

however, throughout the one week Wet Period aqueous hydrogen ions are 

desorbed from the sand and aqueous amrronium, magnesium, potassium, and 

possibly calcium and sodium are adsorbed, giving the appearance of 

extensive nitrification. If the Wet Period were extended in time, 

eventually ion exchange reactions would cease and the only chanp;e of 

the composition of the percolating solution would be the conversion of 

approximately O .1 mM of aqueous arrrrnonium ions to nitrate ions and 

0.2 rnM of hydrogen ions. A solution buffered with aqueous bicarbonate 

ions would show little change of pH. 

Fourth Wet PP.riod Leading Edge 

A more accurate evaluation of the aqueous species in the column's 

interstitial Dry Period solution was accomplished. Previous 
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investigations used the chemical composition of the leading edge of 

the feed solution as an indicator of the chemical composition of the 

column's interstitial solution. There was no way to determine how much 

of the sample came from interstitial water and how much came from the 

percolating solution. To avoid this mixing problem, the present Dry 

Period was ended by percolating deionized water into the column and 

sampling its leading edge. The aqueous chloride ion content of the 

leading edge solution was used to determine how much of the leading 

edge solution originated from the invading solution and how much was 

interstitial water which already contained a known concentration of 

aqueous chloride ions from the previous Wet Period. In addition to 

cations and nitrate, bicarbonate ions were analyzed in the leading 

edge to confirm their having been acidified to carbon dioxide gas 

during the Dry Period. The known aqueous chloride ion content in the 

interstitial water and that of the infiltrating solution was used to 

correct for dilution of the dissolved salts in the interstitial water 

by the incoming solution so that the actual concentration of various 

aqueous species in the interstitial solution at the end of the Dry 

Period could be known. 

Aqueous chloride content of the leading edge solution shows that 

three to four feet of travel was required for the chemical composition 

of the leading edge solution to represent the composition of the inter

stitial water. A depth error of ±1.5 feet should be placed on all data 

of the chemical composition of the interstitial solution. IB.ta show 

(Figure 73) there to have been 160 mg Ca++/t in the interstitial water 

at the end of the Dry Period. This concentration increase over 
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++ ++ 
40 mg Ca /£ represents a release of 0.23 µeq Ca /f:Jfl sand. Magnesium, 

sodium, and potassium ions were extracted from sand into the 0.06 

volume fraction of interstitial water to the extent of 0.07, 0.06, 

and 0.02 µeq/grn, respectively. The aqueous silica concentration 

averaged to 0.15 millimoles SiO2/£; therefore, the 5.5 mM solution of 

cations is composed of very few cations from the actual destruction of 

aluminosilicate crystals. Appearance of aqueous nitrate ions implied 

that 0.42 µeq NH:/grn had been consumed by nitrifying bacteria to 

generate a 21.4 mM hydrogen ion interstitial solution. The aqueous 

bicarbonate ion concentration, as expected, fell from 4.1 rnM to 0.2 rnM. 

Whittier Narrows data show that with an initial aqueous bicarbonate 

ion concentration of 235 ± 15 mg/£, the approximate concentration of 

bicarbonate ions in the interstitial solution at the twJ-foot mark was 

approximately 184 ± 20 mg/£. The bicarbonate ions were a sink for 3. 9 

millimoles H+/£. The remaining 17.5 millimoles H+/9, were adsorbed to 

the sand as 0.8 µeq H+/gm thereby leaving behind a near-neutral i nter

stitial solution with 17.5 milliequivalents/£ of newly acquired cations. 

Fifth Wet Period Bacterial Population Count 

Before the end of the fifth Wet Period, a bacterial population 

count was made. Sand extracted from the laboratory column was agitated 

in 50 m£ of deionized water. Ten m£ of the water was diluted to SO rn£ 

and 100 µ£ was plated. Plating was done on nitrite and amrnomwn ion 

containing silica gel. Also, nutrient agar plates were prepared to 

determine the population of heterotrophic bacteria. Final cell cow1t

ing was rrade 12 days after the solutions were plated. The base ten 
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logarithm of the nwnber of viable bacterial cells per gram of dry sand 

was: 

Depth Nitrobacter Nitrosomonas Het erotrophs 

1 3.9 4.1 6.6 

2 3.8 6.2 

3 3.9 3.6 6.2 

4 4.1 3.9 6.2 

5 4.6 3.8 6.2 

6 4.2 3.8 6.1 

7 4.2 4.0 6 .1 

Despite the lack of organic carbon in the feed solution, there was still 

a large heterotrophic bacterial population in the colwnn. Because 

they must have organic carbon as an energy and carbon source , these 

bacteria have been living off the carbon produced from the nitrifying 

bacteria. 

Extensive Dry Period Analysis 

A thorough study of the laboratory column's gaseous oxygen and 

carbon dioxide aunosphere was made with ten gas samplings during the 

14-day Dry Period. Gas samples at the seven- and eight-foot depths 

could not be taken because solution had accumulated below the six-foot 

depth when the column' s base was closed to prevent small amounts of 

air from entering . Gas sampling began just three hours after the 

colwnn had its usual one-hour drainage. Sampling continued to within 

eight hours of the termination of the two-week Dry Period. 
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Just three hours after the start of the Dry Pericx:i there was 

noticeable change to the gaseous atmosphere (Figures 74 and 75). The 

maximum deflections in the depth profiles occurred 24 to 48 hours after 

the start. After 48 hours, the concentration profiles of oxygen and 

caroon dioxide relaxed toward their atmospheric levels. A much larger 

oxygen consumption was reported at Whittier Narrows by Pincince ( 6) . 

As a first order approx:i.rnation for the Dry Pericx:i gaseous atmos

phere, it was assumed that the chemical reaction causing changes to 

gaseous oxygen and carbon dioxide came only from the nitrification 

reaction. The equation governing the concentration profiles of oxygen 

and carbon dioxide is of the fonn 

(4 9 ) 

where r is a constant reaction rate tenn. In the top six feet of the 

column, approximately 32 millirroles of aqueous nitrate ions were pro

duced; therefore, 64 millimoles of oxygen were consumed and 64 mlli

rroles of carbon dioxide were generated. The data show that after 

approximately two days the profiles of ooth gases relaxed, an indica

tion that nitrification reactions ended. For the first mathematical 

approximation it is assumed that nitrification proceeds at a constant 

rate throughout the column for a specific peri cx:i of time. The steady 

state solution for the above equation is 

c(z) = c + ~- [
22 

- Lz] atm D 2 
( 50 ) 

where catm is the atmospheric concentration of the gas and L is the 

length of the column. 
2 A plot of c(z) - catm versus z /2 - Lz will 
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produce a straight line of slope, r/D, if the concentration profile, 

c(z), depicts a gaseous system at steady state. Data for the 25-hour 

concentration profiles were plotted according to the steady state 

equation and, within a five percentage concentration uncertainty, gave 

a straight line. 3 The rate constants were -82 mg Oift •hr and 14 mg 

3 CO/ft •hr. Considering the total change of oxygen and carbon dioxide 

in the column, the reaction pericxi would have to be 55 hours. The 

unsteady state diffusion equation was solved numerically and is plotted 

with the appropriate elapsed time (hours) labels (Figure 76). 

A boundary condition of the column's gaseous aunosphere required 

that the gaseous concentration gradient be zero at the base of the 

column. The experimental data show that the slope of the gaseous con

centration gradients are not zero at six feet; the base of the column's 

gaseous aunosphere must be below six feet but above seven feet (solu

tion filled the column up to at least the seven-foot mark). The 

initial condition for the mathematical mcxiel is a gaseous concentration 

equal to that of the aunosphere throughout the column's length. A 

completely different initial condition exists at the start of the Dry 

Period. The three-hour profile showed that the gaseous concentration 

gradients at depths in the column became increasingly more disturbed 

by the bacterial activity. Apparently very fast bacterial reactions 

changed the gaseous composition even as it was being pull ed into the 

column by the downward draining solution. Very rapid bacterial activity 

was observed by Pincince (55) when he found that substantial nitrifica

tion had occurred in just 30 minutes. The unsteady state gaseous 

profiles are typified by a zero concentration gradient of gases deep 



1 
1 

2 
2 

3 
3 

,-.
.. µ 

,-
...

 

~
4

 
~

4
 

.._
 

::r
; 
~
 

::r
; 

t!3 
5 

~
 

5 
p.

. 
0 

~
 

0 

6 
I-

I 
I 

I 
W

 
I 

I 
I 

..J
 

6 

: t
 4

8
 
I 

14
4 

2
4

,2
4

0
 

'3
36

 

j 
7 

96
 

19
2 

28
8 

I 
I 

8 

I 
33

6 
2

4
/ 

24
0 

19
2 

/4
8

 
96

 
28

8 
14

4 

10
 

1
5

 
20

 
0 

o.
s 

1
.0

 

O
X

Y
G

EN
 

VO
LU

M
E 

PE
R

C
EN

T 
CA

RB
O

~ 
D

IO
X

ID
E 

VO
LU

M
E

 P
ER

C
EN

T 

F
ig

u
re

 
75

: 
T

h
e
o

re
ti

c
a
l 

O
xy

ge
n 

an
d

 
C

ar
b

o
n

 S
io

x
id

e 
C

c
n

te
n

ts
 o

f 
t":

-ie
 

L
.2

.l:
>O

ra
to

ry
 

C
ol

u'
TU

; 
A

tr
o

sp
h

e.
re

 
d

u
rf

r,
g

 a
 

D
ry

 P
e
ri

o
d

 

1
.5

 

f--
--' 

--.
.J 

f--
--' 



172 

in the colt.rrnn where r » va 2 c/oz2. Experimental concentratfons do not 

show a zero concentration gradient zone; apparently the initial gaseous 

composition of the column had obliterated it. The graphical evalua-

tion of 

t = 328 

f D ~, 
oz = 1 foot t = 0 z 

for the experimental gaseous data gives the quantity of gas passing 

through the column's one-foot depth mark. Throughout the Dry Period, 

6000 ± 500 mg o2 diffused into the column and 960 ± 90 mg CO2 diffused 

out. The maximum quantity of nitrate ions generated during the Dry 

Period would require only 2050 mg of oxygen. The quantity of bicar

bonate ions in the interstitial solution could release only 360 mg of 

car:tx:m dioxide gas. The excess 4000 mg of oxygen and 600 mg of carbon 

dioxide is attributed to the millions of heterotrophic bacteria per 

gram of sand consuming the organic carbon byproducts of the nitrifiers 

(Lance et al., 7). 

Consistency Check 

A check was made to insure that a high cation content of a newly 

infiltrating solution was a consistently occurring phenomenon. The 

column was permitted two Wet Periods and two Dry Periods. Solution 

samplings were taken from the leading edge of newly infiltrating solu

tions for both Wet Periods. Both samplings were analyzed for aqueous 

calcium, magnesium, sodium, an::l. potassium ions. 

The results are plotted (Figure 77) in dimensionless form by 

dividing the concentration of a given aqueous species by its 
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concentration in the feed solution. The feed solution concentration of 

calcium, magnesium, sodium, and potassium ions was 40 ± 2, 12 ± 1, 

120 ± 10, and 6 ± 1 mg/t, respectively. Calcium ions were consis

tently the most prominent additive to the leading edge solution. 

There was an increasingly larger addition of aqueous calcium ions to 

the infiltrating solution until the four- to_six-foot depths were 

reached whereafter the calcium ion content of the solution dropped off. 

Aqueous sodium and magnesium ions were the next most conspicuous 

additives . Their additions reach a maximum also at the four- to six

foot mark. The drop of cation concentrations in interstitial water 

below the six-foot depth in the column is attributed to a l ack of 

nitrification due to a lack of oxygen there caused by flooding. 

Total Quantit y of Aqueous Species in Interstitial Solution 

Estimates of the totai quantity of aqueous species in the column's 

interstitial solution at the end of the Dry Period have been determined 

by multiplying the concentration of the various aqueous species in the 

solution by the quantity of interstitial solution. The uncertainty of 

the quantity of interstitial solution is 33 per cent. This run will 

determine the total quantity of dissolved species in the inter1stitial 

solution more accurately than -3 3 per cent. A Dry Period was terminated 

by percolating a feed solution through the column at 1680 9-/day until 

the effluent held at a steady composition . The effluent was analyzed 

periodically so that an accumulative quantity of dissolved solids 

released from the column could be determined. 

After two hours of percolation, the high concentration of aqueous 
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species leveled off to some constant value. Aqueous potassiwn concen

trations did not level off at the same value as the inlet solution; 

with an inlet solution of 5.9 mg K+/£, the effluent leveled off at 

7 .4 mg K+ /£ despite the relatively high rate of percolation of the 

solution. Integration, with respect to time, of the effluent's excess 

dissolved species concentrations (above the inlet concentrations ) showed 

that the total quantity of calcium, magnesiwn, sodiwn, potassium , and 

silica released into the interstitial water during the Dry Period was 

350 ± 14, 92 ± 4, 194 ± 7, 68 ± 3, and 7.6 ± 0.3 milligrams, respec

tively. The presumed source mechanism of the excess aqueous cations is 

desorption from the column's sand; therefore, the quantity of cations 

++ 
released from the sand was 0.34 ± 0.01 µeq Ca /gm, 0.14 ± 0.01 µeq 

++ + + 
Mg /?.JD., 0.17 ± 0.01 µeq Na /gm, and 0.03 ± 0.001 µeq K / gm . The tot al 

quantity of the cations distributed on sand in equilibrium with feed 

++ ++ + 
solution is 22 µeq Ca /gm, 3.4 µeq Mg /gm, 2.4 µeq Na / gm , and 

+ 0.5 µeq K /gm. The change in the total quantity of adsorbed cations 

is therefore approximately ten per cent. Because the total quantity of 

cations released by the sand was 0.68 µeq/gm, the quantity of hydrogen 

ions adsorbed by the sand following the nitrification reaction was 

1. 34 µeq r/ /gm. 

Bacterial Population Counts 

Six months after the original bacterial seeding of the laborat ory 

column and nK) months after the previous bacterial population census , 

heterotrophic and nitrifying bacterial population counts were made for 

the column's sand and solution. Approximately one gram of sand 
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extracted from the collilllI1 was agitated with 40 mQ, of deionized water. 

Procedure for the heterotrophic bacterial population count was to 

dilute O .1 mQ, of the 40 m,Q, of water to 10 mQ, and plate 100 µ,Q, on 

nutrient agar. For the nitrogen microorganism population count, 1 mQ, 

of the deionized water slurry was diluted to 40 mQ, and 100 µ,Q, was 

plated on the appropriate silica gel medium to cultivate Nitrosomonas 

or Nitrobacter. Final counting of the colonies was made 11 days later. 

The logarithm of the number of bacterial cel l s per dry gram of sand was : 

Depth Nitrobacter 

1 6.6 

2 6.6 

3 6.6 

4 6.6 

5 6.6 

6 6.6 

7 6.6 

8 6.6 

Nitrosomonas 

5.1 

5.0 

4.5 

4.9 

4.7 

5.0 

4.2 

Heterotrophs 

6.4 

6.3 

6.2 

6.3 

6.3 

6.5 

6.4 

6.2 

A conspicuously lower population of Nitrosomonas than Nitroba~!er exists. 

A tenfold smaller population of Nitrosomonas than Nitrobacter was ob

served in natural soils by Ardakani et al. ( 6 5) . The same authors' data 

show there to be little depth dependence of bacteria population in the 

soil down t o 20 inches except possibly for a larger quantity of 

Nitrobacter near the soil surface. The heterotrophic microcrganism 

population had remained stable since the last time the bacteria were 

counted. The ability of heterotrophic cells to grow with autotrophic 
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cells ih a medium otherwise free of organic material i s wel l known. 

Pan et al. (66) re:fX)rted that certain heterotrophs actually grow in 

mutual stimulation with Nitrobacter. 

A bacterial :fX)pulation count was made for the leading edge solu

tion starting a new Wet Period. Because the most intense bacterial 

activity occurred during the Dry Period, it was assumed that bacterial 

populations grew substantially during the same period. A newly i nfil

trating solution encountering an overly populated bacterial community 

should redistribute bacteria down through the column. Ten microliters 

of the le~ding edge solution w 

logarithm of the number of cells per milliliter of solution are: 

Depth Nitrobacter Nitrosomonas Heterotrophs 

0 4.5 2.6 Lf. 6 

1 4.6 2.6 4 . 7 

2 4.4 2. 8 4 . 5 

3 4.4 2.3 4. 5 

4 4.0 2.5 4.4 

5 3.8 2.4 Lf. 3 

6 3.9 2.3 4.4 

7 3.0 1.8 4.2 

8 3.6 4.5 

Bacteria not only existed in the column's percolating solution but also 

in the feed solution for the column. The holding and constant head 

tanks were hereafter cleaned with deionized water before and after 

each Dry Period. 
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Proof of the Nitrification Mechanism 

Nitrification is of course an aerobic process requiring ammonium 

ions. If nitrification was the sole reason that calcium , magnesium, 

sodium, and :[X)tassium were released by the sand into the interstitial 

solution, then a lack of oxygen or ammonium ions duri ng the Dry Period 

should prevent such cation release. A Dry Period with an initial low 

oxygen containing atmosphere was investigated. As soon as a Wet Period 

ended, approximately 10 m,Q, /sec of helium was pumped for eight hours up 

the length of the laboratory column. As a result , the Dry Period pro

ceeded with a gaseous atmosphere composed of only four volume per cent 

of oxygen. A different Dry Period was init iated which foll owed two 

amnonium ion-free Wet Periods. Both investigations were analyzed by 

studying the aqueous com:[X)sition of the leading edge f eed solution 

terminating the Dry Period. Both Dry Period investi gations were 

expected to show no increase of aqueous calcium , magnesium, sodium , or 

:[X)tassium in the interstitial water. 

Leading edge analyses of aqueous cations are presented in dimen

sionless form based on the inlet constituency for t he r espective cation 

(Figure 78). There was no great addition of cations to the interstitial 

solution during the oxygen deficient Dry Period . Both aqueous sodium 

and :[X)tassium content of the leading edge solution showed very little 

change of concentration. There actually was a decrease of calcium and 

magnesium ion content of 12 and 4 rng/t, respectively, as the leading 

edge of feed solution percolated beyond the five-foot mark. Dissolved 

silica is presented with comparative aqueous silica contents after 

normal well aerated Dry Periods (Figure 79). Well aerated Dry Periods 
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lead to an interstitial solution of silica content up to 4 or 5 mg 

SiO/L The oxygen starved Dry Period yielded an interstitial solution 

of dissolved silica content of only 1.7 mg Si02/t. The well aerated 

Dry Period led to a 16 to 20 rnM nitrate ion interstitial solution. A 

Dry Period with a gaseous aunosphere with only four volume per cent 

oxygen totally prevented nitrification (Figure 80). Gas analysis of 

the soil at Whittier Narrows by Pincince (55) shCMed that, at least up 

to 52 hours into the Dry Period, oxygen content fell to near zero down 

to the tw:>-foot mark; nitrification, therefore, ,;,;ould be inhibited 

below the tw:>-foot depth by lack of oxygen. Newly infiltrating solution 

entering soil below the tw:>-foot mark, as seen in the Whittier Narrows 

data (Reid, 5), has a leading edge nitrate ion content that reflects 

the low concentration of the nitrate ion in the interstitial water. 

Tw:> arrmonium ion-free Wet Periods in a row were conducted. By the 

end of the second Wet Period, the aqueous concentration of calcium, 

magnesium, and sodium were constant of depth. There was, however, still 

a disappearance of 5 mg o2/t from the percolating solution by the three

foot depth. Dry period data were collected after the second Wet Period. 

Despite the resumed lack of a.rnrIDnium ions, oxygen was still consumed 

and carbon dioxide was produced during the Dry Period (Figure 81 and 82) . 

The total quantity of oxygen consumed was 3000 mg, and 3564 mg of carbon 

dioxide was produced . The initial quantity of bicarbonate ions in the 

interstitial solution was 11 rnill:i.moles (484 mg of carbon dioxide). 

Obviously most of the carbon dioxide could not have been caused by the 

acidification of the bicarbonate to carbon dioxide; in fact, four times 

more carl::x:m dioxide was produced in the absence of adsorbed armronium 
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ions. Furthermore, it should be noted that the carbon dioxide concen

tration profiles do not relax throughout the Dry Period as they had 

previously been observed to do when arnrnonium ions were present at the 

start of the Dry Period (Figure 75). 

The leading edge of solution following the arrnnonium ion-free Dry 

Period showed very little change of pH (Figure 83). The lack of 

anmonium ions did stop the acidification of the interstitial solution. 

The concentration of bicarbonate ions in the interstitial solution did 

fall, but only 0. 5 millimoles/i, as compared to 3 millirnoles/i for a 

Dry Period run with aqueous arnrronium ions. The concentration of alkali 

cations was unchanged or decreased in the interstitial solution (Figure 

84). 

Toe above investigations and analyses prove that the cause for the 

Dry Period release of alkali cations to the interstitial solution is 

the aerobic nitrification of aqueous ammonium ions by Nitrosorronas. 

The bacteria consume arrnnonium ions, the source of which is 95 per cent 

in the f onn of adsorbed arrnnonium ions. Oxygen fran the O. 39 volume 

fraction of atmosphere in the column is used for the nitrification of 

arrnnonium ions and nitrite ions. Bacterial acidification of the solu

tion surrounding the aluminosilicate minerals did cause an increased 

destructive dissolution of these minerals. Mineral dissolution, how

ever, is a negligible source of alkali cations for the Dry Period's 

interstitial solution. When the nitrification reactants are lacking 

during the Dry Period, nitrifying bacteria cannot reproduce or maintain 

themselves; as a result, the nitrifying bacteria presl.D'Ilably deteriorate 

by spontaneous oxidation or decomposition by oxidation by heterotrophic 
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bacteria. The decomposition reaction does not change the interstitial 

solution's pH. 

Effects of Variations in the Duration of the Dry Period 

Fourteen days was the standard duration of the Dry Period based 

on the schedule used at the Whittier Narrows test basin. G3.seous con

centration profiles show that bacterial activity is at a maximum 24 to 

48 hours after the start of the Dry Period and stops thereafter. This 

investigation centers on Dry Periods of duration 14, 5, 2.2, and 1 day. 

Such durations should confirm the gaseous profiles that bacterial 

activity is confined to the very beginning of the Dry Period. 

The Dry Periods were ended by percolating deionized water through 

the column. Chloride content of the leading edge was analyzed and used 

to correct the dissolved species concentrations for various mixing 

ratios of the infiltrating and interstitial solutions. 

The change from the 14 to 5 day duration showed little improvement 

in the alkali content of the interstitial solution (Figures 85 and 86). 

Even the 2. 2 day Dry Period ( Figure 87) showed little improvement. The 

largest change came when the Dry Period lasted only 1 day (Figure 88). 

Calcium ion content of the interstitial solution increased only 1.9 

times instead of the usual triple increase. Aqueous sodium content did 

not increase. The bicarbonate ion content, however, did drop substan

tially. 

This investigation showed that practically all the nitrification 

of adsorbed ammonium ions occurs just one day after air is allowed t o 

enter the laboratory column. Apparently the first sink for bacterially 
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generated hydrogen ions is the bicarbonate ion. Once the aqueous bi

carbonate is utilized, aqueous hydrogen ions exchange alkali ions off 

the sand. Two days after the start of the Dry Period, the nitrifying 

bacteria end their reactions and the gaseous aunospheres relax back 

toward their atnospheric concentrations. Dry Periods of extreme 

duration would start to show increases of carbon dioxide gas again as 

nitrifying bacteria, having cornsumed all the arnrronium ions, start to 

decomp::ise . The duration of the nitrification reactions is, of course, 

dependent on the bacterial p::ipulations and the amount of arnrronium ions 

adsorbed to the soil . Soil of low bacterial concentrations or soils 

with high capacities for adsorbing aqueous arnrronium ions vK>uld have 

long duration nitrification periods, perhaps lasting the entire Dry 

Period . 

Source of Dry Period Aqueous Cations 

Cations are released to the interstitial water during a period of 

dryness by reaction with aqueous hydrogen ions generated by bacterial 

nitrification of aqueous arrrrnonium ions. It has been observed that sand 

deficient in adsorbed magnesium ions (Figure 63) will produce an inter

stitial solution also deficient in rragnesium ions (Figure 65) . It 

is apparent that adsorbed cations , rather than cations from salts, are 

released by aqueous hydrogen ions to interstitial water . 

Aqueous calcium ions in the percolating solution have been the 

most prominent additives both in the laboratory column and at the 

Whittier Nar:rows test plot . If the source of high concentrations of 

calcium in the laboratory column is adsorbed calcium, then removal of 
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the adsorbed calcium should prevent the transient wave of dissolved 

calcium salts at the start of each Wet Period . Feed solution was 

formulated in a manner similar to all the previous feed solutions 

(Table 3) with the exception that it was free of calcium salts . The 

loss of calcium salts was compensated by the addition of an equimolar 

quantity of the same magnesium salt. The calcium-free feed solution 

was percolated through the column intermittently for over one month 

until the effluent aqueous calcium ion concentration was l ess than 

5 mg/£ . 'IID wet/dry cycles were run and the last Dry Period ' s inter

stitial solution was studied for data by analyzing the dissolved speci es 

m the leading edge of deionized water as it terminated the Dry Period . 

++ 
The data show that only 5 mg Ca /£ was added to the interst itial 

solution during the n.o week Dry Period (Figure 89) . An average 

9.3 ± 0.5 mM nitrate interstitial solution was generated; therefore, 

19 . 0 ± 1 . 0 µeq hydrogen ions/£ were also generated . 9. 3 ± 0 . 5 µeq/£ of 

those hydrogen ions replaced the ammonium ions that were nitrified . 

Because the aqueous bicarbonate content of the interstitial solution 

+ 
dropped from 250 to 60 mg/£, 3 . 2 µeq H /£ went to convert bicarbonat e 

ions to carbon dioxide gas . + The remaining 6.2 ± 0.5 µeq H /gm had to 

have exchanged with the same equivalent of alkali ions to leave only a 

slightly acidified interstitial solution . The concentration of aqueous 

calcium, magnesium, sodium, and potassium ions in the interstitial 

solution at the start of the Dry Period was 0 , 37, 113 , and 6 mg/£, 

respectively. At the end of the Dry Period, the average respective 

concentrations were 3, 105 ± 10, 133 ± 10, and 8 ± 3 mg/£ . The excess 

µeq/£ of the respective aqueous cations was 0,15, 5 . 6 ± 0.8, 0.9 ± 0.5, 
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and 0.5 ± 0.2--a total of 6.7 ± 1 .2 µeq/t, the same quantity of hydrogen 

ions that WJuld have had to have been consumed. 

The source of high concentrations of calcium salts dissolved in the 

solutions starting the laboratory column's Wet Period is calcium ions 

adsorbed to the sand from previous percolating solutions. It should 

follow that all high concentrations of aqueous cations in the leading 

edge of newly infiltrating solutions should have originated from 

adsorbed cations rather than a naturally occurring salt. No aqueous 

lithium ions have been detected in the column; therefore , a feed solu

tion was prepared only with lithium and amnonium salts to test the 

theory that the constituency of previous feed solutions determines what 

aqueous cations appear in the column's Dry Period interstitial solution . 

The feed solution had the following formulation: 

2.43 mM LiCl 

4 .12 mM LiHC0 3 

0.49 mM (NH4 ) 2so4 

For one and a half months, the feed solution was percolated intermittently 

through the column . Bacterial nitrification was sustained during the 

Wet Period (Appendix B). It was very difficult to rem'.)ve magnesium 

ions adsorbed to the column's sand. The final effluent from the 
+ ++ ++ 

column contained 0.2 mg Na /'Jv, 0.16 mg Ca /t, and 3.5 mg Mg /'Jv. 

Previous data show it possible to bring the magnesiurn content down much 

further (Figure 27); appreciable quantities were still adsorbed to the 

san:i at the start of the Dry Period. The comfX)sition of the inter

stitial solution of the two-week Dry Period was studied by·analyzing 

- the composition of the leading edge of solution as deionized water 
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infiltrated the column. 

AB the leading edge of the infiltrating solution pushed down 

through the column, it forced ahead of it interstitial solution which 

had a minimum pH of 4.4 (Figure 90). The most important finding, how

ever, was that the interstitial solution at the end of the Dry Period 

had . • f ++; ++; a rnaxlITIUJTI aqueous cation content o 10 mg Ca t, 100 mg Mg t, 

6 mg Na+/t, and 150-300 mg Li+/£ (Figure 91). There was a vast amount 

of nitrification especially nearer the top of the column where 400- • 

630 mg NO;(N)/t was generated. The aqueous silica content was unusually 

high in the one-foot through eight-foot depths of 40, 25, 20, 16, 10, 

3, 2.4, and 2.4 (± 2%) mg Si02/t . 

Calcium and sodium ions had previously been leached from the sand ; 

when nitrification occurred,negligible quantities of calcium and sodium 

ions were released to the interstitial solution. The sand originally 

contained no lithit.nn ions; however, when lithium ions were exchanged 

into the sand during a Wet Period, a Dry Period nitrification released 

vast quantities of lithit.nn ions to the interstitial solution . In a 

soil of sparsely soluble minerals such as feldspar , the predominant 

source of a high concentration of alkali ions in the leading edge of a 

newly infiltrating solution is the alkali ions in previously infiltrated 

solutions . If previously i:ercolated solutions are devoid of cation "x", 

then the future percolated solutions starting Wet Periods will show no 

cation "x" in their leading edges providing readily soluble minerals 

such as calcite are absent. 

The concentration of aqueous nitrate ions in the interstitial 

solution at the one-foot mark was 45 µeq/t . The reason for such a 
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large quantity of aqueous nitrate ions is assumed due to a large 

quantity of adsorbed amm:miurn ions--1. 9 µeq/gm. Ammonium ions are 

expected to adsorb more readily to the sand when they have to compete 

with a univalent lithium ion rather than a bivalent calcium or magnesium 

ion. Toe production of 45 µeq NO~/t must be accompanied by 90 µeq H+/i. 

45 µeq H+/t replaced the nitrified adsorbed arrmoniurn ions and 3.5 µeq 

H + / i converted aqueous bicarbonate ions to carbon dioxide gas . Toe 

balance of aqueous hydrogen ions exchanged with adsorbed cations to 

. .+/ ++; give 36 µeq Li i and 8 µeq Mg i. 

Toe appearance of 40 mg Sio2/i m the leading edge solution at the 

one-foot depth reflected on the massive amount of nitrification that 

occurred. It is again observed that acidification of the sand's inter

stitial solution did cause destructive dissolution of aluminosilicate 

minerals. Toe transient wave of high total dissolved solids content of 

the percolating solution still is primarily due to ion exchange rather 

than mineral dissolution. 
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MATHEMATICAL MODEL 

Aqueous constituency of the percolating solution of the intennit

tent groundwater recharge process was modeled mathematically by two 

separate processes--the Wet Period and the Dry Period. Final chemical 

conditions of one period were the initial chemical conditions of the 

other. The Wet Period system consisted of a solution percolating 

through a packed bed of minerals interdispersed with air. Gas-liquid 

chemical exchange, bacterial nitrification, ion exchange, and mineral 

dissolution acted to alter the composition of the dissolved chemical 

species in the percolating solution. The Dry Period system was composed 

of a gas phase diffusing into the packed bed of minerals interdispersed 

with solution. The same prDCesses that affected the aqueous phase of 

the Wet Period affected the solution phase of the Dry Period. Center of 

focus of both the Wet and Dry Periods was on the aqueous phase composi

tion. Other phases were considered as sources or sinks of chemical 

species for the solution phase . 

The mathematical system forming the Wet Period model consisted of 

a fixed bed of uniformly sized and composed granules acting as the 

reservoir for the release or consumption aqueous chemical species. The 

ID'.)del recognized the presence of interstitially held air in the packed 

bed. The percolating solution of the mathematical model flowed 

axially with no radial component. Concentrations of dissolved species 

in the solution were assumed to be radially averaged values. Concen

trations of aqueous calcium, magnesium, and sodium ions were followed 

because of their being important constituents of the Total Dissolved 
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Solids content of percolating solution. Aqueous ammonium, nitrite, 

nitrate, and hydrogen ions were included in the mathematical model of 

the Wet Period because of their proven importance to the cause of a 

Total Dissolved Solids wave in newly percolating solutions. The bicar

borate ion was modeled as a component in the percolating solution as a 

buffer against extreme pH levels in the solution . Acid producing 

nitrification reactions require dissolved oxygen as a reactant; there

fore, aqueous oxygen content of the percolating solution was modeled. 

Oxidation of aqueous arrunonium ions is thermodynamically favored in a 

well-oxidized environment at a rate that is dependent on the population 

density of Nitrosomonas; similarly, the rate of oxidation of aqueous 

nitrite ions to nitrate ions is increased by the presence of Nitrobacter. 

Both nitrifying b~cterial population densities were monitored in the 

mathanatical model for the Wet Period. Because the experimental work 

revealed that the primary ion exchange reaction between the percolating 

solution and the electric double layer was an important process affect

ing the percolating solution, cation exchange reactions of the aqueous 

ammonium, hydrogen, calcium, magnesium, and sodium ions were considered 

as part of the mass balance equations. 

Solution percolating through a packed bed during the Wet Period 

was assumed to move with an interstitial linear velocity, u, defined by 

the superficial linear velocity, v, divided by the effective porosity 

for the solution phase , PE. An effective diffusivity coefficient, DE, 

was used to account for both molecular diffusion of dissolved com

pounds and hydrodynamic dispersion of the solution. If the average 

radial concentration of dissolved chemical species, l, is c. , then the 
l 
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unsteady state variation of c. in the percolating solution with depth, 
l 

z, is 

2 c1c· 
-u c1c; +TL c1 c~ i '\' R 

-i; :;__., = ~ - l. i·J· 
c!Z cl z2 o J 

(51) 

where R .. is the change to chemical species, i, due to reaction, j. 
l] 

Aqueous oxygen concentration was affected by exchange reactions between 

the percolating solution and the interstitial gas and by bacterially 

induced oxidation of the aqueous arrrrnonium and nitrite ion . Aqueous 

cations were affected by bacterial ion exchange, or dissolution reac

tions. The total carbonate ions (H2co3, HC03, and co;) , early in the 

modeling study, were found to be negligibly affected by bacteria l con

sumption or by conversion to carbon dioxide gas; therefore, later 

models neglected a reaction term, R .. , for the differential mass 
l] 

balance of the aqueous carbonate ion. The aqueous potassium ion was 

not included in the mathematical model because experimental work showed 

it to compose less than three per cent of the aqueous cation content 

of the percolating solution at any one time . The mathematical model 

did not permit the formation of organic carbon compounds in the per

colating solution ; therefore, there was no provision for denitrifica-

tion reactions . Heterotrophic bacteria were known to exist in the 

laboratory column; however , the mathematical model did not include their 

possible effect on the dissolved oxygen. The mathematical model for 

the Wet Period also did not allow for the decomposition of dead nitri

fying bacteria . 

The system comprising the mathematic model for the Dry Period 

consisted of a packed bed of homogeneous granules of mineral matter 
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acting as a support for a nitrifying bacterial community. The voids 

between granules were occupied by interstitial solution and a gas phase 

that was free to diffuse throughout the packed bed. Nitrosomonas and 

Nitrobacter were modeled to consume aqueous arrnnonium, nitrite, and 

oxygen chemical compounds and generate aqueous nitrite, nitrate, and 

hydrogen ions. As with the ma.thematical model for the Wet Period, the 

Dry Period model permitted cation exchange reactions. The gas phase 

acted as a source or sink for both oxygen and carbon dioxide; the 

total carbonate content of the aqueous phase during the Dry Period was 

permitted to change. The differential mass balance for chemical species 

in the gas phase would follow equation (51) without the convective 

term; the chemical species in the aqueous phase w:)Uld have neither the 

convective nor the diffusive terms. 

Gases of the mathematical model acted as sources or sinks for 

. aqueous oxygen or carbon dioxide. It was assumed that the oxygen con-

tent of the aqueous phase, c0 , was in local equilibrium with 
2 

oxygen content of the gas phase, g0 , therefore, 
2 

= g0 + 791 
2 

the 

(52) 

where g0 is in mg/R.,and Ke~ is the equilibrium constant for the 
2 2 

distribution of oxygen between the gas and aqueous phase . The overall 

transfer of carbon dioxide between the bulk gas phase and the bicar

bonate ion dissolved in the interstitial solution was assumed to be 

in local equilibrium; therefore, 

(53) 
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where gCO is the gaseous concentration of carbon dioxide in mg/t and 
2 

Ke<1co is the distribution coefficient. 
2 
Nitrifying bacteria were assumed affixed to the mineral granules. 

In the presence of adequate space and chemical reactants, and in the 

absence of inhibiting chemical compounds, bacteria will divide regularly . 

The growth of a bacterial population, m., is 
l 

where Kg. is the rraxirnurn growth rate constant of the bacterial species, 
l 

i. Extreme environmental conditions stop both bacterial growth and 

maintenance causing a decline of the bacterial population, mi ' accord

ing to 

am. 
at1 = Kdi •mi C 55) 

where Kd. is the death rate constant of the bacterial species, 1 . As 
l 

specific chemicals necessary to the bacteria are consumed, the cell 

population gradually stops growing. The classical method for mathe

rratically accounting for modification of bacterial growth due to 

deficiency of a chemical species of concentration, c., is to use the 
J 

Michaelis expression to modify the bacterial growth rate constant, 

c. 
Kg. = KP- . IT J 

1 -=m.ax,1 j=l sj + cj 
(56) 

KP- • is the largest growth rate constant for bacterial species, i, 
-=m.ax,1 

in the presence of sufficient chemical species and space for growth. 

s., the saturation constant for dissolved chemical species, c., is 
J J 
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the concentration of j for which the growth rate of the bacteria is 

just halved due to an insufficient concentration of c .. Dissolved 
J 

oxygen experimentally tends to be consumed, from the solution, to a low 

enough concentration trat the Michaelis expression of oxygen was used 

to mocl.ify both nitrifying bacteria's growth rate constants. Michaelis 

expressions for aqueous amnonium and nitrite ion concentrations were 

used to mocl.ify the growth rate constants respectively of Nitrosomona.s 

' and Nitrobacter. Experimentally and theoretically it was found that 

the concentration of dissolved carbonate ions did not come cl ose enough 

to a zero value to warrant its use in a Michaelis expression. Aqueous 

nitrite ions act a biostatic agents . Boon et al. (61) have concluded 

trat the aqueous nitrous acid species inhibits the metabolism of Nitro

bacter such trat the growth rate constant can be described mathematically 

as 

(57) 

~O and~ are the aqueous concentrations of the nitrite ion (mg (N)/ 
2 

i) and hydrogen ion (moles/i) . Equation (57) also mathematically 

allows for the decreased metabolism of the bacteria in increasingly 

acidic environments. Nitrosomona.s is also inhibited by the presence of 

aqueous nitrite ions; however, there was little quantitative data to 

formulate an expression for the effect . The mathematical model for the 

Wet and Dry Period uses the same expression ( 5 7) to modify the gr10wth 

rate constant of Nitrosomona.s. Both nitrifying bacteria show an 

optimal gr10wth in a solution of pH 8 (Boon et al., 61; Engel et al., 

15; Hofman et al., 62; and loveless, 11). Inhibition by aqueous 
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hydroxide was not included in the model. Nitrobacter was found to be 

inhibited by the aqueous nitrate ion (Boon et al., 61) above at least 

300 mg No;(N)/t. Nitrosanonas metabolism was hindered by aqueous 

+ arrnnonium concentrations above 700 mg NH4 (N)/£ (Hofman et al., 62) . In-

hibition effects by the aqueous nitrate and ammonium ions were neglected 

in the mathematical model because the JIBXimum respective concentrations 

of the ions were found experimentally to be only 400 and 13 mg (N)/t. 

Bacterial population densities are limited, at least by the physical 

size of space, if not by mass transfer limitations between the bacterial 

cell and the bulk: of the aqueous medium. A maximum bacterial population 

density, mmax' was supplied to the JIB.thematical model. If the maximum 

density is m , then the rrodel modified the bacterial growth rate max 

constant according to 

(58) 

It was assumed that in a given bacterial community bacteria are dying 

according to equation (55), irrespective of the environmental conditions, 

and growing according to equation (54). The net change to the Nitro

somonas population density, m, will be 
s 

C.-. co 
l\Jli4 2 

(59) 

The Nitrobacter population density,~' will change with time according 

to 
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McLaren (63) equated the change of an aqueous substrate, Ci' due 

to a bacterial population, m, as 

de. 
dm + 

c. 
l 

Sm+ y K l (61) - dt = Cl. dt + c. m 
m l 

Here a, S, y, and K are constants. The first term represents the con-
m 

sumption of substrate for cell growth, the second term accounts for 

substrate utilization for cell maintenance, and the third term expresses 

wastage of chemical substrate. McLaren reported the wastage term to be 

dominant over the other terms. Other data (La.udelout et al., 14) con

firm McLaren's rerort that only 10 to 50 per cent of the energy extracted 

from the nitrification reactions goes to the production of cell material. 

The consumption of aqueous substrate by nitrifiers will be assumed to 

be of the form 

de. 
l - - = A . . B.m. 

dt l] J J 
(62) 

where A. . represents the rate constant for the amount of substrate, c. , 
l] l 

consumed by a bacterial population, mj, and Bj represents the modifica-

tion of the rate constant, A .. , due to deficiency of a necessary sub-
lJ 

strate or to inhibition of the bacterial metabolism due to a dissolved 

aqueous species. The formulation of B. is identical to the formulation 
J 

used to modify the growth rate constants. The B. for Nitrosomonas is 
J 
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(63) 

and for Nitrobacter the expression is 

( 64) 

Cation exchange reactions are included in the mathematical m<Xlel 

. + + + ++ ++ 
for the aqueous species NH4 , H, Na, Mg , and Ca . The exchange 

reactions tvere considered to be in local equilibrium with the equilibrium 

expressions of the form equation (41) . The total cation exchange 

capacity is assumed constant. 

Constants used in the numerical solution of equations (51) through 

(64) are discussed in Appendix E. The numerical solutions themselves 

are also discussed in Appendix F. 
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Results of the Wet Period portion of the mathematical model are 

plotted in 24 hour interval s for a total of one week. The mathematical 

initial conditionP for the Wet Period were set by aesuming the coil was 

p.uddenly purged with Polution thereby displacing the high diP.Polved 

solids containing eolution of the Dry Period. As typified by experi-

mental data, the initial aqueour annnonium ion concentration was clore 

to zero whereas other aqueous species concentrations were identical to 

the concentration of the inlet solution. 

Bacterial populations, in general, decreased in the soil of the 

mathematical model . Nitrosomonas bacterial populations were set 

between 106 •2 and 105 •6 cells per gram of soil at the start of the 

Wet Period in accordance with experimental bacterial population 

counts. The population of Nitrosomonas dropped as aqueous oxygen 

became depleted . Deep in the mathematical column where aqueous 

oxygen was still replenished by interstitial gaseous oxygen, 

Nitrosomonas populations grew in numbers only to decline when anoxic 

solution finally penetrated to the column's base . Nitrobacter 

11 10
6

•
6 

11 h h population initia y was set to ce s per gram throug out t e 

column. Due to a lack of both aqueous oxygen and nitrite ions, 

Nitrobacter populations decreased throughout most of the column. 

Only in the top six inches of the mathematical colunm did both 

bacterial population densities increase. Nitrosomonas populations at 

the top of the column were limited by the maximum population density 

set at 107 •3 . Limitations of aqueous nitrite and oxygen leveled the 

h • b 1 • ff 106 •6 f h 1 t e Nitro acter popu ation o at at the top o t e co umn. 
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Aqueous oxygen initially was between 8.3 and 9 . 2 milligrams per 

liter but was soon pulled downward by bacterial metabolism, especially 

at the top of the column. In accordance with experimental findings, 

as oxygen deficient solution penetrated the depths of the mathematically 

modeled column, the solution was recharged with oxygen from inter

stitially held air. Eventually the interstitial air became devoid of 

oxygen and the percolating solution remained in an anaerobic state. 

In the top six inches of the column, aqueous atmnonium ions of the 

inlet solution were nitrified in accordance with the quantity of 

aqueous oxygen available. Large inflections in the aqueous annnonium 

ion curve from 12 to O milligrams per liter were due to recharge of 

the soil surface with adsorbed atmnonium ions. Eventually the inflection, 

or breakthrough curve, moved down and out of the column confining any 

change in aqueous atmnonium ions to the top of the column . Wet Period 

aqueous annnonium ion concentrations of the model simulated the data 

taken from the laboratory column. Aqueous nitrite ion content for 

the modeled Wet Period solution generated by Nitrosomonas bacteria 

eventually appeared only in the top six inches of the column. The 

mathematical model's inlet solution contained 4.76 milligrams N03 (N) 

per liter. With available oxygen and nitrite ions, Nitrobacter 

prod\lCed increasingly more aqueous nitrate ions until approximately 

11 milligrams No;(N) per liter existed in the modeled percolating 

solution at the 7-foot depth . Production of aqueous nitrate ions 

was eventually held down to only one milligram NO;(N) per liter 

when aqueous oxygen was limited to the top of the mathematically 
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modeled column. The Wet Period mathematical model for the nitrogenous 

aqueous species is in good correspondence with the actual laboratory 

data. 

The particular initial conditions of the Wet Period model caused 

a slight adsorption of aqueous alkaline earth cations onto the sand 

throughout the column at the first onset of the percolation. As percola

tion progressed the same alkaline earth cations were desorbed into 

the solution . The position of the cation desorption reaction is located 

at the breakthrough curve of the respective cation. The aqueous 

hydrogen ion breakthrough curve moved down through the mathematically 

modeled column with the fastest rate of eight feet in 72 hours. The 

aqueous annnonium ion breakthrough curve moved at the much slower rate 

of eight feet in 144 hours. Interaction of the breakthrough curves 

caused a multiplicity of inflections in the concentration profiles 

of the aqueous cations. The lingering aqueous annnonium ion breakthrough 

curve resulted in inflecting the aqueous calcium and magnesium 

concentrations upward slightly in response to adsorption of annnonium 

ions. The transient depth profiles of the aqueous concentrations of 

the alkaline earth cations were not verified experimentally; however, 

the modeled aqueous annnonium ion profiles compare well with the 

experimental data (Figures 61 and 72). Experimental pH profiles tend 

to be much broader than the model predicted. 

Results of the Dry Period mathematical model are presented with 

12 hour intervals for a total of four days. The effective porosity 

of the top foot of the mathematically modeled column was set to increase 
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from 0.03 to 0 . 06 volume fraction. Between the one-foot depth and the 

seven- foot depth the effective porosity was 0.06 volume fraction . Below 

the seven-foot depth the porosity increased linearly from 0 . 06 to 0.39. 

The initial population density of Nitrobacter bacteria in the model was 

set at twice the number at the end of the previous Wet Period . Bot h 

nitrifying bacteria grew in numbers throughout most of the period 

up to 36 hours since the start. Their growth stopped as aqueous annnonium 

and nitrite ion concentrat i ons became deficient . Carbon di oxide gas was 

generated in the gaseous atmosphere of the modeled column due to 

conversion of bicarbonate ions with generated aqueous hydrogen ion s. 

The largest total aqueous carbonate ion decline occurred in the fir st 

12 hours of the Dry Period . Eventually the total carbonate content of 

solution at the base of the colunm was 100 milligrams per liter and t hat 

near the top was 0 milligrams per liter. Gaseous oxygen profiles show 

the most extensive consumption of the gas was at the start of the Dry 

Period. As nitrification proceeded, aqueous annnonium ion content of t he 

interstitial solution steadily decreased to zero. A corresponding 

increase of aqueous nitrate ion levels in the interstitial solution of 

the mathematical model to 250 milligrams per liter was predicted. Aqueous 

nitrite content of the solution remained below 2 milligrams per liter . 

Aqueous calcium, magne sium, and to a lesser extent sodium were desorbed 

from the modeled sand into the interstitial solution and their adsorbed 

counterparts showed drops in value. The computed dissolved oxygen content s 

of the solution film were depre s sed toward zero. 

The Wet Period mathematical model qualitatively predicted the 
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the transient behavior of aqueous species in a percolating solution. 

The bacterial population density of Nitrobacter was experimentally 

found to be larger than that of Nitrosomonas. The mathemtical model 

predicted the Nitrobacter population to drop below the population 

of Nitrosomonas. Eventually, with successive Wet/Dry Periods, the 

Nitrosomonas population would exceed that of Nitrobacter thereby 

causing aqueous nitrite ion concentrations to build up over aqueous 

nitrate ion concentrations. The aqueous oxygen and nitrogenous 

species concentrations of the model were in good agreement with 

experimental results. The width of the zone of sand desorbing aqueous 

hydrogen ions for the model was much narrower than experimental 

findings. 

The Dry Period model was also in good qualitative agreement with 

the experimental results. The bottom one to two feet of the laboratory 

coltmm was saturated with solution throughout the duration of the 

Dry Period. The modeled column was given a low effective porosity at 

the bottom. The low porosity caused the observed inflections in the 

oxygen and carbon dioxide gas profiles at the coltmm's base to 

become more prominent. There was a much larger quantity of carbon 

dioxide generated at the start of the modeled Dry Period than experi

mentally found; furthermore, a lesser concentration of total aqueous 

carbonate ions persisted in the modeled coltmm than in the experimental 

column. Twice as much aqueous sodium was added to the interstitial 

solution than experimentally observed. Less drastic addition of salts 

to the interstitial solution at the column's bottom was correctly 
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predicted. The experimental colunm showed lesser additions of salts 

to the interstitial solution at the colunm's top than elsewhere; 

however, the model predicted more of an addition. 
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SUMMARY 2RECCMMENDATIONS 2ENGINEERING SUGGESTIONS 

In consideration of the Dry Period portion of the intermittent 

groundwater recharge process, it will be assumed that the soil has 

attained an equilibrium between cations in its electric double layer 

and the percolating secondary treated sewage effluent of the Wet Period . 

Ideally the Dry Period is initiated by a sudden withdrawal of solution 

from the soil, thereby leaving behind mineral grains coated with a 

solution film and surrounded by air. The film is well- aerated by 

gaseous oxygen diffusion into the soil matrix. Conversion of 

aqueous annnonium ions to nitrat e ions is catalyzed by colonies of 

Nitrosomonas and Nitrobacter (other species of nitrifying bacteria 

are possible). The Nitrosomonas bacteria acquire energy by converting 

aqueous aunnonium ions to aqueous nitrite ions. A larger population of 

Nitrobacter bacteria consumes the biostatic nitrite ion to give the 

nitrate ion. Hydrogen i ons generated by Nitrosomonas first are consumed 

in converting some of the solution's bicarbonate ions to carbon diox i de 

gas which diffuses out from the soil. As aqueous annnonium ions are 

continuously converted to nitrite ions, adsorbed annnonium ions are 

desorbed off the mineral surfaces . Concurrently aqueous hydrogen 

ions fill the vacancy left by the annnonium ions. As nitrification 

continues and the aqueous hydrogen ion content climbs, calcium, 

magnesium, sodium, and potassium ions are ion exchanged by the aqueous 

hydrogen ion into the interstitially held solution. Because the solution's 

pH does not drop substantially, the net effect is a conversion of adsorbed 

ammonium and alkaline earths into dissolved alkaline earth nitrate salts. 
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Degradation of soil minerals as a result of the acidification 

of the interstitial solution occurs as a secondary source of aqueous 

cations. For a granit ic sand, aluminosilicate minerals are responsible 

for sources of aqueous silica . Based on the quantity of silica 

released, approximately one per cent of the cations added to the 

interstitial solution originated from dissolution of the minerals . 

All adsorbed anunonium ions are converted to nitrate ions in two days 

with little accumulation of anunonia or nitric oxide gases or nitrite 

ions. Close to the soil surface nitrification is hindered possibly 

due to drying of the soil. Once the aqueous anunonium ions are depleted, 

metabolism by Nitrosomonas and Nitrobacter ends and cell population 

densities begin to decline. Spontaneous degradation of the cellular 

matter, or degradation catalyzed by heterotrophic bacteria, cause s 

a renewed production of gaseous carbon dioxide. The overall result of 

the Dry Period is that cations adsorbed to the soil minerals are 

replaced slightly by hydrogen ions and the solution film surrounding 

the minerals acquires a huge concentration of dissolved nitrate salts. 

Lack of aqueous anunonium ions in the percolating solution would 

prevent Dry Period nitrification reactions; furthermore, organics 

would encourage the growth of aerobic heterotrophic bacteria in the 

soil and result in their competing with nitrifying bacteria for oxygen. 

Limited quantities of aqueous bicarbonate ions in the percolating 

solution would result in the g€neration of more cations in the inter

stitial solution. Because most of the anunoniurn ions nitrified originally 

were adsorbed to the soil minerals, addition of competing aqueous 
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cations with plus three or four valences will reduce the extent of 

nitrification in the soil during the Dry Period. Only a small fraction 

of the adsorbed alkaline earth cations are desorbed during the Dry 

Period; once the soil has adsorbed a particular cation, it will 

appear over and over again in successive Dry Period interstitial 

solutions. 

The source of cations in samplings taken at the Whittier Narrows 

test plot follows the same pattern shown with the laboratory colUim1 

and with the mathematical model. Nitrification at Whittier Narrows is 

limited to the top three to four feet of the soil due to the siltiness 

of the soil limiting diffusion of oxygen. The leading edge .of solution 

traveling down through the soil matrix is high in aqueous nitrate, 

calcium, magnesium, and sodium. Aqueous bicarbonate ion concen-

tration does not drop due to a three to five per cent occurrence of 

carbonates in the soil and aerobic heterotrophic bacterial activity 

acting on native organic compounds. The source of aqueous calcium and 

magnesium in the Whittier Narrows test basin aqueous solution is 

primarily due to the desorption of adsorbed calcium and magnesium. 

Dissolution of calcites or dolomites is not important judging from 

the lack of a substantial increase of aqueous bicarbonate ions with the 

hardness increase. The total dissolved solids increase at the Whittier 

Narrows test plot is a result of cation exchange reactions during the 

first day of the Dry Period in the top four feet of the soil. Hardness 

in the percolating solution is a result of calcium and magnesium ions 

being extracted from previously percolating solutions and adsorbing to 
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the soil. The net result over many successive periods is but a slight 

increase of Total Dissolved Solids added to the groundwater reservoirs. 

Prevention of the transient wave of dissolved solids would be possible 

by conversion of the aqueous ammonium ions to nitrate ions before the 

solution percolates into the soil. After a period of adjustment with 

respect to cation exchange reactions, which would tend to momentarily 

add aqueous cations to the percolating solution throughout the Wet 

Period, no change of Total Dissolved Solid content of the percolating 

solution would be apparent in the top four feet of the soil. 

Cation exchange equilibrium distributions for the mathematical 

model were forced to correspond to the experimental data by adjust-

ment of the cation exchange equilibrium coefficients to values 

different from those derived from Figure 53. The cation exchange 

mechanism nrust be detennined in more detail. There is a specific adsorp

tion of the aqueous ammonitnn and hydrogen ions to the granitic sand 

causing more annnonitnn and hydrogen ions to be adsorbed to the sand 

than sodium ions (Figure 53). Specific adsorption is further suggested 

by the apparent variation of the cation exchange capacity of the mineral 

mixture (page 121). A quantitative mathematical model of the variation 

of cationic species throughout the intennittent groundwater recharge 

process would require the detennination of the amount of cations in the 

electric double layer and bonded to the mineral surface . 

Several aspects of the biological system of the soil must be 

clarified. Aerobic heterotrophic bacteria compete for oxygen with the 

nitrifiers. Despite the lack of organic carbon in the input r; to the 
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laboratory column, heterotrophic bacteria populated the sand surfaces. 

A mathematical model should include the presence of heterotrophic 

bacteria. The model's Dry Period bacterial population densities had 

to be adjusted upward to permit the nitrification reactions to be 

completed in 2 days. The quantitative analysis of bacteria on the soil 

required the assumption that all bacteria could be forced off the soil 

and into a solution by vibrating the soil in a solution . The validity 

of the assumption should be tested. The mathematical model for the 

bacterial population densities should be changed to show the lag 

phase typical of bacterial population variations; furthermore , the 

inhibition of bacterial growth to acid should be refined. The diminished 

bacterial activity at the top of the laboratory column during the Dry 

Period should be investigated as possibly due to insufficient moisture. 

Mineral dissolution was only a slight contributor of dissolved 

solids to the Dry Period solution film of the laboratory column . Research 

is needed to determine if, when large quantities of arrnnonium ions are 

adsorbed to the sand, the resulting larger concentration of acid 

resulting from the nitrification reaction could cause more extensive 

mineral dissolution. Investigation of the influence of carbonate 

minerals on the solution is needed because of the widespread occurrence 

of carbonate minerals in the soils. 

An eight foot thick layer of granitic sand, of grainsize 0 . 5 mm, 

could be spread over the existing percolation site . Solution would 

be percolated through the layer until the aqueous annnoniurn ion content 

of the effluent from the layer showed a non-zero value. A three day 
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Dry Period would be long enough for all the adsorbed annnonium ions 

to be nitrified . Aqueous hydrogen ions produced by the reaction would 

desorb alkaline earth cations from the mineral surfaces into the 

interstitially held solution film. To terminate the Dry Period second

ary treated sewage effluent would be pumped at a rate greater than 

2 ft/day into the bottom of the eight foot thick layer of sand. Coarse

ness of the overlying layer, compared to the subsurface sand, would 

result in solution percolating llllpWard carrying the solution film of 

salts up and out of the sand layer. Once the solution film was discarded 

flow of the sewage effluent would start from the top again. The 

removal of the solution film (4- 5 percent of the total percolated 

solution) would reduce the net quantities of annnonium, calcium, and 

magnesium ions added to the groundwater reservoirs by 80, 25, and 30 

percent respectively. 

Several nonideal situations are possible that would harm the 

percentage reduction of ammonium and alkaline earth cations. If the 

sand became clogged or was silty by nature, oxygen diffusion hindrance 

would diminish nitrification reaction the percentage of annnonium 

removal. Nitrification would also be hindered by excessive quantities 

of adsorbed annnonium ions which would yield b~cterially inhibitive 

concentrations of aqueous nitrate ions in the solution film. Too 

coarse of a sand would permit so nruch aeration that moisture levels 

would drop so as to be inhibitive for bacterial nitrification 

reactions. Ideal operation would result in a beneficial reduction of 

dissolved salts added to the groundwater reservoirs. 
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APPENDIX A 

Artificial Soil 
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APPENDIX B 

Percolating Solution Analyses 
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TABLE Bl 

Aqueous Nitrate and .Ammonium Ion Content 
of a Lithium and .Amm:mium Salt Solution 

Percolating through the L3boratory 
Column at 11.1 t/day 

36 hours since the start of the percolation : 

Nitrate (rnM) Ammonium 

0.00 0.78 

0.22 0.0 3 

0.32 0.00 

0.32 0.17 

0.32 0.38 

0.28 0.31 

0 .1+6 0 . 22 

0 . 1+6 0.12 

100 hours since the start of the percolation: 

Nitrate (rnM) Ammonium 

0.00 0.85 

0.1 0 . 70 

0.1 0 . 00 

0 .1 0.00 

0.1 0.05 

0.1 0.1 

0.1 0.1 

0.1 0.2 

0.1 0.3 

(rnM) 

( rnM ) 



APPENDIX C 

Methc:x:l of the Nwnerical Solution of the Unsteady State Variation 
of Aqueous Calciwn and Magnesiwn Content of a Solution 
Percolating through a Packed Bed of Ion Exchange Mediwn. 
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The full system of differential mass balance equations for pre

diction of the aqueous calcium and magnesium content of a solution per

colating through an ion exchange medium such as the sand column is: 

where 

2 1 - P 1 - PL _ ~ aea + D a ea = aea ___ Ls d _ __ _ 
PE ax E ~ at - PE s Ca PE 

sites 

•K(l.65Mg xca - Keq Ca xMg ) 

2 1 - P 1 - PL 
- -u aMg + D a Mg - aMg L - - - --- S cl.g - --- sites 

PE az E az2 - at PE s ~ PE 

•K(Mg xCa - Keq 0.608 Ca~) 

axMg _ 
at - K(Mg xCa - Keq 0.608 Ca ~g) . 

Mg XCa 
Keq = Ca 

~ 

and K is the ion exchange rate constant. The differential equations 

are subject to the initial aqueous cation concentration depth profiles, 

Ca(z,0) =Car+ u 

1 - P •S •~ 
Mg(z,0) =Mgr+ Lu s z 

Ca.1 and Mgr are the aqueous calcium and ma.gnesium ion content of 

the inlet solution to the laboratory column that previously brought the 
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adsorbed distribution of calcium (xCa) and magnesium(~) on the 

column's sand to the steady state values 

xCa./'11,g] 
0 

is defined by equation ( 20). The boundary conditions on the 

differential equations are 

Ca.(0,t) = Ca.II 

Mg(O,t) = MgII 

aea.1 = 0 az 
00 

aMgl = 0 az 
00 

The differential equation derivatives were replaced by the difference 

equations 

c(z - l,T) - 1 - c(z + l,T) 
t,,z 

a2c _ c(z + l,T) - 2c(z,T) + c(z - l,T) 
az 2 - t:,z 2 

ac _ c(z,T + 1) - c(z,T) 
aT - t:,T 

A time step of 0.1 hours and a spatial step of 0.05 feet were used to 

avoid instabilities in the numerical solutions caused by the reaction 

and diffusion terms. The plotted results (Figure 28) are based on the 



following constants : 

PE= 0.35 

P1 = 0.44 

u = 0.0645 ft/hr 

sites= 14 . 34 µeq/£ 
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S d = 0.0594 mg/£•hr 
s Ca 

S d = 0.0171 mg/£•hr s Mg 
-1 K = 0 . 45 hr 

keq = 1 

DE= 0 . 003 ft 2/hr 

Ca.I = 0 mg/£ 

Mg1 = 0 mg/£ 

ea11 = 39 mg/ i 

MgII = 0 mg/£ 
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APPENDIX D 

Chronology of the Operation of the 
Laboratory Column and Analyses of Data 



STARTING 
DATE 

June '73 

30 June 

11 July 

13 July 

14 July 

21 July 

22 July 

31 July 

1 73 

1 73 

1 73 

173 

1 73 

173 

1 73 

10 August 173 

19 August 173 

27 August 173 

12 September 

12 September 

12 September 

173 

173 

173 
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OPERATION OF LABORATORY COLUMN* 

Deionized water percolation 
(720 ft/day). 

Deionized water (2 ft/day) . 

++ 
60 Q, of 40 mg Ca 19.. water 
percolated at the rate of 11 Q,/day . 

++; . 40 mg Ca Q, solution percolated 
thrDugh column at 36 i/day. 

++; . 40 mg Ca Q, solution percolated 
thrDugh column at 11 t/day. 

Column purged with air . 

First Wet Period. 

First Dry Period. 

Second Wet Period. 

Oil contamination of percolating 
solution . 

++; . 40 mg Ca Q, solution percolated . 
Reseeding of column with bacteria . 

24 September ' 73 Second Wet Period restarted. 

1 October Second Dry Period. 

15 October '73 Third Wet Period . 

22 October '73 

21 November '7 3 

Third Dry Period. 

Purge of column with deionized 
water . Wet Period started. 

TIGURE NUMBER 
OF DATA 

15 through 20 

21 thrDugh 27 

29 through 35 

58 

59 through 63 

64 

65 thrDugh 72 

73 

~- Between August 1972 and June 1973 inorganic solutions had been perco-
lated intermittently thrDugh the laboratory column. 



STARTING 
DATE 

27 November '7 3 

9 December ' 7 3 

10 December 173 

10 January '74 

16 January '74 

30 January 1 74 

7 February 

15 February 

23 February 

2 March 1 74 

9 March 174 

12 March 174 

17 March 174 

3 April '74 

10 April ' 74 

24 April '74 

1 May I 74 

15 May 1 74 

1 74 

1 74 
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OPERATION OF LABORATORY COLUMN" 

Dry Period. 

Feed solution purge. Bacterial 
:population count made for nitrify
ing and heterotrophic bacteria. 

Column drained of solution. 

Wet Period. 

Dry Period. 

Wet Period started with deionized 
water purge to determine the total 
quantity of dissolved species in 
the interstitial solution at the 
end of a Dry Period. 

Dry Period . 

Wet Period. 

An aerobic Dry Period. 

Wet Period. 

Dry Period. 

Wet Period . 

Dry Period. 

FIGURE NUMBER 
OF DATA 

74 and 75 

77 

78 through 80 

Deionized solution used to start 85 
Wet Period. Bacterial :population 
counted. 

Dry Period. 

Wet Period without dissolved arrononilHTI 
ions. 

Dry Period. 

Wet Period with deionized water 
purge. Wet Period was continued 
with the regular feed solution. 

81 and 82 

83 and 84 



STARTING 
DATE 

23 May 174 

28 May 1 74 

3 June 174 

19 June '74 

26 June 1 74 

28 June 1 74 

2 July 1 74 

3 July 174 

11 July 1 74 

25 July 174 

1 August 1 74 

13 August 174 

19 August 1 74 

30 August 174 

27 September '74 

11 October 174 

24 October 174 

31 October ' 74 

3 November '74 

10 November 174 

12 November 174 
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OPERATION OF LABORATORY COLUMN 

Dry Period of five days . 

Wet Period with deionized water 
purge. 

Dry Period. 

Wet Period. 

Dry Period of 2.2 days. 

Wet Period with deionized water 
purge. 

Dry Period of one day. 

Wet Period with deionized water 
purge . 

Dry Period. 

Calcium ion free Wet Period. 

Dry Period . 

Calcium ion free Wet Period. 

Dry Period. 

Calcium ion f~ee Wet Period. 

Dry Period. 

Calcium ion free Wet Period . 

Lithium/Arrmonium solution used for 
a Wet Period . 

Dry Period . 

Wet Period with Lithium/Amrronium 
solution. 

Dry Period. 

Wet Period with Lithium/.Arrrrronium 
solution. 

FIGURE NUMBER 
OF DATA 

86 

87 

88 

89 



STARTING 
DATE 

19 November '74 

2 December '74 

9 December ' 7 4 

16 December '74 

21 January '7 5 
through 
February 175 

25 February '75 

25 February '75 
through 
25 March '75 
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OPERATION OF LABORATORY COWMN 

36 9,/day purge with Lithiurn/Arrmoniurn 
containing solution. 

Dry Period. 

Wet Period with Lithiurn/Amnoniurn 
solution. 

Dry Period. 

One week Wet Periods of Lithium/ 
Amnoniurn containing solutions and 
two week Dry Periods were run. 

Dry Period ended by purging column 
with deionized water. 

FIGURE NUMBER 
OF DATA 

Table Bl 

90 

Lithiurn/Ammoniurn solutions percolated 91 
through the laboratory column. 
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APPDIDIX E 

Numerical Solutions 
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(El) 

was converted into a difference equation by considering concentration 

at three spatial positions to approximate the first and second deriva

tive of concentration with respect to position. The first derivative 

of concentration with respect to time was repl~ced by two concentra

tions in time. A weighting constant, H, was used to evaluate the 

gradient of concentration . The gradient of aqueous concentration at 

same depth, z , in the packed bed was approxirrated by 

acl 
az t,z 

~ H [ct,z+6~z- ct,z) + [ct,z -
6
:t,z- z) 

(H + 1) 
(E2) 

where 6z is the spatial step size or interval for the packed bed model 

and ct,z+6z is the concentration at some time, t, and some depth, 

z+6z . The second derivative with respect to position was approximated 

with 

ct + - 2ct + c ,z 6z ,z t,z-6z 

6z 2 

The time derivative of concentration was approxirrated by 

ac 
at 

~ 

C - C t+6t,z t,z 
6t 

The completed difference equation was 

(E3) 

(E4) 

c = c (D6t u6t ) + c [i 2D6t (H-l)Uflt) (ES) 
t+6t,z t,z+6z 6z2 - (H+l)6z) t,z - 6z2 - (H+l)6z) 

+ [ Hu6t + D6t) + 2 Rt 
ct,z-6z (H+l)6z 6z2J • 

(E6) 
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For utilization of the difference equation, the initial concentra

tions of aqueous speciea, bacterial populations, and gaseous composi

tions were known at each depth. The concentrations at each depth were 

computed simultaneously for each spatial position at a new time one Lit 

into the future. Concentration of aqueous species in the inlet solution 

set the concentrations at the zeroth position. In the case of the Dry 

Period mathematical model, the atmospheric concentrations of oxygen and 

carbon dioxode set the zeroth position concentration of the respective 

gases. The packed bed was treated mathematically as an infinitely long 

bed for the Wet Period by computing concentrations 20 spatial steps 

beyond the length of the laboratory column (eight feet). A mathematical 

boundary condition for the Wet Period mcx:lel was that the concentration 

gradient of dissolved species should be zero at an "infinite" depth; 

therefore, the concentrations of dissolved chemical species at the last 

two spatial positions are equated to one another. The zero gradient 

boundary condition for the Wet Period mathematical mcx:lel was useful in 

preventing concentration instabilities frDm traveling up the mathe

matically modeled column. The Dry Period mathematical model also had 

a zero gradient for the gaseous component at the base of the packed bed. 

The zero concentration gradient in this case was due to a lack of 

chemical reactions, affecting the gas compositions, beyond the bed's 

base. The step size used for the rn.nnerical solutions had to meet two 

criteria to minimize the possibility of numerical instabilities in the 

solutions. The time step, Lit, and the spatial step size, Liz, must be 

of such values that 



2 Dll.t < l 
6z2 -
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(E7) 

where Dis the diffusivity coefficient used in the dispersive term, 

D3 2c/az2, of the differential mass balance for the dissolved species, c, 

or for the gaseous species, c . The other criterion that tends to l:imi t 

the maximum value for the time step is a result of the chemical reac

tion terms. . The reaction term l:imi ts the size of the time step to a 

value small enough to prevent any chemical reactant from reaching a 

negative value as a result of the time step. The time and spatial 

steps for the Dry Period mathematical model were 0.2 hour and 0.5 feet, 

respectively. For the Wet Period model the time step was 0.05 hour and 

the spatial step was 0.3 feet. 

The most time consuming computation for the mathematical mcxl.el was 

the determination of the distribution of cations between the aqueous 

phase and the double layer of the sand. The most effort went into 

opt:imizing the ion exchange distribution computation routine. Cation 

exchange processes are assumed to be in a state of local equilibrium. 

The general rationale for the computation of the cation exchange 

equilibrium distribution, as well as any other equilibrium distribution, 

was that the packed bed was essentially mathematically broken up into a 

number of well-mixed tanks of volume All.z, where A is the area of the 

packed bed available for gas or solution flow. For a particular dif

ferential volume, time is permitted to advance one time step. The con

centrations of chemical species will change due to convection, diffu

sion, and biological reactions to new values Ca. , Mg. , Na• , NH4 • , and 
l l l l 

A. (acidity). The sand in contact with the solution in the differential 
l 
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volume element will still have surface distributions (in equivalent 

fraction units) xCa., '11g., ~ , and xA . The determination of the 
l l 4i i 

new distribution of species is accomplished by using the distribution 

coefficients of ion exchange and a mass balance for each chemical 

species around the differential well-mixed "tank11
• 

Iteration for the distribution takes place on xCa, the final 
f 

surface equivalent fraction of calcium. The value of xCa is between 
f 

0 .0 and either 1.0 or xCa £1ffiX, 
ea. 

l (E8) 

sis a conversion factor for converting aqueous concentrations to sur

face equivalent fractions and Cai has the unit of mg/.Q,. ~a~x is an 

upper bound on xCa caused by the requirenent that the fina.l calcium 
f 

concentration be nonnegative. xCa is varied until f equals zero, 
f 

(E9) 

As xCa is varied from zero to one, f starts at -1.0 and increases 
f 

linearly. As xC approaches xCa (the xCa that causes f to be zero), 
af f f 

f acquires a more positive first derivative. Finally xCaf hits xCa~ 

where 

(ElO) 

The actual iteration on xCa is started at xCa . A step is made 
f £1ffiX 

toward a lower xCa. f is evaluated at that new xCa by use of the 
f f 

following: 
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calcium mass balance - Caf =Ca.+ (xCa - xCa) s 20.04 , 
l i f 

(Ell) 

magnesium mass balance - Mgi +~is 12.16 = Mgf + ~f s 12.16 (El2) 

distribution expression - KCMl = Mgf [xCaf]KCM: (El3) 
Caf ~f 

then 

0 - x.~CM2 + x..A_ 

- iv1gf 1·igf 

KCM2 
XCa S 12 .16 

f + 
KCMl 0.608 Caf KCMl 0.608 Caf 

(El4) 

or 

KCM2 
gMg = 0 = ~ + ¾ ~ + E\.rg (El5) 

f 

Similar equations are derivable for the sodium and arrnnonium ion. The 

function, g, is monotonic, in.creasing over the range of its independent 

variable, ~/ The initial equivalent fraction, ~/ permits the 

formulation of an approximate solution for equation (El5) by a linear 

interpolation between the ~f values of 0.0 

than zero and g(~.) is greater than zero): 
l 

KCM2-l + A, 
~• • JVJg 

l 

and~ (g(0) is less 
gi 

Ar1g and ¾ are constants of ~f for equation (El5) . The initial 

guess, x..A_ , is used 1·igfguess 
in the Newton Raphson scheme to compute the 

xMg that causes g(~ ) to vanish. A similar procedure is used to 
f gf 

compute~ and~ . Two iterations were necessary for x..A_ and 
af 4f ~igf 

one iteration was necessary for x.. and X.-. to obtain their values 
Naf Nt14f 

to within 10-5 of the values that caused the respective g function to 
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go to zero. 

The determination of xA is complicated by the fact that the 
f 

aqueous hydrogen ion participates in three reversible reactions . 

The mass balance for the aqueous hydrogen ion is replaced by the 

electroneutrality condition 

(El7) 

A. is the initial aqueous acidity concentration in the differential 
l 

volume, Hf is the final concentration of aqueous hydrogen ions, and 

~ is the equilibrium constant for the water dissociation reaction, 

Also 

ELEK = Ho OH~ - Hco; 0 2 co~ 0 

where the subscripted variables represent the respective aqueous con

centrations of the chemical species at spatial p:>sition zero, that is, 

at the inlet to the packed bed (in the case of the Dry Period model, 

ELEK is defined accoroing to the concentrations at the start of the 

Doy Period) . Other variables used in the electroneutrality condition 

are 

Hf KC2 
61 KCl + 1 + Hf 

(El8) 
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where Cr, is the total dissolved carbonate species in the aqueous phase 

and KCl and KC2 are the first and second dissociation constants for the 

bicarbonate ion. The concentration of the carbonate ion is 

2 Cr 
co3f = ---=-------

[ 
Hi Hf] 

Gl KCl KC2 + l + KC2 

CE19) 

the electn:meutraiity expressions simplify to an expression, F. F is 

a linear equation of terms ~B where a is a real power and Bis a real 

coefficient. Fat some H; is zero and that H; is the final concentra

tion of aqueous hydrogen ions in the differential volt.nne element. 

Newton Raphson iterations on F do not converge unless the initially 

guessed Hf is extremely close to H;. As pHf changes from large values 

toward zero, F starts out slightly less than zero and reaches a minimt.nn 

value. As pHf becomes smaller, F suddenly increases to large values. 

A binary search coupled with linear interpolation (oowell et al., 71) 

was used to determine the final pH to within ± 0 .001 unit. Approxirrately 

four iterations were needed to arrive at the final pH of the differential 

volume element when the initial pH of the solution was used as the 

initial guess for the iteration scheme. With the computation of 

x.,.,_ , ~ , ~ , an:l. ~ , f (E9) can be computed. 
ngf af 4f f 

A rrodified Reguli 

Falsi search was used to determine the xCa that causes f to vanish. 
f 

Im average of four iterations were necessary to find the correct xC . 
af 

For the Dry Period, ma.thernatical model xCa was computed to 
f 

within ± 0 . 01. The Wet Period rrodel computed xCa to within ± 0 . 000 5 . 
f 

The greater accuracy of the Wet Period computation was necessary to 

prevent instabilities from growing in the concentration profiles. To 
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save computation time, several modifications were made to avoid entering 

an ion exchange distribution iteration. For the Dry Period model, if 

the change of aqueous amnonium ion concentration due to bacterial 

reactions was less than 0.01 mg NH:(N)/£, then the ion exchange compu

tation was not performed. It was recognized that it was the biological 

change of the aqueous arrmonium ion concentration and aqueous hydrogen 

ion concentration tmt caused the redistribution of ion exchanging 

species. For the Wet Period rnatherratical model, if the change of 

aqueous amnonium ion concentration at some depth, and before the ion 

exchange process was computed, was less than seven per cent and if the 

pH was greater than 5 , then the ion exchange computation was skipped. 

It was assumed that the ion exchange breakthrough curves for aqueous 

ammonium ions were in phase with the same curves for aqueous calcium, 

magnesium, sodium, and the hydrogen ion; however, it was realized that 

there was biological conversion of aqueous ammonium ions deep in the 

column even before the aqueous amnonium ion breakthrough curve had 

traveled the full column length. Another computation saving decision 

was that if the pH was greater than 7, then the 

not performed; rather, xA was assumed equal to 
f 

pH .. 
l 

iteration for xA was 
f 

xA. and pHf equal to 
l 
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APPENDIX F 

Evaluation of Constants Used in the Mathematical Model 
for the Intermittent Percolation Process 
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Porosities used in the mathematical model were those experimentally 

evaluated. Molecular diffusivity coefficients of cations in solution 

were all assumed equal to 5.8 x 10-5 ft 2/hr (Harned et al., 21, 25, 42). 

The data of Miyauchi et al. (26) shows that the effective diffusivity 

for a solution percolating through a packed bed at a Reynold's number 

. -4 2 . . of 0.004 is 3 x 10 ft hr. Assuming that a bacterial population was 

not diminishing the porosity of the column for gas diffusion, then the 

diffusivity coefficient for oxygen and carbon dioxide were assumed to 

be 0.39 ft 2/hr. Toe solubility of oxygen in water (Hodgman, 50) was 

correlated to temperature. The ionic strength of the rrodel's percolating 

solution was not enough to appreciably affect the solubility. Assuming 

Henry's law is valid for oxygen, the equilibrium coefficient relating 

the concentration of oxygen in the aqueous phase (mg o2/i) to the 

weight fraction of oxygen in the gaseous atmosphere is 

KeCJ.o = 10000 exp (17.52/T-11.41)(1 + 0.0295 z) 
2 

where T is the centigrade temperature and z is the depth in the column 

to which the solution has percolated. For the Dry Period expression, 

the term "l + 0.0295 z" is not needed in the expression for Ke~ to 
2 

correct for an increased gaseous pressure due to a hydrostatic loading. 

Toe distribution of carbon dioxide between the gaseous and the aqueous 

phase is expressed mathematically by 

where PCO is the pressure of carbon dioxide in the atmosphere (atm). 
2 

CH2C0 3Caq) + co2Caq)) (M) is given by 
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( 
-7 -17) 

CHfO/aq) + C02(aq)) = Crrl 1 + 5. Ol~ 10 + 2. 82 ~ 10 ] 

~ 

where Cr is the total concentration of carbonate ions dissolved in 

the solution and% is the molar concentration of hydrogen ions in 

solution. 

According to Knowles et al. (51), the growth rate constants for 

Nitrosomonas and Nitrobacter are temperature sensitive. The authors 

gave the logarithms of the constants (day-1) as 

The death rate constants were derived from the data of Laudelout et al. 

(14) who studied the decline of populations of nitrifying bacteria in 

a chemically starved medium. The rate constant for the death of a 

population of Nitrosomonas and Nitrobacter, respectively, were 0.00721 

and 0.0121 hr-1 . Knowles et al. (51) have given the Nitrosornonas 

saturation constant, as a function of temperature T (centigrade), for 

aqueous ammonium ions as 

L.og10(5NH) = 0,051 T - 1.158 . 
4 

The same authors gave the Nitrobacter saturation constant for aqueous 

nitrite ions as 

Nitrobacter saturation constant for dissolved oxygen was reported by 
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Boon et al. (61) to be 0.5 mg o2;i, and by Laudelout et al. (14) to be 

2.0 mg 02/£. The data of Knowles et al. (51) showed that the satura

tion constant of dissolved oxygen for Nitrobacter would be approximately 

1.0 mg o2/£ and for Nitrosomonas the value would be less than 0.5 mg 

O2/t. The mathematical rrodel uses a saturation constant of oxygen for 

Nitrobacter and Nitrosomonas as 0.8 and 0.4 mg 0/£, respectively. 

Engel et al. (15) present data of the accumulative number of 

Nitrosanonas cells and nitrite ions in solution over a pericx:l of time. 

Because bacteria grow according to 

and aqueous nitrite ions are produced according to 

(in the absence of growth inhibiting circumstances), then a plot of 

ms versus ~
02 

produces a straight line of slope flwo/Kgs. The fw
02 

-9 -value for Nitrosomonas was found to be 4.4 x 10 /Kgs mg NO2(N)/cell 

Nitrosomonas. The data of Dessers et al. (13) for the quantity bf 

aqueous nitrite ions consumed to produce a given population of Nitrc-

-9 -bacter cells gave '\m- for Nitrobacter as 4(±0.5) x 10 /Kgb mg NO/N)/ 
2 

cell Nitrobacter. The data of laudelout et al. (14) gave flwo- for 

-9 - 2 
Nitrobacter as 5.4 x 10 /Kgb mg NO 2(N)/cell; van Gool et al. (64) 

-9 -gave the value 2.3 x 10 /Kgb mg NO 2(N)/cell; and Knowles et al. (51) 

-9 -gave 3.5 x 10 /Kgb mg NO 2(N)/cell Nitrobacter. The consumption and 

production rates of aqueous oxygen, anmonium, hydrogen and nitrate ions 

are based on the rate changes of the aqueous nitrite ion according to 
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the nitrifying reactions 

+ 3 Nitrosomonas + NH4 (aq) + 2 Oiaq) ----- NO;(aq) + 2H (aq) + H20 

No-( ) .!_ 0 ( ) Nitrobacter NO-( ) 2 aq + 2 2 aq ----- • 3 aq • 

Should the envircnmental conditions of the mathematical model allow it, 

the bacterial populations will grow to the bound delimiting their popu

lation densities. The average population of nitrifying bacteria in 

6 8 the soil is between 1 x 10 and 1 x 10 cells perm£ soil. loveless 

(11) reported the maximum population density of 1 x 108 cells per gm 

soil. The maximum nitrifying bacterial population density found in 

the laboratory column was 4 x 106 cells p2r gm sand. The mathematical 

model used maximum bacterial populations in a range from 106 to 10
7 cells 

perm£ sand. 



266 

APPENDIX G 

Fortran Listing of Dry and Wet Period 
Mathematical Models 
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l'1PLICIT REAL*4 (A-ZJ 
C **** WET PERIJD **** 

CC~MON /WETCRY / 
TMP ,KGS ,KGB ,KOS ,KC~ ,KLS ,K~S ,KLB ,K~B ,cc~eoz 
,DCMS02,DC~SI2,0CMBI2,CC,BA3,CC"SA,CC~$8~,8(PH8,~ETA ,CELTA 
,ETA ,KAPPA, LAMe[A,C'1ICPN,~~~, ·"s,x,c~RPPS 
,OVRPPB,CS~H4,CSC2S,C5C2E,CSN02 
,KCl ,KC2 ,KOX ,KEQCX,CN~N~, ► IST,OElX,CFNH4(1CO) 

CNC30,CNC3(10Cl,CNH40,CNH4(10C), CN02C,CNC2(100) 
,CCAO,CCAllCCl,C'1.GC,CMG(lCGl,CN80,CNAllCOl,MB 1100), I'S 11001 
, cco20,ccc211001,cc20,cc211001,cAo,cA11001,Prtloo1 

C 1 CQMMON 1 FORCES CN0310l=CNC3C,CCA(Ol=CCAO, ETC 
CCMMCN / ION EX / 

CCAN,XCA(lOOl,SITES,CM(~ ,X"G(!OOl ,CN~4~ ,XNr4(100) 
CNAN ,XNAllCOJ,CAN, CCCA,PL ,P~ ,Z~G,Z~H4,ZNA 

,KCMl,KCM2,KCNl,KCN2,KCAl,KCA2,KCHl,KC ► 2,Z~,XH(lCC),ElEK,STPV 

CC~MCN /CNSTNT/ KCH2C,KCH14C,KCH20r 
CCMMCN /BLOCK!/ PPH,0'1~1,DElPH,CT ,OR[EF,X ,~SKIP 
CO 'IWJN / SLAVE / 

U 11 100 l , U 2 I l CC I , U3 ( l O O l , l 4 I 100 l ,U 5 ( l C') l ,U6 fl 00 l , L7 ( 10 CI 
, U 8 l l O O l , U 9 I l OJ l , lJ A I 10 ') l ,lJ P. I 10 (' l , ur: ( l O C l , ur I l O C l , U E 11 CO l 

C 'SLAVE' BLOCK - TEMPCAPARY S10P.ACE CF RES~LTS CF SFATIAL ~TEPS 

C 
C 

C 
C 
C 
C 

-
-
-
-
-
-
-
-

OI MEN SION DEPTH(lOOJ,LGS(lOCl,LG~(lCCl,CGC2(100l 
,LPRl(lu,10l,LPR2(10,lCl,LPRTCN(10,40l,LPR?.110,1Cl,LPR4(10,101 

I~TEGER*4 XMAX,14 ,CUM ,I~W,JSW 
11\lt:l>tk".e'. 

XSTRT,XENu ,XSTEP,~SKIP,TMAX ,J • I ,CUi"l-''1' ,1" 
Kl\ T ,l,..TD1,L'1TCZ ,PSEUDO ,X ,PLClSW,!NCEXl 

,IW:)EXZ,LP.'!Tn, C~T, Cl<[ ER ,HSKP (100) 
F.CUIVALENCE (LPPlll,ll,LPRTf~(l,11 ), 

(L 0 P2fl,l),LPl<HH1,1111, 
(LPP311,1),LPqT(~ll,211J, 
ILPR411,ll,LPRTC~ll,?l)I 

LP:::T(N (I ,J) = CC NC. FFCTC'I I 11-CLE/L l AT: 
125 1+.-Il MG TOT. CAReC~I\T~/l I I '1AX=10) 

I-O.C05l+J/1CJCO.l nLES ACIC+EL"K/L lJ MAX=2O1 
AT=l 7.t:. PFM,Pl=l7.l rFI' 

CATA LPRl/ 
8.79, 8.83, a.eA, 8.91, 8. c; t, a.CJ9, 9.02, 9.IJ5, 9 .c 8, c; • 12, 
8.44, 8.51, 8 • 58, a. t 3, a.tc;, e. 14, a.a0, a. AS, a.ea, a. s 3, 
8 . )4, a.10, 8.16, 8.2?, 8o3C, E • 3 7, fl., 44, e.~1. E • ~ e, E.t5, 
7.74, 7. 79, 7.82, 7.f7, 7 0 c; 1. 7 o9 (:;, • ' oz' a.as, e.1s, E.23, 
7. 5 5, 7. 5 7, 7. 6'.l, 1. c~, 7. f ! , 7. 6<;, '· 7?.' 1.11, 1.ez, 7.E5, 
7.40, 7 .4 3, 7.44, 7.46, 7. I,':.' 7.51, r .54, 7.57, 1. !: e, 1.t2, 
7. 29, 7 • 30, 7 • 3 Z, 7.?,?.' 7 . "! ~' 7. 3 7, 7. 4 C, 7 • 41, 7 .<Ii 3, 7.46, 
7. 13, 7. 19, 7.21, 7 • 23, 7 • 2 t., 7 • 2t:, 1.21, 1. 2',, 7 •?. 0, 7 •?. 2, 
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- 1.10, 1.12, 1.12, 1.13, 1.1!, 1.16, 1.1a, 1.1s, 1.19, 1.21. 
- 1.02, 1.04, 1.04, 7.05, 1.c1, 1.1e, t.cs, 1.10, 1.12, 1.121 

CATA LPR2/ 
6.96, 6.96, 6.qa, 6.99, 6.9s, 1.01, 1.01, 1.02~ 1.c4, 1.c4, 

- 6.90, 6.90, 6.91, 6.91, 6.9;, 6.9:, 6.s4, 6.96, 6.S6, 6.ss, 
6.83, 6.35, 6.Es, 6.e5, 6.El, 6.e1, t.ea, 6.ea, 6.sc, t.~c. 
6.79, 6.79, 6.79, 6.80, 6.ec~ 6.82, 6.82, 6.R], E.E3, E.E5, 

- 6.73, 6.74, 6.74 , 6.74, 6.?E, 6.7E, 6.17, 6.77, 6.19, 6.19, 
6.68, 6.68, 6.69, 6.69, 6.71, 6.71, 6.71, 6.73, 6.13, 6.i3, 
6.63, 6.63, 6.65, 6.l5, 6.E!, 6.66, 6e66, 6.66, 6.Ee, 6.lB, 
6.58, 6.58, 6.60, 6.6C, 6.6C, 6e6£t 6.62, 6.62, E.l3, E.t3, 

- 6.54~ 6.55, 6.55, 6.55, 6.!7, 6e57, 6.!7, E.57, 6.!8, 6.!8, 
- 6.51, 6.51, 6.51, 6.51, 6e!L, 6.52, E.!2, 6.54, 6.54, 6.~~/ 

CATA LPR3/ 
- 6.46, 6 046, 6.46, 6.48, 6.48, 6.48, ~.48, 6.49, E.49, E.49, 

6041, 6.41, t.43, 6.43, 6.4?, 6.43, 6.44, E.44, E.44, 6.44, 
6.30, 6 ■ 38, E.38, E.3R, 6.3E, 6.~C, E.40, l.40, l ■ 4C, E.41, 

- 6.33, 6.33, E.33, 6.35, 6.3~, 6.35, 6.=5, 6.35, 6.:1, 6.37, 
6.29, 6.29, 6.30, 6.30, 6.3C, E.30, E.;2, E.32, E.;2, E.;2, 

- 6.26, 6.26, 6.26, 6.26, 6.2E, 6.27, 6.27, 6.27, 6.27, f.27, 
- 6.21, 6.21, 6.21, 6.23, 6.2:?, 6.2::, 6.23, l:.23, 6eL4, 6 ■ £4, 
- 6.16, 6.16, 6.18, 6.18 , ~.lE, 6.le, 6.18, E.19, E.19, E.19, 
- 6.13, 6.13, 6.13, l: . 13, 6.13, 6.13, 6.15, E.15, E.15, E.1~, 

6.08, 6.08, 6.C8, 6.Ce, 6.Cf, E.lC, 6.10, E.lC, t .lC, E.10/ 
CATA LPQ.4/ 

- E.04, 6.C4, 6.C4, 6.04, 6.C~, 6.C5, 6 . C5, 6.05, 6.C5, 6.C5, 
- 5 .99. 5.QQ, 5_qq, 5 .qq, ~.nt, f.0!, ~.0!, t.O!, !.~!, ~ r, 
- 5.94, 5.S4, 5.S4, 5.S4, 5.S4, 5.Sf, s.s6, 5.Sf, 5.SE, 5.S6 , 

s.90, 5.90, 5.90, 5.9C, s.sc, 5.9C, s.sc, 5.91, 5.Sl, 5.Sl, 
- 5.83, 5o B3, 5.83, 5.es, 5oE~, 5.85, 5.E5, !.B5, 5.E5, 5.E5, 
- 5 . 79, s.1~, 5.79, 5.7s, 5.1c;, 5.7s, 5.79, 5.ao, 5.80, s.ao, 
- 5.73, 5.73, 5.13 , 5.73, 5.7:, 5.7:, 5.7:, 5.74, 5.,4 , 5. 14, 
- 5. 6 5, 5.65, 5.66, 5.66 , 5.6l, 5.66, 5.66, 5.66, 5.f6, 5.fe, 
- s.53, 5.5 ~, s.sa, 5.ss, s.~E, 5.58, s.5e, s.60, 5 . tc, !.to, 

5. ➔9, 5.49, 5.51, 5.51, 5.~i, s.s1, 5.~1. 5.51, :.~1, 5.!1 / 
C CCA'J = II\LET CALCIU~ ICI\ CCHHHHTCN ("'Gill 
C ELEK= ELECTRCNE UTQ.ALITY cc~r,ITICN CF CffC TO CCLUt,I~ ,,.,~, 
C ASSUME CC~STA~T SURFACE llREA,VftLID tE~RY'5 LA~,T=25,NC EFFECT 
C BY ICNIC STRENGTH 
C KECOX = EQUILIBIU~ CO~STA~T FOP 02/H20 ~~STEM AT SURFACE 
C !MG GZ/Ll l HG73, 25AP74 
C CGOZ = CO~CENTRATIQ, CF CZ I~ TRAPPED G~S {,-,G/L GAS) 
C CGNZ = COt:C':NT~AT!ON CF NZ I~ TR/lPPFD OS (t-lG/Ll 
C CGCJ2 = C0~CE~TqAT!CN (F cr2 T~ TQ.APPEC GAS {t,1(/LI 
C PE= EFFECTIVE POROSITY OF CCLLMN 
C PL= TCT AL PO"CSITY CF CCLU"'~ 
C PHO = INLET PH 
C ViSUME: 
C NO VAQ.J ~TICN rF CELLU~R FFFlC':T~CY TH,llT rs AFC~ OF IC~ cc~c 
C N~ VA RIATI GN OF DIFFLSIC~ ~ITH JCN SIZE 



269 

C NO CELLUAR LAG PHASE 
A=l. 

C PSTRT = DEPTH AT wHICH F1RST PFINTING IS CESTPFC (fl) 
C PPNTX = JFPTH INTERVALS FOR FRINT (FT) 
C XFNL = DEPTH AT WHICr LAST rPINTI~C IS CESJREO (Fl) 
C OELT = TIME INTERVAL IN DIFFERENCE EQU~TICN (rRSJ 
C CELX = DEPTH INTERVAL IN CIFF~PENCE EQUATICN (FT) 
C TFNL = TIME AT ~H!CH CC"'PLT~TYCNS wtLL STCP (~PS) 
C PPNTT = TIME INTE~VALS FGR PFINTOUT (HRS) 
C AR = CROSS SECTI8NAL tREA CF CCLU,_,N (FT*•2J 
C D = ~FFECTIVE DTFFLSl~IT~ (FT~•2/HR) 
C O:H4 AQU'.:OUS AM'1C"l!U~ (N) ("'C/ll 
C C~C2 = AQUEOUS N021NI l,_,G/ll 
C C NO 3 = A QUE CU S NO 3 I N l ( 1-1 G /l ) 
C ,.,B = NITROEACTER COUNT IN ,_,tTFRJAL (CFLLS/Ml SANC) 
C MS = NITRCSOMCNAS CCl~T I~ ,_,ATF.RIAL (CELLS/ ,_,L OF~ StNCJ 
C KGS = GRO WTH CCNSTANT FOR ~ITRCSC,.,CNAS 11/rPI 
C CSNH4 = SATURATTCN CC~5TANT FCF NH4 ANC ~ITFCSC,.,CNAS (,_,((~J/l) 
C ALPHA= CC~SLMPTICN RAT E OF Nr4(N) EY NJTFCSCMCNAS [LR!NG GRO~TH 
C (MG MH41Nl/CELLI • 
C CNH40 = INLET NH41N) l,_, G/L) 
C KGB= GROWTH CCNSTANT FOR N!lRCEACTER (1/rP) 
C CSNOZ = SATURAT!CN CCN STA'H fCR WJ2 ANC l"\ITPOEACTER (,_,CIN)/ll 
C BETA= CCNSLMPT!C~ RAT~ CF ~(2 AY ~JTPCE~CTEP CUPl~G GFCM Tr 
C CELTA = PRODUCTION RATE OF 1\(2 BY ~1TROSCM(I\A5 CURING GFC~TH 
C O! 0 2 0 = 1 "-l L ET NC 2 I N l I ,. GI U 
C ETA= P~JDUCTICN RATE CF ~C3 IN) ey NITFCEACTER 
C CN □ 3J = T"lLET NC31N) (MG/LI 
C MBMX = fVAXl,.,UfV C(UNT tLL □wteLE F(R I\ITFCEACTER 
C fVS~X = ~AX!MUfV COUNT ALLO~AeLE FCR N!TRC5C,.,CNAS 
C TfVP TEMPERATURE IC) 
C CSiJ2S = SATURATIC!\J COSTll"IT f(I: cnGEl\/1\lTF(S(fVCNAS (fVULI 
C CS02B = SATURATICN CCI\ST,~T fCP OX~ GEN/NJTPCBACTE~ l~G/LE 
C KAPPA= C8NSUfVFTICN RATE CF fXY(EN ev NITP[SC~CNAS 
C LAM~DA = Cr."ISUMPTICN RAT= CF CXYG~N BY NTTRCeACTER 

A=O. 
C CCC20 = INLET CAR~ONATf CC~CFNTRATif,._ (fVG(CC3-)/L) 
C COZO = !~LET OXYGF."I CCNCE"ITFATCC~ lfVG/L) 
C C~ICRN = PRCDUCTICN CCNSTANT rF A[I[IlY ev ~TTPC SCfV(NAS 
C PI = PA01UCTICN CCNSTA~T rF ftCID!lY P) NITPCeACTEF 
C CAO = INLET ACinITY C(NCENlRAT!CI\ {~GILi 
C KOA = DEATH RATF. OF NIT•OtACTFR (1/rRl 
C KCS = DEATH RATE OF NITAO~C~CNAS 11/HR) 
C 5ITF.S = MEC /L C"I SANO 

C 
C 
C 
C 
C 

A=O. 
CC A = 
CN 5"-JD 
HSKIP 

CALCIUM l~N crNCEI\TR~TICN (MG/LI 
RHO CF CCl.UfVI\ fVATERltL IG/fVL) 

SET ~S SLCI-' Tr INC!C~TE IF Pl-' 
FOi< !C"l DCl-'AI\' (( ((l.1PLTAT!Cf'; 

rs I\ECESSARY 



C 
C 
C ***** PROGRAM PAP~S 
C 

XFNL=B . 
PPNTX=0.3 
PSTRT=0.3 
PPNTT=24. 
TFNL=l68. 
DELT=0.05 
CELX=0.3 
TVAX =ITFNL/DELT+l.E-5) 
XSTRT =(PSTRT/DELX+l.E-51 
XEND =IXFNL/DELX+l.E-51 
XSTE~ = (PQ~TX/DELX+O.l) 
X~AX =(XFNL/DELX+l.E-51 
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C wlll CC~PUTE CCNC=NTRATIONS f/ SPATIAL ST~PS BFYCNO T~E 
C ACTUAL CGLU~N LENGTH 

CUMMY=XMAX+6 
DC 8 J=l,XMAX 

DEPTH(J)=DELX•J 
a CCNT INUE 

DUl'=PRNTT/DEL T 
PSEUCO=XHAX+4 

C 
C 
C 

l I"' ITD=P SEUD0-2 
~IST=2. 

C **•** DYNAMIC ANC PHYSIC~L PtR~S 
C 

PE= 0.35 
PL= IJ.44 

C 25Jll4 PL=PL(Zl 
L = 2./24. 

C U IS SUP ERFICI AL VELOCITY 
L, = L/ PE 

C L IS NGW INTERSTITIAL VELCCllY 
C=J .00 03 
D~SND=2 . 5 

C *** 

C 
C 
C 

SI TES = 70 • 2 
1'TP=2.E-07 

C ***** 8IOL1GICAL PARA,,,ETERS 
C 

y,.,p = 25.0 



CSC2S = C.4 
CSC2B = o.a 

271 

KGS = (10.**IC.C413*T,-,F-O.S4411/24. 
CSNH4=110.**I0.C5l*TMP-l.15fll 
KGB=ll0.*t(0.0255*T,-,P-C.49211/24. 
KL S=0. CC 721 
KMS=KLS/10. 
KLA=0.0121 
K,-,.B=KLB/ 10. 

C ABOVE ARE ASSU ~E D PRGGS QF 14JA~14,220Ci4 
CSN02=10.**I0.Ct:3•T,-,P-l.149) 
eETA=4.E-9*KGB 
KCB = 0.0121 
KOS = 0.00721 
CELTA=4.E-9*KGS 
C,..ICRl\=5.71E-10*K GS 
KAPPA=l.37E-8* KGS 
ETA-=BETA 
Al PH A= DEL TA 
lAMBCA=4.57E-S*KGB 

C 11CC74 
C BET~EEN ** AND THIS CARC All ARE 5-4-7~; 2l:,-,Y74 

,-,eMX=2.E7 
f'Sl'X=2.E7 

C LIMITED BY HYD~0DYNA,-,lC DRAG 
C CCNVERT 'PER ,-,L SAND' TO •p~o l S0LUTIC~• 

ALDHA =~LPHA ~, 11 . -PLI/FE)•tcoo. 

C 
C 
C 

BETA =nETA * l(l.-PLI/FEl*lCCC. 
CELTA =DELTA *111.-PLI/PEl*lC00. 
El A =ETA *1(1.-Pll/PEl*l(00. 
KAPPA =KAPPA* lll.-PLI/PEl1'10C0. 
C ,-, IC R 'IJ =CM IC P.N* I [ 1. - Pl I/PE I~ 10<:0 • 
LAMBDl=LAMtlCA * lll . -Pll/PEl *1CC0. 

C ***** CHE~ICAL PAP.AMETERS 
C 

KC 1 = l ·) • *" ( - l: • 3 ) 
KCZ=l0.**(-10.25) 
KCX = 0.25 
KE0CX= 6S90.*EXP(-ll.41+17:2o/lT~P+273.2)1 

C KCX,KEC0X 6CCT73,!4~CV73,25tF74 
C CATIC N EXCHANGE ECUILIERIU,-, fA~AMETERS 

KOil= EXPI0.81 
KC~2=1.35 
KCN1-=55S50. 
KCl\2=1. 
KCA1=800. 
KCA2=1. 



KCHl=l• 
KCH2=1• 
KCH2C=l. /KCH2 
KCH140=40.C8/KCH1 
KCH2CH=0.5*KCH20 
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C 30AG74 
C 
C 
C 
C ***** BOUNDARY CCNDITICNS 
C 

CNAO=l20. 
C1'H40 = C.96*14. 
CGC20=299. 
CNCJ20 = O. 
CN030 = 0.34*14. 
CCAO = 40.0 
CC020 = 250. 
CC20 = 8e4 
(111):Q. 

C GCCA: INITIAL GUESS AT T~E (ALCIUM ION CCNCENTRATICN 
GCCA=CCA0+l.E-30 

C CP4-30-73 
ELEl<=-CC020/6l. 

C FL~K= -HC03 ACTUALLY ACCEC TT~E SOL~TICN (~~) 
C 5-23-13 

C"GtJ=ll. 
~RITEl6,977S3l CCAO,C~CO,CNAC,CN~40,CNC30,CN020,CCC~O,CC2C, 

PHOS O, SUL FO, CAO 
97793 fCR~AT(' INLET C~=~ICAL CC"-~11TL~NTS (~C/l): 1 / 

CALCIUM= ',F7.2/' ~IIGNESIU~ = ',F7.2/ 
S0CIU~ = ',F7.2/' • A~~0"-IUM (NI= 1 ,F7.2/ 
N!T~AT~ IN) = ' ,F7.2/' N!TPITE IN)= ',F7.2/ 
TIJTAL CA<l.RCNAH = ',F7.2/' CX't'GEN = ',F7.2/ 
PHCSP~ATE = ',F7.2/ 1 SULFATF = ',F7.2/ 
ACIDITY= ',F7.2/) 

C CTHFR BOUNCARY CONDITICN IS l~E G~ACIENT Al 1NFINI1, 15 ZEFC 
C 
C 
C 
C ***** IN!Tlhl CCNDITICNS 
C 
C SCLUTIO~ IS SUCDENLY !NlROCUCEC TO lHE CCLU~N 

CC 2 J=l,DUMMY 
C ,~ C 2 I J l = l • E -5 
UJ IJ 3 IJ l =J. 34 * 14. 
CCC21Jl=250. 
CG'J2(Jl=299. 
C021Jl=e . 4 
CGN2=301. 
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CGCCZ-=0.6482 
C BACTERIAL POPULATIONS ARE EXFERI~E~TALLY CETER~JNEC 

~B IJl-=4.E6 
MS (Jl=l0.**16.+IJ-11/(1.-CUM~YJI 
CENH41Jl=O.O 
PHIJl=8 .3 
XNA(Jl=C.013"72 
XHIJl=0.045EC46 
XNH41Jl=0.4609E-4 
X"IG(Jl=0.21999 
XCAIJl=C.7203 
CNA(Jl=l20. 
CAIJl-=3.932 
,'-;~41Jl=l.E-5 
C"IGI J J =ll. 
CCACJl=40. 

2 CCNT I NUE 
ZCA=XCAI 11 
Is RITE I c, 9 7 7 g 4) XCA I ll , XII GI 1 I , X N f-141 1 I , X NA I l l , X HI l l , I"~ ( I I , "E I 11 

977<;4 FCR,.,AT(• I~ITIAL COLU,.,~ PAQA~ETE~S (AT TCF): 1 / 

C 
C 

1 EXCHANGAP.LF SPECIES IECUV FRACTTC~): 1 / 

CALCIUIII = •, F9.4/ 1 MAG~E~IU~ = •,F9.4/ 
AP..~JN IUI" = ', FS.4/ 1 S'lDll,111 = •,F9.4/ 
Pl<CTCN-= ',FS.7/ 

' BACTE~IAL P □ 0 ULATIC~ (CELLS/CC CQY s,~c,: 1 / 

NIT~CSCMCNAS l+I =',El4.7/' ~ITRC!IACTEF (+I =',El4.7/ 

CELX2=DELX*CELX 
CC~Fl=(~*DELT/DELX2-U*CELT/l[ELX•(fIST+l.) ll 
CCEF2=11.-2. *D*JELT/DELX2-l~lST-l.l~L*rEL1/(IHTST+l.l*OELXII 
CC EF 3= (HIS PU* D ':LT/ I I HTS T + 1. l *CE LX ) + C * C El 1' / C Fl X 2 l 

C CELTA PE rs IG~CR[D l5FB74 • 
STPV=SITES*(l-PLl/PE 

C NEGLECT CCZ LOSS INTO VCIJS tNC CC2 BlCCC~VERSTCN 
C 
C 
C 
C 
C ••** 'l' - ELAPSED TIME**** 

DO l I=l,Tl-1AX 
C 
C 
C *~'** 'X' - SPATIAL PCSITIPi IN CCLUl"N •*** 

DO 9 X=l,f'SEUDO 
EQ'.JX =K ECCX* ( }+;orF:l >~c.c2s~ I 

C ht.VE JUST ACCCUNTEO FCR HY(FCSTATIC PRE5~UQF ftFFECT5 
C 
C BIOLOGICAL CC~FLTATI[N~ 



C 

C 

610 

620 

C 

60( 

C 
C 

C 

C 
C 
C 

C 
C 
C 

~SV=MS(X) 
MAV~MB(XJ 
VIVESC=O• 
VIVEBC=O. 
C02X=C02(X) 
CGC2X=CGC2(X) 
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IFICG2X .LT.O.Oll GC TO 600 
DANCER OF VIVESP OR ••• EP GCING ~EG~TIVE 
VIVESP=O. 
IFl~SV.GT.MSMX) GO TC flO 
VIVESP=l.-MSV/MSMX 
VIVEBP=O. 
IFIMBV.GT.MBMXI GO TC E20 
VIVEBF=l.-U8V/~8MX 
CCNTINUE 
INH1B=l./(l.+C~021Xl~B710.•10.••I-PH(X)I) 
INHIB 27CC74 • 
VIVESC=CNH41Xl*CC2X /IIC~H41Xl+CS~~41*(C02X +CSC2S)) 
VIVEBC=CN021Xl*CC2X /IIC~C21Xl+CS~C2l*ICC2) +CSC2B)) 
cr~TINUE 
KCS=MSV*VIVESC*DELT•l~HIB 
KCB=~qv•vIVEEC*OELT•t~~IB 
MSIX)=~sv~11.+CELT*(~CS*YN~Ie•v1VESF*VIVESC-KCSI) 
MBIXl=MBV*ll.+DELT*IKGB*IN~lB*VIV~eF*VJVEAC-KCB)I 

BIOLOGICALLY ~ANIPULtTEC SPECIES 

CNH4~=CNH41X+ll*CJEF1+CN~41Xl*CCEFZ+CN~4!X-ll•CCEF3-
ALP~A*KCS 
CO2~ =C021X+ll*COEF1 ➔ CC2X *CCEF2+C02 (X-ll*CCEF3 
LA~BOA*KCE-KAPPA*KC~ 
OXYCEN CIST~IELTIC~ EETkE~~ GA~ A~C LICUIO 
BD~l=70t.+{~CCX-CCZ~J•P~/(FL-P=l-CCC2X 
C0~1=-7Clo*ICC2~•P=+(CC2X*IPL-PE)l/lPL-PEI 
UZ(Xl=-0.5* 8C~l+SQR1(C.25*PCUl*PC~l-CC~ll 
UllXl=ECCXkU21X)/ll21Xl+701.l 
U~IXl=CNOZIX+ll•C~~FJ+CNJZ(Xl*CCEF2•C~r21x-11•ccEF3 
-EETA*KCB+DELTA*KCS 
U6(Xl=CN031X+ll*C □ EFl+CNC31Xl*CCEF2+C~C3(X-ll•CCEF3+ 

ETA *KCB 
IF(U6{Xl . LT.c~n30) U6(Xl=C~C:) 
THE LARCE crN~ENTRATICN (Peor~~T FCG ~TTRATE lFAC5 lC 
I~STAGIL!TY AT T~E INT~Pf8CE ~ET~f~~ T~E NEhLY FE~CCLAllNG 
3CLUTTCN A~D THE I~TE qST ITI~L SCLUTIC~ 

UBIX) =CCC2{X+1l•COEFl+rrr21,1•crEF2+CCC21X-ll*C~EF3 
CAK =CA(X+ll*CCEFl+('{Xl~ccEFZ+(t(X-ll•CCEF?•C~ICRN*KCS 



C 

C 

C 
C 

l OEl 
C 
C 

C 
C 
10152 
C 

C 

C 

7 

C 
300 
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CCAl\=CC~(X+l)~CcEFl+((f(X)i(CEF2+CCtlX-l)•CcEF3 
CMGN=CMG(X+l)*COEF1+C~GIX)*CC~~2+(WC(X-ll•CCEF3 
CNA~=CNA (X+ll• CCEFl+CNAIXl *C CEF2+f l\AIX-ll•CCEF3 
COUPLED 
UC(Xl=CMGN 
UE!Xl=CNAN 
U3!Xl=CNH4N 
U41X)=CON 
U7(Xl=CAN 
INITIAL PH GUESS 
PPH=PH(Xl 
DETER,IME lF CAN SKTF FAPTS OP ~LL (F CATI(~ 
EXCI-ANGF CC~PUATIOI\S 
HSKIP=l 
IFIABSICNH4N-CENH41X)l/CNH4N.Ll.C.C7l GC TC 10151 
CENH4 IX l =CNH41\ 
HSKIP=O 
IFIPHIXI.GT.7.C)HSKIF=l 
GO TC 10152 
IF(PH(X).GT.3.SIGC TC ~215t 
NO CELTA NH4 & PH>7 11-LS ~CTHII\G ell CCNVEClIVE 
AND DISPE~SIVE ~A SS lRANSFEP 
HSKIP=O 
C':Nl-41Xl=CNH4(Xl 
[F DEL NH4<0.l AND Fl->4 N □ IrN EXCI-AI\GE 
IF DEL NH4>0.l AND Pl-)7 NG H ICI\ FXCHANGE 
CC NTI I\UE 
ICN EXCHANGE ECUILlfFIU~ SfCTJCN 
SU~=O.C4Q90 * CCA N+ J . CE224 *C~GN+C. 04348*CNAN+C.C7143*CNH4N 
+CAN 
SU,'10=1./SU~ 
XC<\l =XCA (XI 
DELPH=i1 ■ 6 

CT=CCC2(Xl 
USE PREVICUS Pl- AS (LESS 
CNT=-1/J 
Zl=CCAl\~O.C4cS/STPV+)CAI 
APPROXI~ATE SINCE SU~ CI-ANCES 
~l=SU~/STPV 
FZ=Fl 
ORDER=-1 
Zl=Zl-0 ■ 1 
Fl=F2 
F2=X0'12(Zll 
OPDER=+l 
IF (FZ) '199,<Vi9,7 
l2=ll 
Zl=Zt+,),.l 
HAVE STR~TTL:C Tl-~ ~CCT 
Z3=Zz-cz~tl2-Zll/(F2-Fll 



25400 

1cc 

200 

C 
23334 

C 

C 

32156 

C 
9 
C 
C 
C 
C 

19 
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IF(ABS(Z3-Z2l.LT.5.E-4J GQ TO 23~~4 
CNT=CI\T+l 
IFICNTl 254OC,23334,23334 
cor--iTI NUE 
F3=XO'"2(Z3) 
IFIF3~F2J lOC,2CO,2OC 
Zl=Z3 
Fl=F3 
GO TO 300 
Fl=Fl*O.5 
Z2=Z3 
F2=F3 
GO TO 300 
TrE ABOVE IS TrE MCCIFIEO R~GULA FALSI SEARCr 
CONTINUE 
ZCA =Z3 
GOT NEW AQUEOUS/SURF/CE CISlRIBLTtCN 
PHIXJ=PPH 
MAKE LAST CALL TC CC~PCTE X~G,XI\A,FTC 
Fl=XDl'21Z3l 
UOIXl=C~GN+IX~GIXl-Z~Gl*STPV•l2.16 
UE(Xl=CNAN+(XNA(Xl-Z~Al*STFV•22.q9 
U3!Xl=CNH~N•IXI\H4(Xl-ZNH4J•STPVil4 ■ 

U4(X)=CCA~+(XCA(Xl-Z(Al~STPv•20.c4 
U7(Xl=CAN+STPV*IXH(Xl-ZH) 
XU(X)=ZCA 
" .. ,.. , ., " ~ ... , ,.. 
,- , ·1 v, "I -L , ·1 " 

XNH41Xl=ZNH4 
XNA(Xl=ZI\\ 
XH(Xl=ZI
CCNT!t\UF. 
HSKF(Xl=HSKIP 
MUST REMEdER ~r!CH QE~ULTS CETQURCC ThE PH cc~PUTfTl[I\ 

CCNTI NUE 
AFTER ALL TrE SPATIAL STEPS rAVE eEEN TAKFN 
CC~CENTRATI[NS ThPCLGHfll TrE (CLU~N r/VE eEEN ((~PLTEC 
BASED CN V0LUES AT TJ~E •T•, NCW RESfT TrE CCI\Cf~TRtTTCNS 
TJ TrE VAU;ES AT 'l+OT' 
CJ 19 X=l,PSEUDO 

CQ2(Xl=L:l(XI 
CGO21Xl=U2(X) 
CNH4(Xl=U .11X) 
CCAIXl=U4(X) 
C'l121Xl=U5lxt 
CNO31Xl=U6(Xl 
CA(Xl=U7(X) 
CCO2(Xl=UAIXI 
CMG{Xl=UD(XI 
CNAIX~=UEIX) 

CCNTINUE 



C 
C 

6 

C 

20 

C 
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ENACT T~E BOU'lCARY CCNCllI(N T~AT T~E CCNCENTRAlJCN 
GRADIENT AT 'TNFINlTY' IS ZEPO 
LMTDl=L IM ITC+l 
LMT02=L I Ml T0+2 
CMG ILMTDl)=CMG (LIMITD) 
CMG IL"-1TD2)=CMG (LlMITC) 
CNA ILMTDll=CNA (Ll~ITC) 
CNA ILMTnZl=CNA ILl~ITCI 
CO2 (LMTD11-=CC2 (llfol. ITC) 
CO2 ILMT021-=CC2 (LI,.,ITCI 
CG02(LMTDll=CG02(LlfollTC) 
CG02ll"-1TD21=CG02(LlfollTC) 
CNH4(LMTOll=CNH41LifollTC) 
CNH41L'-1TD2l=C~H41LIMITC) 
c:., (L'-1H'lll=CCA lllfollTD) 
CCA (L~T021=CCA (LIMIT[) 
CN C2( LMTDl)=CN02(LIMITC) 
CNC2( LMTD21=CN02(LifollTC) 
CNC 3(L'-1TOll=CN03(LlfollTD) 
CN 03 (LMTD2l=CN031LlfolITC) 
CA (LMTOll=CA (LIMITO) 
CA (LMTDZl=CA (LifollTC) 
CC021LMTOll=CC021LIMITCJ 
CC021LMT021=CC02(LIMITC) 
'-1S (LMTCl)=MS ILIMITC) 
MS (LMT021=MS lllMITCI 
~Q !L~TD!!-M~ !t!M!T~! 
MB (LMTuZl=M3 ILI~ITCI 
14 = I 
lF(MODll4,CUMl.NE.0l GC TC 1 
WPTTEl6,61 I,0ELT,O ELX,X~TPT,XF~l,~qNT) 
FCR"-1AT(/' TIME-= ',15,'*',F~.4,' rR~,OELTAZ-= ',F~.4, 

, 'F1 lSTCEFTH 
FB.4,' FT,FINAL r.EPTH = ',FB.4,' Fl,rEPTI-· IN(P =•, 
FB . 4,' FT'/42X, 

• t 

'CA '-1G ~A ~~4 A'/42X,'X(~ XfolG x~a 
~9 PH'/42X,'MS ~E 

~~EqE IT ~~S tVCICEC 

Xl\r4 XI-''/ 
42X,'NC2 ~(3 MS 

PH CC,.,PUTATICN FCR SIT~ATIC~5 
CC 400 X=l,XMAX 

IFIHSKP(X) I 20,4( 10,ZC 
A=CAIXl*O.COl+EL=K*O•OOl 
RI=Z54.-CC02()(1 
RJ=IA+O.CJ51)*100(0. 
I'l'1EX2=RJ 
PPH=7.91-0.C6,tPJ 
IF(I~DEX2.GT.401 GC 1C 72722 
PPf-1=8.8 
!Fl IND!:XZ.LT.ll GrJ TC 72722 
11\JOEXl=RI 
PH WhS RECCMPL1ED 

( C;: 02 ' ) 
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PPH= (ILPRTONIJNDEX1+1,INCF.X2)-LPRTC~(I~CEX1,INCEX2J 
)*IRI-IND=Xll+(LPRTC~IINOEX1,INCEX2tl)-LPPTC~(l~CEX1, 
INDEX2ll *( qJ-INCEX2l+LPRTC~IINOEXl,INOEX2)1 

72722 CUHINUE 
PH ( X) =PPH 

400 CONTINUE 
1,RITEl6,5l llCCa1r,,),CP'GlP'l,C~Alt,1),C~H4l'11,C~(~)) 

,~=XSTRT,XEND,XSTEP) 
WPITElc,51 llXCA(Ml,X'1(("1,X~A('1),X~H41,-),XHI~)) 

,M=XSTRT,XENO,XSTEPl 
lot R IT E I 6 , 5 I ( I C N iJ 2 ( M I , n 0 3 l '1 ) , MS I r,, I , M 8 I '1 ) , PH ( ~ )) 

,M=XST~T,XENO,XSTEFI 
I.RITE 16,5) (tr,,5 (MJ,,-B O1 ),CGC2('1l,CC2(r,,),CCC2(,,_JJ 

,'1=XSTRT,XE~C,XSTEP) 
5 FCRMATI/IT1,Ell.4,T25,'* ',Ell.4,T51,'• ',Ell.4,T77,•• ',F.11.~, 

T103,'* ',Ell.4,Tl3,E'll.4,,T3'i,F.ll.4,Tf5,F.ll.4,Tc;l, 
Ello4,Tll7,Ell.4)l 

WR I TE I 10 l I ,( C AO , CC A , C ,- GO , 0 C:, 0 1 A:) , C NA , PH I 1 ) , P 1-- , X C t ( 1 l , X C A, 
XMG(ll,X~G,XNA(ll,XNA,XHl1),Xl--,X~l--411l,X~H4,CNC20,CNC2,CN030, 

- CN03,CNH4~,CNH4,Ms111,Ms,,.,E 111,r,,e,cc20,cc2,ccc20,ccc2,ccc2c,cco2, 
- CA0,CA,CEr~H41 ll ,CE1'lH4 

i.RIHl6,6COCOI l 
6CCCO FCRMAT(• /GC.FTlOFOOl er U~IT=SYSDt,OS~=URa.rATA,SP~CE=(TRK,(l,lJ' 

-,'l,VOL=S~R=CITSXl,CCE=IRECF,.=~BS,BLKS!Zf=g2oe1,01sF=(CLC,KEEP)' 
-/' I=',14) 

l CCNTINUE 
!">iLJI-' 
Et\D 



C 
C 

l"PLICIT REAL*4 (A-Z) 
CC~MCN /CC~PXY/ ISW,XL,YL 
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cc~~c~ /LBLCCM/ JS~,SLBL,Slll,SSCL 
CO'MCN /WETCRY / 

TMP ,KGS ,KGB ,KCS ,l<C!' ,KLS ,K"S ,KLP ,K"-B ,corno2 
,DOMS02,DCM SI2 , Dr"BI2,DC"BA3,~C"SA,r~11sa11 ,tLPHA, eETA ,CELTA 
,ETA ,KAPPA, LAMe[A,CIIJC~N,~P"X ,11S"X,fVRPPS 
,uVRPPB,CSNH4,CSC2S, CSC2P,CSNC2 
,KCl ,KC2 ,KOX ,KEWCX,Ot,,SND,HIST,DELX,CENH4(100) 
, c~r.30 ,CNC~(lOO), Ct,,H40 , CNr4(1rCI, Ct,,CZC,Ct,,(~(]00) 
,CCAO,CCAllG Ol , CMGC,C'~G(JCCJ,Ct..M,O:.l'. (100),MR llOCJ, "S 1100) 

CCC20 ,CCC2(10Cl,CC20,C0211CCJ,CAO,CAl1COl,PHl1COI 
CCMMCN /ICNEX / 

CCAN,XCAllQCl,SllES,C~G~ ,XMG(lCOI ,CNH4~ ,)t,,r41100) 
, CNAN ,XNAllOOl,CA~, GCCA,Pl ,PE ,ZIIG,lt,,r4,Z~A 
,KCM1,KCM2,KCNl,KC~2,KCAl,KCA1,KCH1,l<Cr2,ZH,Xr(lOOJ,ElEK,STPV 

CCMMO~ /CNST~T/ KCH20,KCH14C,KCH20r 
CCMMGN /BL □CKl/ PDH,DIIYl,CElFH,CT ,ORCE~,x ,rSKIP 
CO•HO~ /SLAVE / 

U 11 1 00 l , U 2 I 1C1 I)) , U 3 110 J l , l 4 ( l (11) I , U 5 ( 10 C I ,U tl l O C ) , Ci I 10 C ) 
, U 8 l l O O I , U g ll C1 u I , l A I 10 0 I ,U E I l O 0 l , UC I l/''11) l , UC I l G C l , U E I l CC l 

CIM=~SION DEPTHllCJl,LGSl100l,LG~llCCl,CGC2(1GO) 
, L PR 11 l O, l O) , LP q2 110, 10 l , L HTC N 11 C, 40 l, LPR: I l O, l O I, LP P 4 { 10, 10) 

II\TEGER*4 JOJO,RTI"E 
INTEGER*4 X~AX,T4 ,CL¥ ,t!W,JSW 
I~TEGF.R*2 

XSTqT,XE~C ,XSTE P,~SKIF,1MAX ,J ,1 
KNT ,LMTD1,Lll'T02 ,PSF UDC 

,INJEX2,LIIVTTn, Cl\1 , CQ[ER,rSKPllOC) 
CELX MUST B~ TRANSFER~C Tl 1•E OPY PFPJCD 
CATA THAT P~OGRA_M WILL REA8 (FF TI-E CISK 

DELX=0.3 
C~SNC=2.5 
5ITl:S = 70.2 
T~P=25. 
"1P=2. E-07 

,rUPl"Y ,Pl 
,X ,PlCT~w,II\CEXl 

PFGGRAPI Tr RE~LLIGN 

C ALL U~DER *~* ARE 5-16-73 
C ~~~*~ C~EMICAL PtAA~ETERS 

KCl=lO."t:*(-6.3) 
KC2=1Q.••C-10.2~) 
KCX = 0.25 
K~COX= 6990.*EXPl-ll.4ltl7~2./{T"'P+273.2)) 

C K DX ,KEC □ X 6CCT73,14NCV73,25AF74 
KC"ll= EX PI0 .81 
KC11'2=1.35 
KCl\1=55950. 
KC~2=1. 



KCAl=BOO. 
KCA2=1• 
KCHl= . 01 
KCH2=1. 
KCH20=1.IKCH2 
KCH140=40.08/KCH1 
KC H21JH=O. 5• KCH20 

C 30AG74 
C 

CALL ORY 
STOP 
RE.TURN 
Et-.D 

280 



C 

r: 
C 

C 
C 
C 
C 

SUBROUTINE CRY 
IfllPLICIT REtl*4 (A-ZJ 
**** DRY PERICO MODEL**** 
CCM"1CN /WETCR.Y / 
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Tl<!P ,KGS ,KG~ ,KOS ,Kee ,KLS ,KfllS ,KlB ,KfolR ,CC1'11!02 
,COMSCZ,DCMSl2,D0~6I2,C(fll8A3,DCfllSA,C(fllSAfll,ALPrA,~ETA ,OElTA 
,~TA ,KAPPA, lAMer.A,Cfll!C~N,fllBfllX ,fllSfllX,CVRPPS 
,OVRPPB,CSNH4,CSC2S,CSC2E,CSNC2 
,KCl ,KC2 ,KOX ,KECOX,CN~ND,r!ST,C(NCAT,r.ENH4(1CC> 

CNC3J,C1'C3110()),CNH40,CNl-l4(1CCI, CNC21},(NC~(l00) 
,CCAO,CCA( 1001 ,Ct-iGC,CMG I HlCl ,CI\AC ,Cr-.t. ( lCOl ,P,,B I lCOI, 1"S ( 1001 
, ccn20,cctR(lCO),CC20,C02(100),CAO,CA(lCO),PHC100) 

CCMMC~ /BL~CKl/ PPH,DfllYl,DELFr,CT,CFDER,X,I-ISKTP 
CCMM!JN / TON EX / 

CCA~,XCA(lOOl,S!TES,C~Cr-. ,X~G(lOOl ,CN!-141' ,)NH4(100) 
CNAN ,XNA(lCC),ca~. GCCA,PL ,PE ,ZfllG,2r-.r4,Z~A 

,KCMl,KC"12,KCNl,KC1'2,KCtl,KCA2?KCHl,KCr2,ZH,Xr(ICC),ELEK,STPV 
CC MMC''-1 /SLAVE / 

U l I 100 l , U 2 I 10 CI , U 3 ( 1 C 31 , L 4 I l CO I , L 5 t l CC ) , U 6 ( 10 C I , L 1 I 10 C I 
, IJ 8 t l OJ l, U 9 t 100 l , U ~ I 10 C l ,u e I 10 Cl, UC ( l OC I, UC I 1 CC l , LE I 1 CO I 

CCMMC~ /8/ CGCC20,CCCC21101l,CCC20,CG02(10Cl 
1 0' BLOCK CREATED TO ALLIGN 1~F ZER~TH ELE~F~T CF 1~~ AFPtYS 
h!TH THE CC~CENTR~TIC~S 4T T~E CCLLfllN iNLET 
DI~ENSIJ~ PHlSTl27,12l,PH2NCt91,PHlST1(27,6l,PrlST2127,tJ 

,UFllO ·)l ,CEPTh(JQOI ,PEV(lCCI 
IUEC::P*4 TSTART 
I ~T ~G~ R*4 DUMMYl,14,TMAX 
I~TECER*2 I,HSKIP,J ,~LJ~fllY,XM~X ,PSEUCC,XSTR1,XE~C 

,xSTEP,DUM ,x .~ ,C~T ,rQDE~ , C6,C8,Cl 
E G; U I VAL E :K :: I PH 1 ST 1 I l , l ) , Pr 1 S 1( l , l I l , I PH 1 S T 2 I l , 1 l , FI- 1 S l I l , 6 l ) 
PHlST II,Jl =PH AT: 

( 1*10-9.9<;96) ~G TCT CARAOAH/L II "'tX -=271 
(-O.CJ6+J/2000 . I MJL~~ A(lD+ELEK/l IJ ~AX= 12 

AT=l 7.6 PF~,PT-=17.l FFM 
CATA PHlSTl/ 

- 11.66, ll.c3, 
- 11.26, 11.19, 
- 10 .32, 10.19, 
- 11 . 60 , 11. 57, 
- 11.16, 11.07, 
- 10.C7, 9 .S4, 
- 11.57, 11 . :1, 
- 11.01, 1C.E3, 

ll.6J, 
11.13, 
10.10, 
11. 5 4, 
lC.97, 
9.82, 

11.47, 
lC.76, 

9079, 9rf3, 9.44, 
- 11 .: 1, 11.44, 11.41, 
- lJ.79, lO.t3, 10.47, 

9.29, 8.S 7, 8.2 9, 
- 11.41, 11.38, 11.32, 

11.s1, 11.54, 11.47, 11.44, 11.~e. 
11.)4, 10.91, 10.P.2, 10.6S, lC.57, 

9 ·" 7, c;. f' 8' 
11. 51, l l. L.4, 
l c. 8 5, lC.72, 

c;. 6 <;' s.57, 
11.44, ll.'38, 
10.60, lC.47, 
9.Zc, E. c; l, 

11.35, 11. 29, 
l 1). 3 2, 10.1 6 , 

7 • f· fo , 7. 39, 
11.26, 1 1 • 1-6, 

c;. 7 {:. 
11.41, 
lC.57, 

<;. l l ' 
11.~2. 
10.?2, 
e.? 2, 

11.;:2, 
10.Cl, 
7. 19, 

11. C 7, 

<;.f3, 
ll.?5, 
llJ.44, 
9.lS, 

11.zt, 
10 . 19, 
7.72, 

11 .13, 
CJ o E f', 
1.c1, 

1c.s1, 

<; • 5 l, 
11.29 , 
10.~2, 

E ., fl e, 
J I• 19, 
IC.(4, 
i.44, 

11 .c4, 
c; 0 f,CJ. 

t. c; 7, 
1(.82, 

9.35 , 
11 .22, 
10.1<:i, 
e.~~, 

ll • 10, 
<;. '11. 
7.26, 

10.91 , 
9 •!:ii, 
f •Ee, 

1C.6f:, 



C 
C 

C 
C 
C 

- 10.51, 10. 32, 
7.60, 7.32, 

- 11.35, 11.2c;, 
- 10.13, 9.<;4, 

6.91, t . 82, 
DAHi PH1ST2/ 

- 11.2~. 11.13, 
9. 57, 9.13, 
6.57, t.:1, 

- 11. 10 , 10.c;1 , 
7.32, 7 •Cl, 
6.26, 6.22, 

- 10~88, 1,).66, 
6.51, 6. -4 1, 
5o C 4 t 5.<Jl, 

- 10.41, 9. 7'l, 
5.91, 5.E5, 
5.54, 5. 51, 
4.32, 4.32, 
4.22, 4. 22, 
4. 16, 4.16, 
3.26, 3.26, 
3. 26, 3.26, 
3.26 , 3. 26, 

CATA PH2NO/ 
PH2NDII) :: Pl-! 
((I-1)/200.) 

3. 26, 2 • 26, 
WILL ASSU'IE THE 
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10.u,, 9.c; 7, c;. 82, 
7.13, 7.1) l, t.P.B, 

11.19, 11. lC, 11.~1. 
<J • 7 2, <; .44, c;. ( 7, 
6.72, 6 .66, t • 61), 

11.04, 10.91, 1o.76, 
8.13, 7.44, 7. l 3, 
(;.44, 6. 3 8, l.35, 

10.82, 10 .t 3, 10.35, 
t. 8 2, 6.69, t. 5 7, 
6. l 6, t.13, t. 10, 

10.38, 10.01, <; .44, 
t.32, 6.26, t. 1 'l, 
5.88, '5. e 5, : • E 5, 
7 . 69, 6. 8 8, t. 54, 
5.82, '5 • 7 6, 5. 7 2, 
5.4 7, 5.47, 5. 4-4, 
4. 2 9, 4.2CJ, 4. 29, 
4.19, 4.19, 4. 19, 
4.16, 4.13, 4o 13 t 

3.26, 3.26, : • 26, 
3.26, 3.26, 3. 26, 
3.26, 3.26, 3. 26, 

,H: 
MOLAR ACT ,H~LEK; CT 
1. 97, 1. 79, lo t-6, 

ORV CCLL1",-. CF SrJL TS 

C dSSUMING IT CRATNS INFJ"'ITELY FAST 

9 • f:C, 9.38, 
6 • E;:, 6.72, 

1c.ee, lC.72, 
e • I 9, 7 • '5 4 ·, 
6.:4, 6.47, 

10.57, 10.35, 
6 • 'l4, 6.82, 
(:.:: 2, 6.2t, 

10.c1, 9.72, 
6.51, 6.41, 
6.07, 6., 04, 
7.88, 7.lt, 
6 • 13, 6.C7, 
s. e;:, 5 . 7s, 
6.32, 6 0 1 c;, 
5.tt, 5 • t 3, 
5. '4 1, 5.41, 
4.26, 4.26, 
4 • 1 c;, 4.lS, 
4 0 13, 4.13, 
3.2t, 3.2t, 
3.26, 3.26, 
3.26, 3.26, 

=AN'ITHH-G 
1., 57, 1 • !' 1 , 
CLCSEC AT ITS 

C PE vnLU'1= FRACTICN T~AT IS SCLUTJCN 
C PL= VCLUMc FFACTTCN T~AT JS~ SANC 
C 
C 
C 
C PROGRAM CCNTRCL PtRA~ETERS 
C 

C 
C 

PSTr\T=0.5 
XF,-.L=8• 
PRNTT=l2 . 
TF,-.L='76. 
PRNTX=0.5 
DELT=O.l 
T~TART=l 
CELX=0.5 

C CYNA MI C FARMS 

c;. C 1, e.26, 
(; • 66, t.63, 

lC.~4, 10 . 35, 
;.22, 7. 04, 
t • 44, t." }/ 

10.10, c;. E 5 , 
t.72, 6.t:3 , 
(;.22, t.1c;, 
<;. 2 f:, e. o 1, 
t.35, t: .3 2, 
t.01 , t. 01, 
f • E 5, l:.c~, 
t. C 4, t.01, 
:.16, 5.76, 
(; .c 7, 6.01, 
~ • (: C • s. 5 7, 
~-~e , " -,,: ..... -... ' 
4.?6, 4.22, 
t... H:' 4. 16, 
4.13, 4.13, 
: • 2 f:, 3.26, 
:: • 2t, 3. 2t, 
: • 26, 3.26/ 

1 ~ 44, l.3A/ 
E 4 SE 



C 

C 
C 
C 
C 

C 

C 

U=O. 
PE=0.06 
PL=C.44 
C=0.39 

***** BIOLOGICAL PiRA~ETERS 
TMP = 25.0 

•• 
CSC2S = 0.4 
CSC28 = 0.8 
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KGS = (l0o**{0.0413*Tl"P-0.~44l)/24e 
CS~H4=110.**IO.C5l*TMF-l.15SJ) 
KG9=11J.•~t0.0255*TMP-C.492)l/24., 
KLS=O.C0721 
Kl"S=KLS/10. 
KLR=0.0121 
Kl"B=KLB/ 10. 
ABOVE ARE ASSUMED PRCGS CF 14JAl\14,220Ci4 
C51\G2=10 ■ **I0.063*Tl"P-l.149) 

8ETA=4.E-9*KGe 
KC9 = 0.0121 
KCS = 0.00721 
CELTA=4.E-9*KGS 
L~tLKN=~oflf-LU•K~~ 
KAFPA=l.37E-8*KGS 
ETA=BETA 
tl PHA= DEL TA 
LA~BCA=4.57E-9*KCB 

C 11CC74 
C EETWEE~ •~ AND THIS (ARC All ARE 5-4-73; 2tMY74 
C MAXIMJ~ BACTERIAL POPULATIC~ DENSITIES 

~P.II.X=2.E9 

C 
C 
C 
C C~E~ICAL PARMS 
C 

C 
C 

KCC2 =O. 4 

C ECUNCaRY CCI\DIT !CNS 
C 
C THE CNLY ACICITY IS T~AT D~E TC T~F BICtAfC~ATE ICI\ 

ElfK=-251.H2. 
CGCOZ0=0.648 



C 
C 

CGC20=299. 

C CCNTROL PAR~S 
C 

T~AX=(TF~L/DELT+l.E-51 
XSTRT=IPSTRl/CELX+l.E-51 
XE~D=(XF~L/DELX+l.E-5) 
XSTEP=!PRNTX/CELX+O.l) 
IF(XSTEP.LT.l) XSTEP=l 
X~AX=(XFNL/OELX+l.E-51 
CL'1MY=XMAX+20 
GLMMYl=IPRNlT/DELT+leE-5) 
PSEUCO=XMAX+19 
CELXZ=DELX*DELX 
CO 8 J=l,X1"4X 

DEPTH! J )=DELX•J 
8 CCNTINUE 
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crEFl=ID*DELT/DFLX2-U*CELT/(CF.lX*(~tST+l.l II 

C 
C 

CC EF 2= 11 .-2 • * C *DEL T / C El X 2- ( H l ST- l • I *U"' C Ell/ I ( H ! ST+ 1 • I *DELJC 11 
COEF 3= IHI S T*U*DELT /II HIST+ l • I• DEUC I +C"' C El 1 / CEL X2) 
l-,SKIP-==O 

C INITIAL CONDITIONS 
C 

r-r Tl"' ~,._,,..,... t 
V'- • ",_J JV.C:..V..., 

C SKIP THIS, WILL PUT ACTUAL I~tTlAL CCNDITICN~ FRC~ 1 ► E ~ET PERIOD 
C INTO THE DRY PERI~D PFCGRA~ 
6003 CC~Tl"lUE 

cc 37373 J=1,14· 
kcACllOl I,XDU~,CCA,XDL~,C~G,XDU~,(~A,X[U~,PH,XCU~,)Ct , 

XOUM,X~G,XDU~,X~A,XCU~,X ► ,)CU~,x~~4,XCL~,cNC2,XDL~, 

CNC3,XDU~,C~H4,XDU~.~S,XDL~,~~.xcu~,CC2,XCU~,CGC2,XCU~,CCAR, 
XDU~,CA,XCU~,CENH4 

37373 CCNT I'-IUE 
!':0204 CCNTINUE 

C6=(7/CELX+l.E-5J 
C7=18/DcLX+l.E-5l 
Dl=ll/C~LX+l.E-5) 

C 
C I~ITIAL CCNDITICNS 
C 

CC 253 J=l,XMAX 
DU~=J*DELX/CC~CAT+C.49 
Pl=V(Jl=OoOc 
IF(J .GT.Cl) GC TQ ~lllG 
PEVIJl=C.Ol+C.CS * J/IQl+l.E-5) 
G'J Fl ~1118 

31119 CCNTINUE 
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IFIJ.LT.06) GO TO ~lllE 
C PEV IS THE EFfECTIVE PORCS!lY h~IC~ VtRIES ~Il~ CEFTH 

PEV(Jl=0.06+C.33•1Ct-Jl/1Ct-07+1.E-51 
IFIJ.GT.071 PEVIJJ=0.39 

31118 CCNTINUE 
CN031Jl=0.34•14. 
C"lH4(Jl=ll.34 
CN'J2(Jl=O.O 
CCARIJl=251 . 
CD21Jl=E.3 
CAIJ)=O . O 
PH(J)=8.3 
CCAIJJ=40. 
CMGIJl=ll • 
.. . ~A(Jl=l20. 
,..B IJ)=4.E6 *3• 
•~s 1Jl=7.E5 *3 ■ 

C THE ~OLLrd!NG ATTRIBLTES !RE CARq]fO CVFR FP(f,' T ► f ~ET PEPTOO 
XCA( Jl =C. 7315053 
X'IG(Jl=0.2250416 
XNH4(Jl=.0245178t3 
X~AIJl=3.ClEE92298 
XHIJl=O.COCit2909 

253 CCNTINLE 
CC 2SC73 J=l,DUMMY 

U71Jl=CA(JJ 
•, "'I , t' - .... & I I I I t .. 
\.IL ,..,,-vn11-,-,tJ, 

UF ( J I =C NA ( J J 
LE(Jl=C"GIJ) 
UC (JI =C CA I J J 

2SC73 CCNTINUE 
CC 2 J=l,DU,..11-'Y 

CG!72 I J l =299. 
CGC021Jl=0.648 
CG!\2=7ul . 
CENH4tJ)=O. 

2 CCNlTNU!: 
DUMl=(X~AX/2.+l.E-5) 
CL~ Z=(CUMl~DELX+l.E-5) 
hR!TE(6,97793l DU,..2,XFNL 

97793 FCRMATl/ 1 CCNflITI(!\S AT 8EGl~t\Tt\G CF D~Y FEPICC (TCF;',F4.l,' FT;' 
,F4.l,' FTJ:'/l 

hPITElc,977951 CCA(ll,CCA(OL~ll,CCt(X,..~XJ,C,..Glll,C,..CltU~ll, 
CMG I X'I AX I , C N,U 1) , C !\ A ( fl U"' l l , '.: NA (XI-I~ X l , C r /l? 11 I , CC I! R I CU"" 1 l , 
C(Aq(X"'1AXl,CC2111,C02(ClJ~ll,C02(X"'~Xl,(t(ll,<:t(CL"ll, 
C A ( X .'-1 /J X J , C N f' 4 I l l , C II H 4 I O L ~ l l , CI\ f- 4 I X ;, .t X l , C "- r: ~ ( l l , C f\J C ~ ( [ L ~, l I , 
C ~In 3 { X "'1 AX I , C ~ 0 2 I l I , C NJ 2 I CU" 1 l , C II C Z ! X " l\ X l , S I T E 5 , > C l I l I , 
XC A I DU '-11 l , XU ( X" t.X ) , X <JC ( l J , X M( ( CLJ,.. 1 ) , :X ~ ( I X" /J X ) , >!\I- 4 I l I, 
Xf\JH4 (DU Ml l , Xt--:.--!4 ( X ~ /l. X l , :X 'II t ( l l , X tU {CU~ 1 l , )r-,;/l ( X,.. Ii X I, X ► I 1 I, 
XHDU~ll,XH{X)-IAXJ,1"S (ll,,..S {r:ll"'l),v<: (XMAXl, 
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MB (ll,MB lDt:"'ll,1•'-1.~ ()(MAX), 
CGC2 I l) ,CGC2 I Cl,..11 ,CGC2 I 0~)(, .co.i,cc;r, 2 ,CGN~, 

CGC02(1),CGCC2(CUMll,CGCC2(XMAXl 
977<;5 FCA,..H( 

' AQUEO~S SPECIES IMG/L): 1 / 1 CALCIU~ = ',3(F7.,,•;•)/ 
~AGNESIU"I = ',3(F1.,,•;•)/ 1 SCCIUM = ',:(F7.2,•;•Jt 
TOTAL C.l!RBCNATE = 1 ,3(F7.2,•; 1 1/ 1 CXY(Ft, = '• 

31F7.2 ,•; 1 )/ 1 ACE)Il'Y (MM) =1 ,3(F7.2,';'l/ 
AM"lONIUM IN) =•,3p::1.2,•;•11• I\ITRATE Od = 1 ,?(F7e2, 

•; 1 )/ 1 NITRITE IN) =',31F7.2,'; 1 l/ 
' EXCHANGAALE SPECIES (EC~V FRACTlfNI ( 1 ,Fe.2,• "'EC/L !4NOJ:•/ 

CALCIU"' = ',31FS.4,'; 1 )/ 1 MAGN~~IUM = 1 ,?(FS.4, 1 ; 1 )/ 

AMMC!llllJ"' =',31F9.4,';')/' SCCll;/J = ',31FS.4, 1 ; 1 J/ 
P~OTCN =1 ,3(F9.7, 1 ; 1 )/ 1 BtOLCGIC!L SPECIE~ (CELL!/CC •, 

'SAND):'/' NITRCSCM(r,/S l+t = •,~1El4.7,';'l/ 
l\lT~CEAClEP (+) =• 

,31El4.7,•;•)I 
1 GASEOLS SPECIES ("'GIL GA~l: 1 / 

OXYGEt\ = 1 ,31F7.2, 1 ; 1 )/ 1 t\TTR~G':N =',3(F1.2, 1 ; 1 )/ 

(allBCN DICXICE =',31F7.2,';')/J 
C X'ED VALU~S ARE NEEDEC TC FF.f,..IT CC/JPUTATICN CF T~E EFFfCT Cf THE 
C EACTEPIAL NITRIFICATION R~A[llCt\S CN T~E VARYit,G VCLL"'E FR.l!CTION 
C CF INTERSTITIALLY ~ELD ~CLllICN FIL"' 

AL PHX=HPHA 

C 
C 

BE1X=9ETA 
E IX= c I A 
CELTX=CELTA 
l<APPX-=KAPPA 
C/J. ICRX=C"IICRN 
LAr-ABCX=LA"1BCA 

C I I' IS THE TIME VALUE 
CC l T=TSTART,T,..AX 
CT=2':l. 
14=1 

C 14 IS INTEGE~*4,I IS II\TEGEP12 
C 
C 
C AFTER T~E TI~E STEP rs TtKEN T ► E SF.TTAL STEP ')' IS TAKEN 
C 

CC 9 X=l,X'-'AX 
PE=PF.V(Xl 

C CO'JVERT 'P!"R ML SAl\0 1 T~ •pt=R l S(LUTI[t,• 
ALPHA =tLPHX ~111.-PL)/FE)*lCrc. 
BETA =BETX •( I 1.-Fll /Hl*l .COC. 
DELTA =DEL1X *I 11.-~LI/FEl•lCOC. 
ETA =ETX * 111.-PLl/q)•l·'JOO. 
KAP?A -=KAPPX 1t 1(1.-PLl/P:l•lOOO. 
CMICR'J=C'-1ICRX* [11.-PL)/H)*lOIJO. 



C 
C 
C 
C 

C 
C 

36667 

C 
C 
C 

C 
C 

C 
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LAMBCA=LAMP.CX* {(1.-PL)/fEJ•lOOO. 
STPV=SITES*(l-PL)/P~ 

BIDLQGTCAL SPECIES 

IISV=MSlX) 
MBV=MB( XI 
VIVESP=l.-~S~/MSMX 

. VIVEBP=l.-MBV/MBMX 
CD2X=C021Xl 
CG02X=CG02lXI 
CGC02X=CGC02(XI 
[NHIB=l./ll.+CN02(Xl*22C~C.* 1C.**(-P~(X1)1 
VIVESC=CNH41Xl*CC2X /{IC~r4IX)+C5~~41*{CC2X 
VIVEBC=CNC2{Xl•CC2X /{ ICNC2(Xl+Cc~c2)*!CC2X 
IF THE 1XYG=N CCNTENT rA~P!:~S TC GC SLIGHTLY 
zEqo THEN A~SUME TrAT IT IS I~E~TI(tllY ZEFC 
IF(C02X.GT.O.I GO TO 3ttf7 
VI\ESC=O. 
11 IV!: BC =I). 

CCNT[NUE 
KCB=~BV*VIVEBC*DELT •r~~re 
KCS=MSV•VIVESC*DtLT*lNHIP 

IF(KCS.GT.KCST) KC5=KCST 
KCBT=(CN021X)-l.E-5+DELTf*KCSl/eETA 
IF(KC~.GT.K(eT) KCP=KCET 
KCST=IC~Zx-r.E-5-Lt~B[d*~CBI/KAFPA 

+CSC2S1 I 
+CSC2B)I 

eELCk 

I~(KCS.GT.KCSTl KCS=KCST 
VIVESC=KCS/l~SV*CELT•I~rle) 
VIVFBC=KCB/IMBV*OElT*l~rlBl 
MStx1=~sv•11.+0ELTifKGc•1NrIP•v1vc~p•v1vESC-KDSll 
MB(X)=MBV*ll.+DELT*IKGP.•!~rJR~VIVEP.F*VIVEeC-K[EJ) 

eICLOGICALLY ~ANIFLLATEC SPECIES 

CNH41Xl=C~H41Xl-ALFrA*KCS 
C02N=CC2X-LA~3Ct*KCB-Ktfp~~KCS 

CG12N=CG C2 1X+ll~CC!:Fl+CGC2>~r.rEF2+r,GC21X-ll*CCEF3 
TI-E GASECUS OXYCtt\ cr ,JCfHQ,',T!CN 15 !~ l:CUTlleR!L"' LGCALLY 
h!TH THE ACUEJLS CX)CE\ CCt\T~~T 
~~~1=701.+IKECGX-CC2Nl•FE/{PL-F~l-CG~2~ 
CC ~l=-70l.~l(C2N*PE+(Gr2~•1PL-FE)l/(PL-P~) 
us1x1=-c.s•ec~1+sc~11a.2~•~D~1*ec~1-rc1111 

l 16 I X I =KE CCX "':J 5 ( X l / IL 5 I ) l ♦ ?Cl• I 
SINCE NC HYCPCSTATIC ogc~SLPE eCCX = KECIX 
C~l21Xl=CNC2(Xl-BETA~Kce•D~LTA*KCS 
CNC31Xl=CNC31X)+ETAtKCB 
CAIXl=CAIXl+C~ICP~~KCS 
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C ASSU~E ALL PRCCESSES CCCUR I~ ftQUEClS PfbSE. TrUS IF Ct(ACI ANC 
C NH4(AQ) HAVE NOT CrANGEC TrFN ICN EXCrA~GE ~Ill~ CrA~CF. 
C IF CA(AQ) ~AS~ Cr~T\CEC lrFN Pr MLST PF GREATER lrA~ AFFPCX 6 
C THER =rORE TrE PROTON Will ~ EFFECT 1rE ICN EXCrAN(E. 

CCA~=CCA(XI 
CMGN=CMG(XI 
CNAN=CNA(XI 
CNH4~=Ct-.H4(X) 
CAN=CA(XI 
PPH=PH(Xl 
IF(ABS(CNH4N-CENH4(Xll.Ll.0.0ll GO TO ~2156 

C T~IS IS ENCUGH TC LCWER LNP.lFFERE~ SCL'N lC PH t 
CF:NH41Xl=CNr4(Xl 
DELPH=0.6 
SUM=0.04990*CCAN+C.C8224*C~GN+C.04348*C~A~+O.C?l43*C~r4N 
+CAN 
SU~D=l./SU~ 
XCAI=XCA(Xl 

C CT=CCAR(X) 
CNT=-10 
Zl=CCAN•0.(499/STPV+XCAI 
Fl=SUM/STPV 
F2=F l 
CRDER=-1 

1 Zl=Zl-0.1 
Fl=F2 
F2=XD,'12(Zll 
ORDER=+l 
IF(F2)999,<;99,7 

<;c;c; Z2=ll 
Zl=Zl+O.l 

C GJT A STRATTLING Zl,22 
3CO Z3=Z2-F2 * 1Z2-Zll/lF2-Fl) 
C ERRO~ WILL eE LESS THAN 1/STPV 10 AVOIC LC~ FPECUENCY 
C INSTABILITIES 

IFIA '3SIZ3-Z21.LT ■ l ■ E-41 (0 lO 23334 
CT\T=CNT+l 
TF(CNT) 254CC,23334,23334 

2540C CJNTINUE 
F3=XD'~21Z3l 
IF(F3* F2) lCC,ZOC,200 

1cc Zl=Z3 

200 

23 334 

Fl=F3 
GO TO 300 
Fl=Fl *0 ■ 5 
Z2=Z3 
F2=F3 
GO TO 300 
CCNT!NUE 
ZCA= Z3 
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C MAKE A DUMMY CALL TO •xr.~2• TO EVALCATE T~E CT~ER x•s 
Fl=XDM2(Z3) 
CNH4IXl=CNH4N+IXN~4IXI-Z~H41*S1PV*l4. 
CA IXl=CAN+STPV * IX~IXI-Z~) 
CMG (Xl=CMGN+(X~GIXl-l~G)*STPV*l2.16 
CNA IXl=CNAN+(XNA(Xl-ZN~l*STPV•22.99 
CCAIXl=CCAN+IXCt(XI-ZCAl*STPV*2C.04 
XCAI XI =ZCA 
X~G{X)=ZMG 
XNH41Xl=H:H4 
XNAIXl=ZNA 
XHIX)=ZH 

3215~ C~NTINUE 
h=lO.**I-PPH) 
PH(X)=PPH 

C ASSUME PH WILL NOT CHA~GE AS Ct2 FLAS~ES CFF 
CDUMM= H*H/(H*H+~*5.Cll812?f-l+~.818383CE-171 
CCARN=CCAR IX) 
CGC □ ZN=CGC~21X+ll •C OEFI+CGCC2X~COEF2+CGCC2!X-ll*CCEF3 

CCAK{X)=ICGCC2N~22.7273 ♦ (PL-PE)+CCAP~•lf.3S34~PE)/ 

12lo52E5C*IFL-PEl~CDU~~+lf.3934•FE) 
UC(Xl=CCAR (X)~ O.S4~894*CCU~M 

S CC NTINUE 
DC 19 X=l,XMAX 

C~82(X)=U5(X) 
f" •""'I ""JI V' _11, IV I 
'-' ~J c..., "" -vu,"" 
CGCC1ZIXl=UCCX) 

t<, CCNTINUE 
v5=L5(X~AX) 
Vc=U6(XMAX) 
VC=L;D(XMAX) 

C E~FC RCE THE SCUNCARY CCN~JTI(N THAT TH~ crNCE~TRITI(~ GPACIENT 
C AT T~E ~CTTCM OF THE CCLU~N JS ZERC 

DC 21 X=X~AX,PSEuCO 
CG021Xl=V5 
CGCnZIX)=VC 

21 CCNTI'lUE 
IF(MOCII4,DUM~Yl).~E.C) GO TC 1 

W~JTE(6,6l I,DELT,CELX,XSTRT,XF~L,P~NTX 
6 F~~~ATI/' TI~E= ', Is,• • 1 , F5.4,' ~RS,nELTAZ= ',F~.4. 

PE=0.06 

lX ,'FT lSTCEFTH = '• 
F8 . 4,' FT,FINAL [EFT~= ',F9.4,' FT,DEFT~ !~(? =•, 
F8.4,' FT'/LZX, 
'CA ~G N6 NH4 (T'/4?.X,'X(~ x~r- X~A x~~ CC,G'/ 
42X,'PH ~s ~a (A C2'/4 2X,'~ (2 ~[3 x~ ~P. f2G' 

XlFT=ll./ CE LX+l.E-5) 
Fr2 =1 281.-cG~21x1FTlJ•c•1Pt-Fc1•1rL-Pc1~r.1s6•0.1gt•2E.3/32. 
F(CZ=(0 0 4-CGCCZ(XlFT))*[*(PL- 0 EJ*(FL-PCJ~~.19f*C.1Cf•~f.3/44 
~RITEl6,S03J FCZ,FC CZ 
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503 FCRMAT(• FLL'X 02 (M'I/HR) = ',Ell.4,'; FLUX cc2·0,,..1t-f.)-= ',fll.4) 
WAITE(6,5l (ICCAIMl,C,..G1Ml,C~A("'l,CNH41"'),CCAP("'ll 

,,,_=XSTRT,XE~C,XSTEPJ 
~RITE16,5l l!XCt(,..l.X,-Gl,.),XIIAl"'l,X~H41"'),C(CC2("')l 

,,.=XSTRT ,X ENC,XSTEP) 
\lf;!T=(6,5l ((PH(,,_l,MS (,..l,H (,-l,Ctll'l,CC2(,..)) 

,M=XSTRT,XFND,XSTEPI 
~RITE(6,5l ((CN02(Ml,C~C3("l, X~IM),,,_e (,,_l,CGC2(MII 

,,.=XSTRT,XE~n,xSTEPI 
5 FCPM~T(/(Tl,Ell.4,T25,'* ',fll.4,T~l,'* ',Fll.4,T71,'* ',Ell.4, 

Tlv3,'* ',Ell.4,T13,Ell.4,T39,cll.4,Tt~,~ll.4,T9J, 
E 1 l. 4 , T 117, E 11. 4 I l 

WP!TE (151 I,CCA,C,..G,(~A,PH,>CA,X~(,XNA,X~,XN~4,C~C2, 
CN 03, CNH4,,..S,,..9,CC2,CGC2,CCAR,Ct,CGCC2,CEN~4 

\\RlTE(6,65c56) I 
65656 FCRMATI ' //GO .FT15F001 DC UIIJT=~YSDA,DSll=[R,.DATA,~FAC~=t1RK,(l,1) 

-l,OL=SE R=CJTSX1 , CCB=(RECF"'=~FS,BLKSIZE=S2CBl,CISP=(CLC,KEEPI ', 
- '!=',14) 

1 CCNTINUE 
~i:; JT=l6,977S61 CU,..2,XFNL 

977Sc F(R"'AT(' CC~DITICNS AT E~D c~ CRY FFR!rc (TCP;',F4.l,' FT;•, 
F4.1,' FT):'/) 

r. !<J Ti:: ( 6, 9 77 S 5 J CC A ( l I , CC A ( D l ,- l l , r_ C A ( XI' A X l , 0 r, ( l l , 0 C ( CU,- 1 I , 

01 r, I X ~.\XI • r_ NA I 1 I • f I\ A If) I I"' 1 l • r II 6 I X MAX l • r ( ~ P I 1 l • ( ( f Q In I I" 1 I • 

cc t.R ( X '1AX l , C':' 211 l , C C2 I 8U l l, crz t X"' ~XI, ( t ( l l, U t DU "'1 I, 
CA ( X~AX l, C I\J f-;4 ( l I , C ~1-4 I r. t_; 11 l l, c"' I- 4 IX~ AX J , r NC 3 { l l , [ 11 r::: (Cl ,q I , 
C NC13 ( X MAX I , C ~C2 ( 1 I, c•--n? { ru" l l, 0 C 2 IX" 1 X ) , SJ HS , > ( t I 11, 
XC A< OU'I 11 , XC Al X '-! A XI , XM G ( 11 , X MG I ccn J , >,., <: t X"' t.X I , )( H- 4 ( I I , 
XNH4(DU'11J,XNH4(Xl"AXJ,X~t(ll,X~t(CL,.ll,XNA(X~ax1,xH(l), 
XH{OU'1ll,XH(XMAXl,~S ( l) ,,..~ (OL~ll,~S (XMAXI, 

M8 ll),l"e {Ol: ,.1 ),11~ ()(MAXI, 
C Gr:2 ( l I , CGC 2 ( r:·u., 1 I , CCC::> IX IJ AX I, C ( 112, CG~ 2, CH 2, 

CGCG2lll,CGCrZ(DUIJll,C(CC21X M~XI 
RETURN 
E~D 



FUNCTION XD~2(APGMNT) 
I~PLICIT REAL *4 (A-ZI 
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C □ "1MO~ /CNST~T/ KCH2C.KCH14C,KCH20~ 
COMMON /BLOCKl/ PHN=W,ZCA, [ELPH,cu,~Yl,FtPSl,X,HSKIP 
CCMMCN /ICNEX / 

CCAN,XCAllQOJ,SITES,C~G~ ,X~G{lOO) ,CNH4~ ,)~H4(10CI 
, CNAN ,XNAllOO),CA~, GCCA,PL ,PE .z~G,ZN~4,ZNA 
,~CMl,KCM2,KCN1,KC~2,KCl1,KCA2,KC~l,KC~2,ZH,XH(JCOl,ELEK,SlPV 

INTEGER*2 X,KNT,FIRST,HSKIP 
ZCA =ARG"1NT 

C PROC~5S TT~== 8 MILLTSEC 
C TRANSFER OF NEW PH BACK WILL cccu~ VlA F~NEW 

GCCA=CCAN+(XCA(XI-Z(Al*STPV•2c.o4 
GCCA~=0.024S50l*GCCA 
ZCIP~2=ZCA**KCM2 
ZCAPN2=ZCA**KCN2 
ZCAPn=ZCA**KCA2 
ZCAPHZ =ZCA~ *KCH2 
Al=ZCAPM2 ~S TPV*20.04/IKC~l*GCCAI 
8l=ZCAP~2*t-CMGN-XMG(X)*STFV*l2.16J*l•t4EC2t3/lKCMl*GCCA) 
A2=STPV*SQ~T( ZCAF~2/(KC~l*(CCA~ll 
B2=(-CNAN-XNA(Xl*STPV*22.9~1/(22.q~•SQRl(KC~l•GCC~~,zcAF~211 
A3=STPV*S QR T( ZCAPA2/(K(Al*(CCA~I) 
B2=(-CNH4N-XNH41X)*STPV*l4.l/(l4.•S,RTl~C~l•GCCA~ /ZCtFA2)1 
GX~G=-Bl/lX~G(Xl*•( ~C~2-ll+All 
GX~GF=GX~G**K0'2 
GXMG= l GXI-IGP* ! KC ...,2-1 }-e 11 / I G HG P•KCn/GX~G+A lJ 
G X "l,P =(jX ,-,(,-.: •KL. 1-, l 

Z~G =IGX~GP * IKCM2-ll-Bll/lGX~GF•KC~2/GX~G+~l) 
ZNA=-B2/IKC~2•A2) 
Z~H4=-B3/IKCA2+A3) 
Zh=XH(X) 
IF(HS~IPI 1010,2020,1010 

2020 CO.TINUE 
KNT=-lG 
CFH=CELPH 
PHl=PHNEW 
PHER=0.05 
F F h ER= 0 • )O l 

C hSSUME START CN +Fl 
Fl=FPRcX IPHl) 
FIPST=O 
IFIFll 1 , 1,2 

C CN -F SEARCHI~G FOR 1ST tfl 
l PH2= PYl 

CFH=-:lPH 
4 FH2=PH2+0PH 

F 2 =Fl 



Fl=FPREXIPH21 
IF(Fl*CPHI 3,3,4 

292 

C CN ~F SEtRCHING FCJ; 1ST -F2 
2 FZ=Fl 
6 PHl=PHl+DPH 

F 1 =F 2 
F 2=FPREX (PHl I 
IF ( FZ*DPH) 5,5,6 

5 Ph2=PH1 
Pt-l=PHl-DPH 
GC TO 82 

3 Pt- l=PHZ 
Ft- Z=DH2-DPH 

82 CCNTINUE 
3CCO ft-3=DH2-F2*1PH2-PHll/(F2-Fll 

IF(ABS(Prl3-PH2l.LT.FPt-ERI ([ TC 20C 
KI\T=KNT+l 
IF(KNTI 5JC,4CC,400 

5(C CCI\TINUE 
F3=FPREXIPH31 
IF(F3*F2l 1000,2000,2000 

1roo Pf-l=PH3 
Fl=F3 
CC TO 3000 

2•·C•J Fl=Fl .. 0.5 
fl-'2= 0 H3 
F2=F3 
GC TO ~0')0 

400 Pt-~EW=PH3 
GC TC lOO 

2cc CC "I TINUE 
Pt- NEh =IPrl3+PH2l*0.5 

C G C T C n RR EC T pH s C N ') w Id LL r;"(,.. pl! "TE AC 'i r QR ~ r H ♦ 
60~ ZH=SQ~TIZCAl*(lO.**l-2*Pt-Nr~+t.l~KCt-14C/GCCt 1~~KCH2Ct-
C 1-4H':"I 01-1 2=0 WILL HAVE (CRREC1 H<:.OPfl':C (HJ[!\ Ff<ACTJC~S 
51515 CC\JTINUE 
1Gl0. CCNTl'-IUF. 

XC~2=ZCA+ZNA+ZMG+ZNH4+ZH-l. 
RE TURI~ 
Er-.O 



FUNCTICN FPREX (PH) 
IMPLICIT REAL*4 (A-ZJ 
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cc,MCN /CNSTNT/ KCH2C,KCH140,KCH20 ► 

CCMMON /BLOCKl/ OU~MYl,ZCA, cu~~Y2,CT,FIPST,X,C~Yl 
CCMMCN /IDNEX / 

CCAN,XCA(lOOl,SITES,c,G~ .x~GllOO) ,CN~4~ ,)~~4(100) 
, CNAN ,XNAllOOJ,CA~, GCCA,Pl ,PE ,Z~G,Z~~4,Z~• 
,KCM1,KCM2,KCN1,KC~2,KC•l,K(l2,KC~l,KC~2,ZH,Xh(l00J,ELEK,5TPY 

I~TEGER*Z X,FIRST,CMYl 
C PRCCESS TIME= 1.5 ~ILLISEC 
C FIRST -1 CC~FUTE EVERYTHIN( - NEW ZCA,CT,XH,ETC 
C FIRST= l CNLY ZCA A~C FH CHt~GEO 
C FIRST= 0 G~LY PH CHA~GEC 

K~=l.E-8 
KC1=5.Cll872E-4 
KC2=5.623413E-8 
h=l0.~*13-PH) 
Zh=SQ~TIZCAI*( H*H *KCH14C/GCCAl**KCH2CH 
FPREX=H-KW/H-CT*O.Olc393*llo/l~/KC1+1.+KC2/~l+2./(Hi~/IKCI•KC2 ) 

- +H/KC2+1.I 1-CAN-(XH(X)-ZH)*~TFV -ELEK 
C GIVEN TOT C~Re.,CA AC cc~c.,rA;INITihl ACICITY t x~ 
C TH~N wHEN FPREX=u HAVE FI~AL Xr A~[ ~CIF I TY 

RETU~N 
END 
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INTRODUCTION 

Prediction of the unsteady weight-size distribution 

of particles,(F(x,t)), in a ball mill may be accomplished 

by solving the differential 

o2 F(x,t) = -K(x)dF(x,t) 
c)X~t ~X 

mass balance of comminution, 

+ f•~ B ( x, ct) K ( c£.) d F ( d., t ) d<X 
J'X- d X d X · • 

Mathematical descriptions of size reduction operations 

are dependent on two parameters. B(x,«), the distribution 

function, represents the size distribution of particles 

resulting from breakage of a specific particle size. The 

selection function, K(x), is the fractional rate of 

breakage of material of size x. In a ball mill, particle 

sizes are reduced by the particles being trapped between 

balls, or between ball and mill wall, and crushed by the 

kinetic energy of the ball. It is the purpose of this paper 

to predict the selection function based on the dimensions 

of the ball mill and physical constants for the material 

to be ground. 

For a fixed set of milling conditions, the selection 

function is assumed to be independent of time and 

composition of the mill's charge (Austin,1). A unique 

selection function value exists for each particle size. 

Experimental findings show that for relatively small 

particle sizes, the selection function increases with 

particle size (Kelsall,7,8,9,10),(Austin,2,3,4), 

(Kuwahara,11). Gaudin (6) showed that a larger particle 

would have a larger area of vulnerability to breakage 
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under a ball. Olsen (13),using Gaudin's probability of 

breakage,showed that the selectivity function varies 

directly with particle size. Actua.;lly,selectivity varies 

with particle size to the 1.4 to 0.6 power. The 

value of the selection function, however, does not 

increase indefinitely with particle size. The 

eventual decrease of the selection function with 

particle size is attributed to an insufficiency of 

energy to break all the particles entrapped under 

the colliding ball (Austin,4). Thus the selection 

function depends on the number of particles entrapped 

in a ball collision and the energy of that collision. 

For a fixed particle size, the selection function will 

vary with operational characteristics of the 11ill. For ball 

collisions in which the colliding pair actually make contact 

Gaudin (6) predicted that the probability of breakage of a 

particle would be directly proportional to the balldia~eter. 

For a fixed ball charge, then, the selection function should 

be inversely proportional to the ball dia11eter squared 

(Ol8en,13). Kelsall's (7) experi~ental data show the 

selection function to vary inversely with the ball diameter 

tm the 1.6 power. As the ball diameter decreases the 

selection function reaches a maximu11 value and falls 

thereafter due to insufficient crushing energy, The same 

author found that, as long as there is sufficient energy 

to cause complete crushing of particles under the balls, 
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a direct proportionality exists between the selection 

function and mill diameter raised to the 0.6 power. Olsen 

(13) reported that a specific angular velocity of the mill 

would give a maxi~um selection function. The optimal 

rotation rate was found to be a function of particle size 

and ball diameter. Data has been presented to show that 

the selectivity function increases directly with particle 

charge up to a ~axiNurn value and declines thereafter 

(Austin,1,4),(Bowdish,S). Other important variables 

affecting the selection function are ball density and 

ball charge. 

Few authors have attempted to derive a selectivity 

function from the physical dimensions and operation of the 

ball mill. Olsen used Gaudin's probability of breakage 

and Langermann's (12) energy relationships of balls in the 

mill to derive an expression for the selection function. 

However he did not actually predict the value but rather 

fitted the equation's constants to his data. Tamura (14) 

also derived an expression for the selection function 

including the effects of particle charge. He also relied 

on empirical quantities based on ball mills to evaluate 

constants of his equation. To derive a selection function 

this paper will rely only on constants that characterize 

the particles being ground. 
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ANALYSIS 

The mechanism for breakage of particles in a ball 

mill is assumed to be entrapment of particles between 

a ball and the mill wall or another ball. A fundamental 

assumption is made that the fractional rate of breakage 

of particles is equal to the product of ball collision 

frequency, quantity of particles trapped in the collision 

zone, and probability that the particles will break during 

the collision. If the number of collisions, and their 

energy, is computed from the physical and operational 

variables of a ball mill, the selection function can 

be calculated either by further theoretical considerations 

or from a minimal amount of experimental work on the 

characteristics of single ball collisions. 

Motion of balls in a small ball mill was studied 

experimentally. A 2-inch Plexiglass mill was partially 

filled with lead pellets having diameters of 1/16 inch. 

Time exposures were taken down the axis of the rotating 

mill to permit evaluation of the velocities of pellets 

in the mill. Motion of the pellets can be considered to 

be of two types. One region of the mill is characterized 

by pellets moving as a single unit along with the motion 

of the walls of the mill (Figure 1 ). Because pellets 

in this region are not exchanging momentum it is a 

region of no active grinding. The other region is a 

region of active grinding where pellets are striking 

the mill wall and colliding with one another. 



Mill Wall 

ACTIVE 
GRINDING 
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INACTIVE 
REGION 

Figure 1 - Grinding Regions inside a Ball Mill 

N 
mv2 2 R= mRw 

mg 

Figure 2 - Forces on an Interfacial Ball 
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Shape of the boundary between the active and inactive 

grinding regions can be characterized if it is assumed 

that a ball on the interface interacts only with balls 

on the inactive side. Consider this ball as about to 

slide down a slope of angle f and rotating about some 

center (Figure 2). Assume a coefficient of static friction 

for the ball on the interface is/• The ball is at 

equilibrium, therefore, 

2 2 
g sinp = ~ cos(¢ - a) + f-g cos<,s) -t,µRv sin(¢-e) 

or, 

1 ) ( 1 +ptanas') g R sine = R cose P- _ tan¢ + wZ , 

Given a plane of angle¢ with the horizon rotating 

counterclockwise with angular velocity W, then solution 

of Equation 1) will give a e for a specific R. Pellets 

below that positions will slide away from that point. 

Pellets above position 8 will not slide toward e but 

could slide away from that position, A similar quation 

to 1),but for a ball about to slide up the plane,is 

R sine = R 0 (µtan0 - 1) +JL . 
cos tanf]> +? w2 

Except for pellets at an extreme distance away from the 

center of rotation, the only equation that is necessary 

to consider is Equation 1). Transformation of Equation 1) 

into an equation basecl on clisplacecl polar coordinates 
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centered a distance g/w 2 above the center gives , 

or 

2) 

= R e( 1 + tan¢) cos f- - tan¢ 

;1., ,u.tana' - 1 
tan~= Ji.+ tan e" 

By Equation 2) a pellet located at any positione" in 

the new polar coordinate system must rest on a surface 

of angle¢ with the horizon. An equation for the curve 

can be described that will have a tangent of angle¢ 

with the horizon at the angle e' by equating the appropriate 

derivatives : 

or 

3) 

r ' + , dr' tan~ de' 
, , + dr' 

- r tane de' 

= ptane' - 1 
)A+ tane' 

Equation 3) describes all the possible interfaces that 

could exist between the active and inactive regions 

of balls in a rotating ball mill (Figure 3). A ball mill 

with a particular dimensionless radius R = Rc~,2 /g will have 

an interface between the active and inactive ball regions 

described by a particular~ depending on the volume 

occupied by the balls . Furthermore the maximum dimensionless 

radius a mill with tumbling balls can have is unity. 

Any balls outside the dimensionless radius of one will 

be moving as a single mass, locked together by centrifugal 

force against the mill walls, As the angular velocity 
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Figure 3- Possible Interfaces between Active and Inactive 
Grinding Regions 

Interfacial curves are computed from Equation 3) 
~ith f =0.77. A mill with dimensionless radius 
R ,as shown,has interfaces described by an a 
between u.26 and 0.42 depending on the ball 
charge to the mill. The large dotted circle 
represents the radius outside of which balls 
will be moving as a unit fixed to the mill 
wall by centrifugal force. 
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approaches zero, the dimensionless radius of the mill 

approaches zero , and the shape of the interface between 

the active and inactive grinding regions approaches a 

plane . The angle of the plane above the horizon is 

. -1 95 er = tan fl • 

By specifying the radius and angular velocity of a ball 

mill , and the quantity of balls, a single value ,ex., will' 

describe the interface separating balls actively grinding 

particles from balls in an inactive state, 

An approximate analytical solution ford is possible 

by assuming the entire ball mass to be in the inactive 

region, Curves everywhere perpendicular to the interfacial 

curves are described by 

The particular curve passing through the center of rotation 

of the ball mill is 

t 
r' = exp((0-'7t/2)_µ) 

and will be referred to as the symmetry curve. Considering 

Figure 4, the symmetry curve intercepts the dimensionless 

• mill wall at A , The tangent line to the symmetry curve , 

at the center of rotation , meets the dimensionless mill 

wall at point ~. Since 

then 

2 -2 -1l, = 1 + R + 2R cosfcr, 
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Mill Wall 

/ 

Figure 4 - Construction for Determining Approximate cJ.... 
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Therefore 

If 1i is the radial component of the symmetry curve then 

the angular component is 

'X ='Jr/2 + (ln(R,))/~. 

Then the angular component of the coordinate of A' will 

be approximately 

Arc length on the symmetry curve from the dimensionless mill 

wall to some position defined by the angular component e 
is 

If a motionless ball mill of length Lhasa ball charge 

Cb, the dimensionless height to which the balls will 

fill the mill is approximately 

/ 

Since the interface of the rotating ball mass is approximately 

symmetric about the symmetry curve then ~S . Therefore 

the angular component of the interception of the interface 

with the symmetry curve is e; and 

exp(0_/f) = exp(e)r) - h exp(TC/2f)1,j1 + f 2'. 

The radial component is defined by 

Because the interface is defined by Equation 3), 
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4) d....= r'exp(J.Ae). 
I / I 

Study of balls in the grinding region reveals 

two zones of balls defined by the type of grinding 

occurring. The inner zone is characterized (Figure 5) 

by pellets tumbling over one another. This zone is typified 

undoubtedly by abundant shearing between balls. The 

outer region of balls are in free-flight and end their 

paths with impact on the mill wall or on the interface, 

The shearing zone is dominant at low angular velocities, 

but at high mill rotational rates the free flight zone 

is the primary cause of grinding. 

As the ball mill rotates in the counterclockwise 

sense, the surface C'AC is repositioned. Position A 

(Figure 5) represents the position on the interface where 

balls 

Balls 

are moved tangentially with the interface. 

on the interface will find themselves suspended 

in space with an initial velocity directed away from 

the interface. Pellets on the interface C'A' also are 

susceptible to motion but are assumed not to move by 

virtue of their velocities being directed toward the 

interface and because of the rain of balls landing on 

the interface, Therefore the balls emanating from above 

the position of zero radial velocity, A, on the interface, 

are responsible for grinding particles. The phenomenon 

requires that the point B' be the same distance below 

A as Bis above A. Clearly some balls will enter the 
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Free-Flight All•-
Zone 

Wall 

Shearing Zone 

Figure 5- Zones of the Active Grinding Region 



308 

shearing zone from free-flight, and some will enter directly 

from the interface. To include at least half those balls 

entering from free-flight, Bis defined as the maximum 

height on the interface for which a ball will take off 

to land at point A. Balls originating along AB are 

assumed to be involved in shear grinding and those along 

BC are responsible for pure impact grinding. 

The ra.te at which balls are carried to the interface 

BC will be the same as the number of impact collisions per 

time. The dimensionless rate is 

where RB is the ctimensionless distance from the center 

of rotation of position B, A ball taking flight from 

position x will sustain no collisions in flight and will 

land with a dimensionless energy 

where AH is the dimensionless vertical distance of fall 

and R is the dimensionless radial distance of position 
X 

x from the center of rotation. It is assumed that upon 

landing the ball will become inactive. 

Because of the conditions specified for the model 

and the requirement that balls must not accumulate 

anywhere in the ball mill, the Shearing Zone must be 

considered to be composed of two neighborhoods, I and 

II (Figure 6). Considering Neighborhood I (Figure 7), 
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B 

Interface 

Figure 6-Neighborhoods of the Shearing Zone 

Figure 7-Dimensional Notatton for Neighborhood I 
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(R~ ,e~), (R~ ,e~), and (Ri, ,e~,) are coordinates in the 

displaced polar coordinate system of the points A, B, 

and B' respectively. Therefore 

~ ~ o. s (( e13 - eA) / 2 + < eA - e/ B,) / 2) , 

~~o.2s (e~ - e13J. 

Because ~ is small s3~s1 . Inasmuch as ff is defined such 

that the arc length BA equals AB, then 

Balls presumably travel parallel to BB with the maximum 

dimensionless velocity "max occuring on the outermost 
I 

boundary of the Shearing Zone. BB makes an angle¢, above 

the horizon, 

The average maximum velncity on the outermost sheet is 

therefore 

Observations of balls in the Shearing Zone suggest a 

parabolic velocity profile. Therefore 

v(y) - v ( 2Y - max S2 + ~4 

It will be assumed that very soon in its travel down 

through the hearing one, the ball will experience a 
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balance between gravitational and collisional forces and 

travel with constant velocity through the zone. v(y) 

will be assumed to be the constant velocity. The flow 

rate of balls through the zone is the volumetric flow 

rate through the plane tangent to the y-axis times the 

number of balls per volume. If it is assumed that the balls 

are packed in the Shearing Zone as they would be in a 

static system, then the dimensionless flow rate is 

The last dimension that must be specified to characterize 

the shape of the Shearing Zone is s4 . The flow of balls 

into the Shearing Zone is 

s4 is calculated by equating the flow of balls through 

the Shearing Zone, FSH' to the flow of balls into the 

Shearing Zone, NsH• 

If a sheet of nb balls of radius rb rolls with 

velocity vrel down another sheet of tightly packed 

balls of the same radius, the rate of ball-ball collisions 

will be 

The number of ball-ball collisions between pairs of sheets 

in the Shearing Zone can be calculated in a similar 

manner. Because the centers of sheets are 2rb apart, 

the relative velocity between sheets is 
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= 2 dV 
rboy I 

The number of balls in a sheet is a product of the area 

of the sheet and the total area allotted to one ball; 

for Neighborhood I, 

Total collision frequency in Neighborhood I is the summation 

of collision 

or 

i=O 

Usin~ an approximation that 

L L/1). 

J f(y)dy ~ 6L f(iA) 
y=O i=O 

the dimensionless collision frequency in Neighborhood I 

is found to be 

Similarly, the dimensionless frequency of ball-ball 

collisions in Neighborhood II is 
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The energy of impact is assumed to be the kinetic energy 

of one ball based on the relative velocity between it 

and its collision companion. The average collision 

energy throughout the Shearing Zone is 

10 v2 
max 

This paper has permitted the calculation of collision 

frequency and energy of collision, Knowledge of these 

quantities free the ball mill designer from the need of 

operating one ball mill to design another, To determine 

the selection function from the number of collisions 

and their energies, experimentation is reduced to the 

observation of the number of particles crushed under a 

standard sphere of known collision energy, 
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RESULTS AND DISCUSSION 

Presented are plots of dimensionless collision 

frequency and energy versus dimensionless mill radius 

at various alphas. Plots were computed on the assumption 

that f =0 . 77. For a fixed mill radius, total impact 

collision frequency decreases for any alpha different 

from 3.4 because the number of balls entering the 

Active Region from the Inactive Region of the mill 

drops as alpha varies away from 3.4 (Figure 8).As the 

dimensionless mill radius decreases the impact collision 

frequency declines to zero at which time shearing collisions 

have become the dominant grinding mechanism in the mill. 

Of the total number of impact collisions, a fraction 

of collisions will occur on the mill wall (Figure 9). 

When the mill has a ball charge such that alpha equals 

approximately 5 (Figure 3)the fraction of impact collisions 

on the mill wall will be at a maximum. No mill wall 

collisions can occur at any ball charge if the dimensionless 

mill radius is less than 0.68. No impact collisions at all 

can occur in a ball mill with a dimensionless radius 

less than 0,32. The dominant grinding mechanism at lower 

dimensionless mill radii is caused by balls shearing 

past each other. Dimensionless shearing collision 

frequencies (Figure 10) are constant at high dimensionless 

mill radii because the geometric size of the shearing 

zone is fixed by the physics of ball movement. However 

at lower radii the dimensionless collision frequency 
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decreases because the Shearing Zone is forced to shrink 

in size, below the limits set by physics, with the 

smaller dimensionless mill radius. For each alpha there 

is a minimum dimensionless mill radius below which 

no collisions at all are possible. Such behavior is 

a consequence that certain alphas are meaningless 

below certain dimensionless mill radii (Figure 3). 

By use of Figures 8 through 10 the frequency of collisions 

of various types can be determined in a ball mill 

of known angular velocity and ball charge. The collision 

frequency can be used to compute the maximum 

value for the selection function. 

Energies of collisions must be known to determine 

the number of particles broken under a colliding ball. 

The maximum dimensionless energy of impact collisions 

between freely flying balls and balls on the interface 

are plotted in Figure 11 . The energy of collision 

that would result if a ball were dropped,from rest, 

from the top of the mill to the bottom is plotted. 

Also shown is the energy of collision of the same ball 

if it started to fall with the rotational kinetic 

energy of balls next to the mill wall. A mill filled 

with balls such that it has an alpha of 5 comes closely 

to the maximum use of potential energy because balls for 

such a mill will fall nearly two mill radii in distance. 

Curves in Figure 11 abn.iptly stop at certain dimensionless 

mill radii when the Shearing Znne has totally dominated 
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the mill as the grinding mechanism. Balls striking the 

mill wall will have smaller collisi©'n energies as they 

strike further and further up the wall. The maximum 

energy will occur for collisions of balls starting at 

the apex of the interface and falling to its base. 

The range of energies of impact collisions on the wall 

is drawn (Figure 12). Minimum energies approach zero 

as the dimensionless radius reaches one. Above a 

dimensionless radius of one balls can take flight and 

collide with the mill wall immediately with negligible 

energy of collision. The dimensionless energy of collision 

of balls in the Shearing Zone (Figure 13) is constant 

at high radii for the same reason that collision frequency 

is constant. Maximum gravitational and rotational 

energies are not shown on this plot because the dimensionless 

form of these energies would include the ball radius 

(see Nomenclature). Given the ball charge and rotational 

speed of the ball mill, the collision frequency and 

energies can be determined by use of the plots. Knowledge 

of the number of particles crushed under a standard ball 

of known collision energy can then be used to calculate 

the selection function of the mill. 
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NOMENCLATURE 

Dimensions of variables are given in length (1), force 

(f), and time (t) scales. 

R = mill radius (1) 

L = mill length (1) 

w = mill angular velocity ( radians/t) 

rb = ball radius (1) 

fb ball 
. 3 

= density (f/1) 

Cb = mill ball charge (f) 

E. = void fraction of balls in mill 

C( = constant describing shape of interface between 

active and inactive grinding zones 

¢er= critical slope angle of balls 

f = internal friction of balls 

g = acceleration of gravity (l/t2 ) 

x = particle size (1) 

CJ = total cross sectional area per particle area 

Dimensionless quantities, 

1 = length (1) 

- lc.>2/ l = g = dimensionless length 

V = velocity (1/t) 

- v~/g = dimensionless velocity V = 

f = flow rate or collision frequency (t- 1) 

3 3 2 f = f4~rbw /(3(1-E)Lg) = dimensionless rate 

E1M= impact collision energy (fl) 



energy 

E8H= shear collision energy (fl) 
5 2 ESH= E5H3g/(8nrb~w) = dimensionless shear collision 

energy 
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APPENDIX A 

Experimental and Theoretical 
Grinding Regions in a Small Ball Mill 
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Time exposures presented (Figure Al) show the motion 

of 1/32-inch lead pellets in a I-inch radius tumbler 

at increasingly large rotational speeds. The theoretical 

position of the interface between the Active and Inactive 

Grinding egions based on Equation 4, withp= 0.77, is 

pictured in Figure A2. The approximate calculation 

of alpha tends to be smaller than the actual value. 
-1 For angular velocities above 3.87 sec , Neighborhood 

II disappears because the geometric size of 

Neighborhood I permits all the balls entering the 

Shearing Zone to be transported through Neighborhood I 

without the requirement of another additional neighborhood, 

For a rotational rate of 20.3 sec-I a ring of inactive 

balls encircles the Free-Flight Zone because they fall 

outside a dimensionless radius on one. 
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WC \'3.7 $"1 

Fi pure i\ 1 -}-lotion of Pellets in a Small Tumbler 
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l-'i1•11n' :\ 1-~lot ion of F01let.s in c1 Small Tumbler 
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c.v = 11.6 s-' 

o... = 4.08 

ZONE 

w,. '20.3 s-' 

ol::: 648 

Figure AZ-Theoretical Grinding Zones in a Ball Mill 

Cross-hatching represents inactive balls. 
If present, Neighborhoods I and II and 
the Free-Flight Zone are labeled. 
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APPENDIX B 
Computer Program for Calculating 
Alpha and Dimensionless Energy 

and Collision Frequency 
a Ball Mill 
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