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EXECUTIVE SUMMARY

Purpose

The general model TOHM was developed to predict the transport
of heavy metals originating from stack emmission of a coal-fired
electric generating facility into the final envirommental sink. The
metals studied were Zn, Cr, Pb, Cd and Hg. TOHM is the result of
interfacing four submodels: SPEDTEC, an atmospheric diffusion model;
EROS, a soil erosion submodel; RAIN3, a precipitation predicting
submodel; and CHEM, a soil chemistry submodel. TOHM integrates and
describes the continuum of atmosphere-water~soil.

TOHM was developed to predict heavy metal transport in the
semi~arid and arid regions of the intermountain west. Except fér the

climatic constraint, TOHM is not site specific.

Method

The input data for TOHM was taken from the Kaiparowits Plateau
region of southern Utah. A hypothetical coal-fired electric generating
facility was situated on Four Mile Bench and the stack emission was
considered as the source of heavy metal pollution. The proximity of
Lake Powell to the hypothetical generating facility made it the logical
choice for the final environmental sink.

The aerosol fallout impact area was defined and divided into a
grid of land sections measuring 10 km x 10 km (100 kmz). A 100 km2
unit is referred to as an element. The fallout area contained about
288 elements. Each‘element was defined with respect to soil type,

topography and vegetation. The element represented the finest resolution



in terms of terrestrial description.
The principle underlying the prediction of heavy metal transport
to the envirommental sink is that the major vector for transport is
the eroded soil carrying both indigenous and aerosol deposited heavy
metals in the adsorbed or particulate form. Model TOHM incorporates
(1) the prediction of the amount of heavy metal deposited from stack
effluent on each element;

(2) the prediction of both rainfall amounts and intensities for each

. element;

(3) prediétion of the amount of eroded soil in each element;

(4) the interaction between adjacent elements in terms of loss or
accumulation of eroded material;

{(5) quantitative consideration of the chemical transformations of heavy
metals that occur in the surface soilj and

(6) quantification of the amount of heavy metals stored in the

subsoil and transported with the eroded soil to Lake Powell.

Summary of Results

Because of the importance of erosion to the overall prediction
capability of TOHM, EROS was run to simulate sediment production in
the study area over a 50 year period. The data showed
(1) Soil erosion rates as predicted by ER0S are insensitive to the

seed number used for the random number generator in the precipi-
tation submodel (RAIN3).
(2) Soil erosion rates are relatively sensitive to the coefficients

(Ci) of the Universal Soil Loss Equation, which is the basic

equation of EROS.



(3) The rate of heavy metals transported to the environmental sink,
using only the erosion option of TOMM, suggested that the tran-—
sport of heavy metals to the sink by erosion will not reach 50
percent of the maximum rate until about 20 to 56 years after the
initiation of aerosol deposition.

Submodel CHEM was run on a single test element to show the affect
of soil chemistry on the transport of Zn, Cr, Pb, Cd and Hg to the
environmental sink over a simulated 50 year period. The data showed
that
(1) Heavy metal transport is insensitive to the chemistry submodel.

CHEM predicts all aerosol deposited heavy metals accumulate in
the surface soil and are subject to erosion.

(2) In the test element run, the Zn, Cr, Pb and Cd loading of the sink
was attributed to the natural {(indigenous) level of these metals
in the soil. Fallout was insignificant with regard to the total
amount of these metals eroded to the lake.

(3) In the test element run, the loading of the sink was materially
affected by Hg fallout. About 65 percent of the Hg loading of the
sink was contributed by fallout. This result is ascribed to the
low level of indigenous Hg in the soil relative to the amount of
the Hg in the fallout.

(4) The test runs with various option of the CHEM submodel showed that
refined chemistry is not necessary to predict heavy metal transporta-
tion in arid climatic zones. The transport of the metals studied
showed that an erosion model coupled with an aeroscl deposition
model can predict the movement of deposited aerosol to the environ-

mental sink.



The general model TOHM was applied to the total impact study site

to simulate Zn, Cr, Pb, Cd and Hg loading of the environment sink over

a 25 year period. The conclusion essentially corroborated the findings

of the CHEM submodel study. The results showed that

(1)

(2)

(3)

The loading of Zn, Cr and Pb into the lake (sink) could be
accounted for by indigenous metal eroded to the lake. Fallout

of these heavy metals had no impact on the loading.

The Hg loading of the lake was dramatically affected by aerosol
deposition. After 25 years, 83 percent of the Hg loading resulted
from fallout. About 6 percent of Cd loading was attributed to
fallout in the study area.

Aerosol fallout increased Hg loading of the sink by 600 percent
over the level contributed by indigenous Hg in the system. TFallout

increased Cd loading by about 11 percent above the natural baseline

- level.

(4)

After 25 years, 15 percent of the heavy metals in the fallout
have eroded to the sink leaving 85 percent stored in the surface

soil of the study area.

The data simulated by TOHM are considered to give a realistic

approximation of the impact of a coal-fired electric generating facility

on the heavy metal loading of an environmental sink. TOHM has provided

the necessary first step in an integrated approach to solve the complex

problem of interacting natural systems.



CHAPTER 1

INTRODUCT ION

The impact of a coal-fired electric generating plant on its surrounding
environment is a subject of coantroversy., Pollutants which are normally
associated with coal-fired generating plants are residual ash and the oxides
of sulfur and nitrogen which are emitted by the stack into the atmosphere.
There is also a potentially more dangerous pollutant which is released into
the atmosphere during burning of coal, that is, the heavy metals which
are constituents of the fuel. This group includes such toxic metals as
mercury (Hg), lead (Pb), cadmium (Cd), chromium (Cr), zinc (Zn), beryllium
(Be), etc.

The fate of the heavy metals entering the environment via stack emission
is open to question. However, the documented toxicity of many of the heavy
metals coupled with their tendency to accumulate in biological systems
makes the assessment of the interaction of air~borne heavy metal contamin-
ants with the environment of major importance.

The broad objective of this study was to predict the ultimate fate of
heavy metal pollutants which enter the environment from the stack emmis-
sion of a coal-fired electric generating station situated in a semi-arid
climatic region, This objective was accomplished by the development of a
general model designated as TOHM which estimates the mass flow transport of
heavy metals in an environmental continuum of soil, water and atmosphere.

The development of TOHM consisted of essentially interfacing an
atmospheric model (SPEDTEC), a rainfall generating model (RAIN3), a

terrestrial erosion model (EROS) and a soil chemistry model {(CHEM) to



effect a realistic prediction of the interaction of heavy metal containing
aerosols with semi-arid or arid environments in the intermountain west.
Except for the climatic constraint, TOHM is a model of general applicability

and is not site specific.

Study Area of Project

The model TOHM was developed with input data from the Kaiparowits
Plateau region of south-central Utah., A hypothetical coal~fired electric
generating plant was situated on Four Mile Bench and the stack emission
was considered as the source of heavy metal pollution. The location of
Four Mile Bench on the Kaiparowits Plateau and its proximity to the
Colorado River and Lake Powell allowed prediction by TOHM of the heavy
metal loading of Lake Powell as effected by stack effluent. Lake Powell
can be considered the primary regional sink for both natural and man-induced
pollution. The fallout impact (deposition) area for the hypothetical
generating station was defined to fall within the Colorado River drainage
basin, north of Glen Canyon Dam and within a 150 km radius of the gener-
ating station. The base map of the study area is shown in Figure 1.1.

Baseline data used in this study were obtained from several sample
collecting trips to Lake Powell and the surrounding area as well as from
published information (U. 8. Dept. of Interior, Bur. of Land Mngt., 1976;

Murdock et al., 1975; Waltham, 1976).

The General Model TOHM

TOHM integrates four submodels and predicts the mass transport of
Hg, Pb, Cd, Zn and Cr into Lake Powell. TOHM is a first generation model
which unifies a series of complex natural phenomena. Although baseline

data were used when available, considerable input data were necessarily
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based on "best" estimates.

A description of the general approach used in TOHM is given. The
fallout impact area (Figure 1.1) was divided into a grid of land sections
measuring 10 km xth km or 100 kmz. A 100 ka unit is referred to as an
element. The fallout area contained about 288 elements. -Each element
was described in terms of its predominant soil type, Vegétation and
topography., The element représented the finest resolution in terms of
the terrestrial system.

The fallout deposition, for ahy given seasbn,‘was distributed over
the impact area as determined by the submbdél SPEDTEC. TFor any given
element theﬁaerbsol depqsition was uniformly distributed over the 100 km2
area. The total amount deposited, however, varied from element to element
depending uppn(variqué factors to be discussed in Chapter 2. No chem-
ical reaétionsxiﬁﬁolving heavy metals were considered to have occurred in
the aerosol form and no attempt was made to partition the various heavy
metals between the ;izg;fractions of the aerosols. The escape fractions
for the metals in quesfion were obtained from the estimatés of Walther
(1976). 1In any element, £§£El aerosol deposition multiplied by the escape
fraction for a given heavy métal gave the amount of a given heavy metal
(kg/kmz) deposited. . The choice oﬁAa 150 km radius aerosol deposition
zone was based on a reasoﬁable compfomise betwegn'the diverse concepts of
(1) total deposition within a short distanée:C¢%, 50 km) from the genera-
ting site; and (2) negligible deposition withiﬁ the Céldfadé River
Basin., Submodel SPEDTEC further assumed that appfoxiﬁately 75 percent of
the total stack particulate emiésion (assumed to be 955 kg/hr) was deposited
in the area enclosed by the 150 km radius.

When a rainfall event occurs, as generated by submodel RAIN3, the



deposited aerosol is mixed with the upper 1 cm of surface scil (crust)

by raindrop action and the heavy metal of the deposited aerosol is

added to the indigenous heavy metal content of the 'soil.' The indigenous
heavy metal concentration is assumed to be constant with depth., The
submodel CHEM then eilther precipitates the heavy metal into its carbonate,
hydrous oxide or other chemical form or adsorbs it on the exchange complex
of the soil depending on the chemical activity of the ion in question.

If the rainfall moves moisture below the 1 cm soil crust, heavy metal is
transported into the subsoil in an amount controlled by its solubility
product or exchange function. The heavy metal is assumed stored in the
subsoil, If rainfall exceeds the infiltration rate of the soil, runoff
and subsequent erosion occurs. The amount of soil eroded within each
element is predicted by submodel EROS. Askthe eroded surface soll is
transported from one element to another, a certain fraction of the deposited
plus indigenous heavy metal in the surface soil is also transported.
Depending on the predominate topography and soil type of each element,
EROS allows only a certain fraction of eroded soil to move to adjacent
elements. The interaction between adjacent elements wherein the eroded
material from one element will be deposited in a neighboring element is
accounted for by TOHM. This predicts that certain elements will accumu-—
late heavy metals at the expense of neighboring elements, The accounting
procedure which keeps track of eroded material transported from or deposited
in the 288 elements is cne of the primary functions of TOHM. If a element
contains a non-intermittent mapped perennial stream channel it is assumed
that all eroded soil in the element will enter the channel and enter

Lake Powell within a 12 month period.

RAIN3 generates random rainfall on given elements for each month.
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submodel predicts the maximum 30 minute intensity during a month

and also the amount of rainfall that will infiltrate the soil. These

data

This

also

that

are read into TOHM as if all rainfall occurred as one event per month.
result is reflected in the fact that the submodels CHEM and FROS are
activated on a one time per month per element basis. It was considered

the existing data do not justifv a smaller time increment than a one

month period.

The principle underlying the prediction of heavy metal transport to

an environmental sink is that the major vector for transport is the

eroded soil carrving both indigenous and aerosol deposited heavv metals

in adsorbed or particulate form. Model TOHM therefore incorporates (1) the

prediction of the amount of heavy metal deposited from stack effluent on

each

element, (2) the prediction of both rainfall amounts and intensities

for each element, (3) prediction of the amount of eroded soil in each

element, (4) the interaction between adjacent elements in terms of loss

or accumulation of eroded material, (5) quantitative consideration of the

chemical transformations of heavv metals that occur in the surface

seils, and (6) quantification of the amount of heavv metals stored in the

subsoil and transported with the eroded soil to Lake Powell, Figure 1.2

shows a simplified version of the flowchart for TOHM indicating the

interfacing of the wvarious submodels.

The chapters which follow in the report explain in detail the

submodels SPEDTEC, EROS, RAIN3, and CHEM and the general model TOHM.
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SPEDTEC
Aerosol Fallout

(HM)

RAIN3

Rainfall

CHEM
Mixing & chemical

reaction of HM in surface

soil

EROS
Erosion & sediment
transport (HM & soil)

y

EROS
HM & soil deposition
into Lake Powell

CHEM -
Storage of
HM in subsoil

Figure 1.2, A simplified flow sheet for TOHM, a first generation
model for heavy metal (BM) transport in semi-arid
and arid environments.
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CHAPTER 2
N boe ’ i
AN ATMOSPHERIC DISPERSION MODEL
OF PARTICULATE DEPOSITION

Gene L. Wooldridge

The model described in this chapter predicts the fallout concen-
tration of heavy metals, on soil and vegetative surfaces, that originates
from the stack effluent of a hypothetical coal fired electric generating
plant. The fallout deposition values for Pb, 2Zn, Cd, Hg and Cr are
reported as kg of heavy metal for kmz of element in the predicted
impact area. The fallout concentration of a given heavy metal is assumed
to be uniformly distributed over the surface of each element. The deposi-
tion data are predicted on a seasconal (monthly) basis, The model is

designated .as SPEDTEC.

Model Description

The dispersion of particulate stack effluent in the atmosphere
depends on the effective stack height attained by the effluent plume,
the vertical profile of the turbulent intensity of the atmosphere, the
presence and location of atmospheric stable layers, the wind field, and
the particle size distribution of the aerosols.

Effective stack height, or the final height of the horizontal plume
center after emerging from the stack, is a function of exit gas tempera-
ture and velocity, stack height and diameter, wind speed, and atmospheric
temperature structure. The equations for effective stack height have been

verified extensively and present little difficulty for plume modeling.
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Turbulent intensities, however, are not well known and are seldom
measured directly over the proposed plant site. Tracer studies over
mountainous terrain indicate an increase in turbulent intensity when
compared to level terrain, due to mechanically-produced turbulence.
Differential heating of mountain slopes also nroduces small circulation
features which can be interpreted as turbulence. The author has
measured turbulent intensities over mountainous terrain and found
relationships which allow a treatment of diffusivity coefficients as a
function of height, depending upon the roughness of the site terrain and
the static stability of the atmosphere.

Particle size distributions can be measured in the stack or in the
plume, and depend on the fuel burned, the combustion processes, and the
pollution control devices fitted to the burners and the stack. The
smallest particles, up to ten micrometers or so, have low settling
veiocities and can be modeled much like gaseous aerosols. The larger
particles can be divided into size groups, each of which can be approxi-
mated by a mean radius.

The dispersion model applied here to predict the surface deposition
of particulate effluent from a single steady-state elevated source
utilizes site-characteristic diffusivity coefficient profiles. It adjusts
the effective stack height and diffusivity profile according to atmospheric
conditions and the terrain features. The model is said to be sgpecific
diffusivity terrain corrected. Climatological data on wind direction
and speed at projected plume levels, the depth of the boundary mixed layer,
and atmospheric stabilities are applied to model calculations.

The removal of particulates from an effluent plume results from the

gravitational settling of particles and from attachment, or sorption, to
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soil and vegetation. Vegetation can be particularly active in sorption
due to the large surface area of leaves and stems, the presence of dew,
and inhalation through stomates. Gaseous effluents also undergo signifi-
cant sorption under turbulent atmospheric conditions, and have been observed
to become rapidly depleted in a plume over certain types of vegetative
cover.

Estimations of long-term average concentrations of aerosols due to
emmissions from an elevated pollutant source follow from the expression:

2

- 2Qf (8,1,8,N) 1/ H ,
o e ) O L) e
z, SN \16 ) ?

-

Summation can be taken over distributions of upper level stable layers
at height 1, stabilities S, and wind speed classes N. The expression
has been adapted from Turner (1969, p. 38), with the addition of the L
summation and the final term, which accounts for reflection from the
Earth's soil or vegetative surface. ( represents the emission source
strength; £ (8, L, S, N) is the fraction of total time for given sector
0, upper reflective surface height L, stability class S, and wind speed
class N; H is the effective stack height; Oz,S is the standard deviation
vertical separation distance for stability class S; UN is the mean wind
speed for class N; x is the downwind distance of the effluent from its
source; and o is the attachment coefficient for the reflected material.
x{(x,8) is computed as the surface effluent concentration within 6, one
of the sixteen sectors centered on the compass points of the wind rose.
For application at a site located in mountainous terrain, specific

values of c, are required. Since the most satisfactory method of

»S
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accomplishing this requires direct measurement of the vertical diffusivity

component, (2-1) was modified through the relationships

gz,S = \/ZKZ,St; X = UNt (2-2)

where t is the time-of-flight for stack effluent. It is particularly
significant to determine the shape of the profile of vertical diffusivity,
KZ,S(Z), as well as the values at key points in the profile {(Lewis and
Wooldridge, 1976).

The diffusion model accomodates changes in terrain by allowing the
height of the effective stack (representing the undisturbed centerline of
an effluent plume) to rise cone-half as much as terrain height increases,
and to fall one~half as far as height decreases. This procedure yields a
degree of compromise between the concepts of centerline impingement and of
laminar fluid flow as a plume meets or follows terrain features (Intera,
1976). As the centerline moves vertically with terrain changes, surface
Kz S(z) values also change according to the prescribed shape of the

>

vertical profile of Kz,S<Z)'

Calculations of initial plume rise in the meodel use equations recom-
mended by Briggs (1969), and Pasquill (1974) for three atmospheric situa-
tions: (1) neutral stability, with wind speed at effective stack height
greater than 2 ms-l; {2) stable atmosphere, with wind speed greater than
2 ms—l; and (3) stable atmosphere, wind speed equal to or less than 2 ms—l.
The stability and wind speed criteria used for diffusivity calculations
also served for the calculations for effluent rise to effective stack
height, H.

Deposition of aerosols at the soil and vegetative surfaces was

computed using the deposition velocity concept, expressed as
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w = de (2-3)

where w is the mass deposited per unit time, Vd is the deposition velocity,
I i
and Xo the surface concentration predicted from the final diffusion
equation.
For aerosols of very small diameters, deposition velocities have

L o 1072 ms™L. This follows from

been estimated on the order of 10~
high 'sorption capabilities of foliage in addition to soils, and has

been shown to be dependent on wind speed, types of soil and foliage,
moisture, and low-level turbulent intensities. The stability and wind

speed criteria adopted for diffusivity coefficient profiles served to
establish the estimated values of deposition velocities for small
particulates. The deposition velocities reported by Gifford (1962)

indicated a decrease with increasing distance downwind from the emission
source point. This may be due to the selective 'sorption of certain particle
sizes, with eéenhanced 'sorption of some of the size distribution, and slower
'sorption of the remaining particles. The ratio of deposition velocity,

v at a distance X, to deposition velocity, V at a reference

d,x dyxq

distance x., was fitted to a power function

P

= X -
Vd,x - Vd,x (x ) ? (2-3)
r\“r

using the measurements of V While agreement of p for the wvarious

4
experiments was not as good as desired, p = 0.6 was estimated and used
for the calculations reported here.

Particulate emissions large enough to have Stokes' terminal fall

velocities greater than the V,'s computed from (2-3) were gravitationally

d

deposited in the model using the "tilted plume" method. In this category,

a mean particle size was assigned for three size bands in the estimated
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particle size distribution. In the tilted plume, the initial effective
stack height HO is adjusted according to the terminal fall velocity Vg:

xV

-8 -
X 0,X UN (2-5)

in the dispersion equation. Deposition by this method is assumed if

Vg z-vd,x; total deposition was summed over all size classes, including
smaller particles which were assigned deposition velocities anticipated
for small aerosols.

The effects of atmospheric chemical changes in emissions were not
included in the deposition calculations, since the time constants are
strongly a function of ambient relative humidity, and are poorly known.
However, these changes may be incorporated in the model when the rate

constants become available for each particulate or gaseous emission

compound.

Application of the Model at Four-Mile Bench

The incompleteness of the existing atmospheric stability climatology,
including the location, strength, and frequency of upper level inversions
did not encourage excessive iteration of the final dispersion equation.
Therefore, a joint distribution of wind speed class (UN), stability (S),
and depth of mixed layer (L) was assumed for each of the sixteen points
of the wind roses, for each season of the year, for day and night. An

example of this follows:

Table 2-1. Winter wind speeds, stabilities, and mixing depths.

Season: Winter
1

Daytime UN(ms_ ) AB/Az (deg m_l) L (m)
3 3 x 10:3 1.5 x 103
7 2 x 107, 2.0 x 10;
12 1 x 10 2.5 x lO3
18 0 2.5 x 10



18

Night- 3 2 x 103 1.5 x 1o§
time 7 1x 10 1.5 x 103
12 0 1.8 x 103
17 0 2.0 x 10

i l :
These joint distributions changed from one season to the next, with

generally decreased stabilities and increased mixing depths into the
spring, summer, and fall seasons (see Holzworth, 1972). The calculations
were thus reduced to a summation over wind speed classes and particulate
size bands.

Wind speeds and directions utilized here were those estimated for
the Final Environmental Impact Statement by researchers for the U. S. Dept.
of Interior (1976) for 2225 M msl at the hypothetical Four-Mile Bench site,
from the Winslow, and Page, Arizona wind data.

The surface inversions observed at Four-Mile Bench generally ex—
tended less than 200 meters above the surface; plumes rising from the
stacks of the proposed power-plant here were assumed to penetrate into
the air above these inversions.

Terrain features in each of the sixteen sectors were derived from
Geological Survey topographic maps at the 1:250,000 scale at five
kilometer intervals along a radius originating at the proposed Four-~Mile
Bench site, The terrain was averaged across the 22,5 degree arc of each
sector, resulting in some diminishment of isolated peak heights and
increases in the loweét elevation features. For daytime calculations, the
smoothed sector terrain was applied directly to modify the effective
stack height and to determine the diffusivity coefficient. For night
terrain, the lower basin and river valley elevations were increased to
allow for surface inversions at those locations. These inversions were
assumed total reflectors of lofted plumes, two hundred meters thick at

lowest smoothed terrain regions. o = 0 avplied to the lower reflecting
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and upper limiting dinversion levels; « = 1 applied to the lower levels
everywhere else, day and night. The day terrain features were assumed
applicable half the hours of the day; the "night'" terrain, with surface
inversions, the other half.

Plume rise computations made use of the following atmospheric and
stack parameters:

U., mean wind speed for each speed class N;

N’
A8/Az, atmospheric stability, according to joint distribution
as shown in Table 1;

R , stack radius of 5.0 meters;

T , stack gas temperature of 3550K;

T , mean ambient air temperature of 28&°K;

W , stack gas exit velocity of 21 ms—lfat full load; and

g, gravitational constant of 9.8 ms—z.

Multi-stack enhancement of plume rise was not considered, but would
result in greater rise for some wind directions and lower deposition rates
near the stacks.

The total particulate emission rate used here was placed at 1.05
tons per hour, predicated on an average abatement efficiency at the
electrostatic precipitator of 99.1 percent for the proposed four-unit
3000 megawatt facility, fired with average coal such as from the
Kaiparowits fields, The reduced efficiency is suggested because of
occasional start-ups and shut-downs as load demand fluctuates during the
day and over the seasons (U. S. Department of Interior, Bureau of Land
Management, 1976).

The reference deposition velocities for small particulates varied
according to three stabiiity classes: (1) for moderately to strongly

stable air, .03 ms"l; (2) for slightly stable air, 0.075 ms"l; and (3)
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for neutral or unstable air, O.ld ms*l. These values agree with those
offered by Gifford (1962) and serve to attain an approximate 75 percent
mass deposition over an 'area outlined by a 150 kilometer' radius from the
source.

Measurements of the particulate size distribution from the stack
at the Navajo power plant when under operation revealed very few particles
of size large enough to have terminal fall velocities larger than the
deposition velocities listed above. However, size distributions sampled
by Lee et al. (1975) showed a significant fraction over 1 um in diameter.
Further, Lee determined a particle size distribution which varied
according to each metal examined.

To accomodate large particles in the plant emission inventory,
the “"tilting plume' method was applied for three size fractions in this
dispersion model. These particle size bands were: 3 percent of total
particulates with a mean radius of 25 um; 5 percent with radius 12.5 uj;
and 10 percent with radius 7.5 uym. The model can accomodate a distribution
for each metal when the appropriate numbers become available.

Vertical diffusivity coefficients selected for the application of
the dispersion model were drawn from field measurements over and in
mountainous terrain (Wooldridge and Ellis, 1974; Wooldridge and Orgill,
1975; Wooldridge, 1976). These were in turn fitted to three profiles
as suggested by Agee et al. (1973) in the form

bz bez
K .(2) = a [exp (- = ) - exp ( ---)] (2-6)
Z,5 ZT ZT

in which a, b, and ¢ are specific data-fitting constants, z is the height
for which the coefficient Kz S(z) is calculated, and ZT is the hedight
3

of the top of the planetary boundary layer.
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The profiles resulting from application of (2-6) to field dispersion
data are shown in Figure 2.1. The near-surface diffusivity coefficients
used in the calculations were those cémputed for the 10-meter height
from the appropriate profile when terrain equaled or was lower than the
height of the source. When the effective stack height was increased or
decreased to follow terrain at higher elevations, the vertical diffusivity
coefficient at that height on the coefficient profile derived from (2-6).

The effects of changing the effective stack height and applying the
appropriate vertical diffusivity coefficient for that height can be seen
in Figure 2.2. The terrain in Fig. 2.2 is sector-averaged for locations
north of Four-Mile Bench; surface deposition was calculated at 5 kilometer
intervals up to 150 km distant with terrain and diffusivity corrections
and, for comparison, with no terrain variations. Upon reaching the
Kaiparowits Plateau deposition increased approximately by a factor of two
or more due to rising terrain. Higher ground at 60 km distance caused
slight increases, but highest levels showed slight decreases. This highest
terrain decrease resulted from a decrease in diffusivity coefficient above
the top of the boundary layer and from the presence of subsidence
inversions. Small changes due to terrain features at large distances
from the source are expected, since vertical mixing in this time-average
dispersion model becomes so thorough 40 km and further downwind that little

vertical variation exists in the plume.

Results of Time~Averaged Deposition Calculations

Computations of surface deposition of total particulates from the
proposed power generating plant on Four-Mile Bench, using 16-point wind
rose data, resulted in four (one for each season) charts of deposition

within the area of interest, up to distances of 150 kilometers. Analyses
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of these charts, using isopleths of constant monthly mass depositions,
are shown in Figures 2.3, 2.4, 2.5, and 2.6 for the area near the hypothe-
tical Four-Mile Bench s};es. |

The changes in patterns of deposition with season reflect cor—
responding changes in the wind speed and direction, atmospheric stabilities,
and depths of the mixed layer. Lower wind speeds during periods of stable
atmospheres cause high deposition to the south-southeast of the stack site.

Greatest deposition occurs on the Kaiparowits Plateau in all seasons,
with a second maximum on Smoky Mountain in winter and summer. Deposition
is highest in summer, due to larger diffusivity coefficients and light
winds in neutral air; lowest values occur in fall under increased stabili-
ties and winds with continued deep mixing layers.

The polar coordinate form of the deposition computations was
transformed and translated to produce a cartesian set of mass values,
using standard trigonometric relationships. This resulted in a dense
network of computation points near the source and a sparse set at greater
distances. The size of the area elements selected for this transport
model meant that elements close to the source have more than one deposition
value per element, and far from the source, less than one.

A simple objective analysis program was designed to average the
deposition values within any area element when more than one value was
available. Elements which contained one point were assigned that value.
Area elements containing no deposition value were assigned values
according to values in surrounding elements. Any values whichhwere found
in the eight elements immediately adjacent were averaged and assigned to
the element in question. If the eight adjacent elements were empty, the

search was widened one additional elemental distance around until deposi-
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tion values were found, averaged, and assigned to the element. No relaxa-—
tion of the deposition field was performed.

Comparisons of the objective analyseé to subjective analyses revealed
good agreement. When deposition masses across the total study area were
compared, the two analysis techniques differed by less than 10 percent of
mass.,

Figure 2.7, the flow chart for the SPEDTEC dispersion/deposition
model, outlines the computational procedures. This interfaces with the
next phase of the general model by furnishing a single value of deposited
mass of total particulates for each area element for each month of four

S€eas0Nns.

Future Modeling Improvements

Accurate dispersion modeling depends on site-specific or site-
characteristic profiles of the component diffusivity coefficients for
each significant meteorological situation. The profiles employed for
these calculatons were deemed site~characteristic within the limits of
existing knowledge. Only when many more specific profiles have been
measured can charactéristic profiles be prepared with an adequate degree
of confidence,

A more complete set of wind data using double-thecodolite techniques
at a proposed site through the lowest four or five kilometers of the
atmosphere is required for partitioning into a wind rose. Tower data is
of very little use unless the anemometers are high enough to measure
wind at effective stack height. Further, the tower data, taken necessarily
in the Eulerian frame of reference, is difficult to interpret for purposes

of Lagrangian dispersion estimation and vyields no information on specific
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trajectories.

The objective analysis program employed here is only a first step
toward transfer of deposition data from dispersion calculations to surface
movement of effluent particulates. Significant improvement will occur
when a functional relationship between radial distance from the source
and an appropriate weighting of deposition values in adjacent elements is
applied to attain a deposition value for each area element. A relaxation
scheme will then smooth element deposition values to suitable accuracy.

As three-dimensional advection-—diffusion models become operational
in the next two to five years, surface deposition of gaseous and parti-
culate aerosols can be more realistically simulated. This will result in
better calculations of atmospheric gradients and distributions, and better
long~range estimates of deposition. Use of the 3-D models will concom-
mitantly demand more and better measurements of 3-D diffusivity coefficients
and Lagrangian wind fields. Tracer studies can then be used to better
advantage to confirm or correct the dispersion models.

The dispersion model described and applied here may be used to
estimate surface concentrations of gaseous aerosols as well as particulates.
This assumes that sufficient wind, atmospheric stability, and mixing
depth data are available to determine the fractions over which effluent

masses are distributed.
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CHAPTER 3

A TERRESTRIAL MODEL FOR PREDICTING EROSION
FROM AN ARID WILDLAND WATERSHED

R. J. Wagenet

This model provides a quantitative prediction of soil loss via
water erosion from a given study site element. The basis of the
model is a modified form of the Universal Soil Loss Equation. The model

as used in this study is called EROS,

The Universal Soil Loss Equation

The Universal Soil Loss Equation (USLE) (Soil Conservation Service,
1976) is an empirical, linear relationship developed by the U. S, Department
of Agriculture to describe soil loss or erosion as a function of a particu-
lar set of conditions which include soil type, rainfall, vegetation and
topography. To predict the amount of soil erosion by water from a given
field site it is necessary to know (a) the capability of the expected
rainfall and runoff to detach and transport soil particles, (b) the suscepti-
bility of a given soil to erode and (c) the effectiveness of cover and/or
management variables for counteracting the factors causing erosion.

The USLE is defined as

A = ReL*S*K+(C+P
where the soil loss per wit afea per unit time (A) dis given as the product
of factors for rainfall (R), slope length (L), slope steepness (S), soil
erodibility (X), cropping, vegetation and management practices (C), and
conservation practices (P). The value of A computed in this manner

represents only the mass of soil potentially erodible from an area in a
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certain time span. Determination of the actual mass eroded depends upon
the additional dinfluences of topography and channellized transport of sedi-
ment as will be discussed. If any of the erosion factors is absent from a
particular area, the value of the factor is taken as unity. All of the 6
factors except R are constants over time. The units of the rainfall

factor introduce time into the equation, with factor A thereby determinable
on a weekly, monthly, yearly, or seasonal basis once values of the other
five factors are determined.

The USLE is often misused when applied to complex, large area watersheds
through incomplete consideration of the specific interaction of each of the
erosion factors (R, L, 8, X, C, P) characteristic of subareas within the
watershed (Wischmeyer, 1976). The equation can be accurately used to
predict losses from a complex watershed only when the area is subdivided
into computational units within which valid ercsion factors may be deter-
mined and used to compute the soil loss A. The summation of A values from
individual sub—~areas must then be accomplished with consideration for (1)
deposition of eroded material during its transport to the watercourse and
(2) channelized transport and delivery of eroded material directly to a
watercourse from a sub-area well removed from the watercourse. To quantify
these processes, it is necessary to determine the hydrologic interactions
of adjacent sub-areas, in addition to the erosion factors characteristic
of each sub-area.

Determination of erosion from the study impact area selected required
that the complex series of watersheds composing the impact area be subdivided
into smaller units, These units, hereafter referred to as elements (to be
distinguished from heavy metals, which will be referred to as such) were

delineated by superimposing a grid system over the dimpact area. The grid
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congisted of about 288 elements, each 10 kilometers on a side. The western
and southern boundaries of the grid were taken as the drainage area of the
Colorado River system mnorth of Glen Canyon Dam, Arizona'. The northern

and eastern boundaries were determined from the fallout distributions pro-
vided by the atmospheric dispersion model. The elements were labelled
alphabetically along the north-south axis and numerically along the east-
west axis.

Each element (100 kmz) was categorized with respect to composition
according to the five factors of the USLE applicable in this study, i.e.
rainfall factor (R), slope-length (SL), soil erodibility (K) and vegetative
cover (C). An example of this procedure will be described for an area con-
sisting of 20 elements (elements O to 8 and & to 9) froﬁ the study site.
Figure 3.1 shows the basic grid system of the area and the hydrologic inter-
action, represented by arrows, which were derived from topography and natural
drainage patterns. Figure 3.2 shows the basic grid with the soil type dis-
tribution superimposed. Correspondingly, Figures 3.3 and 3.4 show the slope
and vegetation distribution patterns, respectively, in the area as related
to the basic grid system of the elements. Keys relating the symbolism used
on each figure to specific values of erosion factors are included in tables
presented below. The factor R appropriate for each element was generated in
the manner discussed below. It can be seen that often more than one compon-
ent of each erosion factor was represented in an element (i.e., two types
of vegetation, three types of soil, etec). 1In this case, the erosion from
the element was computed as the summation of the individual components
weighted to represent the natural predominance of each factor in the element.
The methodology used in the evaluation of each erosion factor is presented
below, and is followed by an example (Table 3.3) of how these erosion char-

acteristics were summarized as inputs to the computer model EROS.



35

L AKE
POWELL

|

6 7 8 9

Figure 3.1. A portion of the basic grid system showing hydrologic inter-
action (arrows) between elements.




36

L AKE
POWELL

6 7 8 9
Figure 3.2. A portion of the basic grid system showing hydrologic inter-

actions (arrows) between elements and soil type distribution.
See Table 3-1 for soil type coding key.
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A portion of the basic grid system showing hydrologic inter-

action (arrows) between elements and slope distribution where
F = flat slope (<15° slope angle), M = medium slope (15°-40°

slope angle), and S = steep slope (>40° slope angle).
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Figure 3.4. A portion of the basic grid system showing hydrologic inter-
action (arrows) between elements and vegetation distribution.
See Table 3-2 for vegetation coding key.
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Rainfall Factor (R)

Detaching and transporting soil material requires energy. This
energy is supplied by falling raindrops and flowing runoff. Therefore,
the capability of a given rainstorm to erode soil depends on the total
energy of its raindrops at impact and on the amount and velocity of
runoff available to transport detached particles. The rainfall erosion
index, EI, is a measure of the total raindrop energy of a storm and its
relation to the maximum 30-minute intensity. Soil losses are linearly
proportional to the mumber of EI units. Therefore, storm EI values can
either be used orn an individual basis or can be summed over time to provide
the value of the rainfall factor, R.

Expressed mathematically,

n
R = > EI (3-1)
i=1

where i = the increment of time upon which 30-minute intensities are
determined (week, month, year) and n is the total number of time
increments to be considered in an erosionél event. E is the kinetic
energy of the storm in units of metric-ton meters per hectare per
centimeter of rain, and I is the maximum 30-minute rainfall intensity
in cm per hour. The relationship between rainfall kinetic energy and

intensity has been given by Wischmeyer and Mannering (1969) as

E = 210.3 + 89 log T.

Therefore, once the intensity of a particular storm is known, it is
possible to compute the value of the rainfall erosion index EI for that
storm. Generation of these rainfall intensities is accomplished hy the

precipitation subroutine RAIN3 detailed in Chapter 4. One site specific
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rainfall event per month, calculated by RAIN3, was imposed on each
element in the impact area, with the result being a single value of R to
be used in the USLE over the entire area of a particular element for any

single monthly computation of erosion.

Slope Length and Steepness Factors (L and §)

The potential of runoff to transport soil particles increases
approximately as the fifth power of its velocity and its detachment
capability as the square of its velocity (Meyer and Wischmeyer, 1969).
The flow velocity of runoff increases as the amount increases, as the
flow concentrates, or as the slope steepens. Therefore the erosive
potential, up to a slope angle of approximately 20° increases substan-
tially as either slope length or steepness increases. Since most
agricultural soils, for which the USLE was originally developed, have
slopes less than 200, a slope-effect chart (Wischmeyer and Smith, 1965)
was developed from which the product LS could be obtained for cropland
situations. However, in areas characterized by slopes steeper than
200, such as the study impact area, it is necessary to use an expression
of the type presented by Horton (1945) to calculate the interaction of

slope angle and length. The expression used in EROS is

- 10 sin6

SL
n0.3e

(3-2)
ta
where 6 is the slope angle in degrees. Comparison of the two equations
is presented in Figure 3.5. The Horton-style equation predicts erosion
from a watershed to increase linearly in approximately the same manner
described by Wischmeyer and Smith (1965) up to a slope of about 20°.

However, after this point, the Wischmeyer equation continues to predict
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a near linear increase in the erosion factor as slope angle increases.
In nature, such is not the case, as the net amount of material eroded from
a particular slope begins to level off and even dedrease’ as slope angle
is increased. This can be intuiltively imagined by considering that a
slope of 90° (a sheer cliff) will contribute less to an erosional event
than a slope of 60°, The modified Horton equation predicts such a
physical situation, with an erosion factor of 6.0 at 60° and a factor of
4,8 at 85° (value at 90° is undefined, as the tangent of 90° is undefined),
The factor SL was computed for the study impact area using the modified
Horton equation. As the value of erosion factor computed by this method
is relatively insensitive to small variations in €, it was possible to use
three designations for slope, based upon contour intervals from U, S.
Géological Survey topographic maps.

A slope angle of less than 15° (27% slope) was classified as "flat",

"medium"” and a slope

a slope angle between 15°-40° was classified as
angle of greater than 40° (84% slope) was considered "steep'". Elements
were classified by the percent area occupied by flat {(f), wmedium (m) or
steep (s) slope. The slope erosion factor was computed by assuming a slope
angle of 10° (19% slope) for flat terrain, a slope angle of 25 (47% slope)

for medium terrain and a slope angle of 559 (143% slope) for steep

topography.

S0il Erodibility Factor (K)

A soil's susceptibility to erosion reflects the complex interactions
that occur between its physical and chemical properties. Those that
affect surface sealing and crust formation are highly important, but the
characteristics of the immediate subsoil are also relevant to erodibility.

No single factor can alone be shown to correlate well with a soil's
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potential to be eroded. Instead, the factor K may be computed for any
particular soil for which information is known of such physical parameters
as particle size distribution, percent organic matter, soil moisture
(antecedent to erosional event), soil structure, and pH. These factors
are related through a multiple-~regression equation that combines their
primary and interaction effects on erodibility.

Values of the soil erodibility factor as computed through the
regression equation are extremely sensitive to two parameters in
particular, the particle size distribution and percentage of organic
matter. It is therefore possible to estimate the factor K if sufficient
information is available concerning the texture of the soil in a
particular area. Such information can usually be obtained from a Soil
Survey Manual, Geologic Map or combination of the two. The values of
K used in EROS were developed using this approach, as detailed field
sampling and laboratory analysis of soils in the impact area was not
feasible.

There were 13 major soil types and 6 unnamed depositional groups
existing in the study impact area (Table 3-1). Other less
extensive soil groups were also included in this listing in order to
simplify description. Each group was generally categorized with respect
to its particle size distribution, degree of consolidation (for deposi-
tional areas or sedimentary rocks), and ability to conduct water. Based
upon this evaluation, a value of the soil erodibility factor K was
assigned to each soil type. These values theoretically range from zero
(no erosion potential) to unity (maximum erosion potential). In the case
of this particular watershed, values ranged from 0.10 to 0.60. Each

erodibility factor was numbered, and this number used on the data input



Table 3~1. Soil types and codings for Kaiparowitz impact area.
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Soil Name
Carmel

Morrison

Salt Wash
Navajo

Blue Gate
Straight Cliffs
Tropic

Wahweap +
Straight Cliffs
Mutual

Unnamed

Unnamed

Unnamed
Unnamed
Unnamed
Chinle

Moenkopi
Wingate
Unnamed

Description

Gypsum, limestone, shale
sandstone

Sediments

Sandstone

Sandstone

Calcareous shale

Sandstone (coal bearing)

Shale

Sandstone

Quartzite

Misc., alluvivm and wind-
blown silt

Siliceous deposits (sand
dunes

Gravel

Basalt

Conglomerate deposits

Variegated non-marine
sediments

Siltstone

~Sandstone

Volcanic rock

Geologic Map FErodibility Computer

Letter Code K Num. Code
Jca 0.60 1
Jm 0.45 3
Jmsw 0.45 3
Jna 0.30 5
Kmbg 0.60 1
Kst 0.40 4
Ktr 0.60 1
Kwa 0.40 4
Pem 0.30 5
Qco 0.30 5
Qds 0.30 5
Qgs 0.10 7
Tobf 0.20 6
TQu 0.30 5
Trc 0.45 3
Trm 0.50 2
Trwi 0.30 5
Tvu 0.20 6
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card developed for each element.

Vegetative Cover Factor (C)

Amnual soil loss from cropland probably never equals the full
potential as indicated by the product RLSK. Vegetative cover and (in
agricultural situations) crop management patterns influence water intake
by soil, help protect the soil from raindrop impact, and increase the
goil's ability to resist detachment by erosive agents. In an agricultural
sense, C represents a variety of variables such as seeding method, crop
sequence, soil tillage, residue disposal, and percent coverage of surface
area. For wildlands and similar unmanaged areas, C simply represents
a vegetation factor, and reflects the degree to which a particular
watershed is covered and protected from precipitation. Values of C are
always less than unity, as the physical effect of vegetation is always
to reduce the mass of eroded material A below the level predicted by
consideration of only the product RLSK,

The vegetation of the impact area was divided into eight major

groups (Table 3-2) based upon U. S. Interior Department maps (U. S.

Table 3-2. Vegetation types and coding for Kaiparowits Impact
Area.

Vegetation Type Map Coding Veg. Factor C Computer Coding

Blackbrush Bb 0.30 6
Grassland Gl 0.06 2
Greasewood Gw 0.32 7
Mountain brush Mb 0.04 1
Pinyon juniper Pj 0.15 4
Sagebrush Sg 0.18 5
Shadscale Sh 0.35 8
Subalpine forest St 0.13 3

Interior Dept., 1965). The percentage ground cover of each type was

estimated by on-site inspection of the impact areas. Values of the
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factor C were then obtained using Soil Conservation Service information
(8CS, 1976). Computer codingé were agsigned to each factor C, and
these numbers used as inputs to the computer model, (

As can be seen from Table 3-2, the effect of vegetation ranged
from a C value of (.04 (mountain brush) to 0.35 (shadscale). This
should be interpreted by recalling that as the value of C increases, the

effectiveness of the vegetation to limit erosion decreases.

Conservation Practices (P)

This factor is similar to factor C except that P accounts for the
erosion control effectiveness of superimposed practices such as contouring,
terracing, or stripcropping. As these practices are absent from the
soils in the impact areas, the value of the factor P was assumed to be

unity for all calculations in the erosion model,

Hydrologic Interactions Among Elements

After the quantity of eroded socil for a particular element has been
computed from the preceding inputs, it is necessary to describe its
fate. Not all the material eroded from an area during one time increment
was deposited din Lake Powell or its tributary streams, nor did it all
leave the element. The material can follow four possible pathways. It can
be transported to and deposited in an adjacent element, transported to and
deposited in a non-adjacent element, subjected td channellized transport
and deposited in Lake Powell or a tributary, or not transported and remain
within its element of origin. The first, third, and fourth alternatives
were quantified by evaluation of topography and the presence of intermittent
or permanent stream beds in a particular element. Evaluation of the second

alternative was not possible given the resolution of the data at hand.
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Therefore, gn each data input card developed for an element is given
percentages of eroded material and the adjacent element to which it is
transported. 1If applicable, a certain percentage of material was
delivered directly to the lake. If the percentages transported do not
add to 1007 on the data input card, the remainder of material was assumed
to have remained in the element of origin. Obviously, the non-transport
pathway would be most prevalent in elements of "flat" terrain.

The eroded material was assumed to be spread equally over the
element to which it was transported. Similarly, that material not trans-
ported was assumed to be spread equally over the element in which it
remained. Such assumptions, though not exact in nature, were necessary in
order to proceed logically to calculation of erosion during the next

time step.

Data Card Organization of Erosion Parameters

A complete listing of all inputs needed to predict erosion, transport,
and deposition of soil from each of the 288 elements is included in
Appendix A. TFor those elements presented in Figures 3.1, 3.2, 3.3, and
3.4, these inputs are also presented in Table 3.3, in the exact order
that they appear on the data cards. A separate data card was developed
for each element.

From Table 3-3, it can be seen that the first three columns of each
data card contained the identifying alphabetic and mumeric coding of the
element. Columns 5-31 present the values of K, SL, C and the percentage
of element area characterized by each combination of the factors. For
example, in element 0~8 the value of K was taken as "5", slope as "F'", and
vegetation type as "4". This combination of "5F4" was estimated to

characterize 90% of the element (Columns 5-10). The remaining 10% of



Tabhle 3-3.

Example of Data Card Organization

1 2 3 4 2 6 7 8
12345678901234567890123456789012345678901234567890123456789012345678901234567890
6 3507 25

454
4M4
5F4
5F6
484
5F4
4M8
5F6
386
388
356
5F6
386
3586
386
586
586
556
556
5584

MU LBREAIPTOOoOO0LOHWKNYYO OO0
VOO WEONOO®~ONO 0N

50
10
90
40
10
20
15
65
50
40
10
30
30
30

5
45
65
80
35
75

1M4
1M4
584
5M6
488
158
M4
586
1588
is8
186
586
556
586
556
584
8

584
584
5M4

25
15
10
40
15
40
25
35
35
25
10
70
20
40
85
55
35
15
65
25

5F4
5F4

586
158
4M8
5F4

8
4M8
4M8
8

8

15 4M4 10 P
75 0
¢
20
60 358 15 Q
30 388 10 Q
60 P
15
20 Q
25 556 55
50
10
Q
5 R
s
s

8
9

6
7
9

O

O~ o~

25
5

80

55
25

40

70

40
40
65

07 20

S 9 40

15
50

10
40
80
40
65
80
80
80
80
10
80
40

NN NMNRNDINRE NN NNDRNDDDNDNOD R

o S S L A S S ST ST S S S S SR SR TR S o

MWWwwWWwwwuUuwiwwwwwww s

64
50
50
50
45
51
50
50
41
51
56
35
50
50
50
50
50
50
50
50

163
173
173
173
132
142
157
173
130
133
157
173
148
155
171
173
173
173
173
173

36
53
59
59
51
61
57
59
73
84
61
59
79
73
62
59
59
59
59
59

70
55
52
52
53
52
53
52
42
44
54
52
45
47
51
52
52
52
52
52

el N SR i IS S S VOISRl L

8%



%

49

thé element was classified "584" (Columns 12-17). Columns 18-31 were

not needed to characterize this element, as it was uniform enough in
erosion parameters to require only 2 characterizations. Element 0-6 on
the other hand, required 4 combinations of the erosion ﬁarameters in order
to be adequately described.

Columns 33~45 summarize the hydrologic interactions of the element.
Only the destination of material leaving the element is recorded. The
computer program (discussed in Chapter 6) automatically sorts and stores
the inputs and outputs of each element based upon this data. In the case
of element 0~8, Table 3~3 shows that element 0-9 was recipient of 5% of
the material predicted to be eroded from element 0-8. The remaining
95%Z of the material was assigned to either remain within the element or be
delivered directly to the lake. Another example is provided by element
P~-7, in which 55% of ﬁhe material was deposited in element Q-7 and 20% in
element 0~7, leaving 257 to be transported to the lake or remain within
the element. These percentages were estimated using the procedures
detailed previously.

Columns 47-48 provide the percentage of eroded material delivered
directly to the lake or its tributary river systems. This amount varies
from 0% to 80% depending upon the slope characteristics of the element,
proximity to a waterway, and degree of channelization (estimated from
topographic maps and prevalence of dry or occasional stream beds). The
sum of the percentages of material delivered directly to the lake system
and the material delivered to adjacent elements, when subtracted from
100% gives the percentage of potentially eroded material remaining
within its element of origin.

The remainder of the data card is reserved for material needed by
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the rainfall (RAIN3) and chemical precipitation (CHEM) submodels.
These inputs are discussed within Chapters 4 and 5, respectively.

The inputs include, in order, mean annual precipiﬂa%ion]zone, pre-
cipitation distribution zone, hydraulic conductivity rating, porosity
percentage, soil bulk density, two parameters needed to describe

soil water infiltration and the mean annual rainfall zone. An open
spcae on each card between the last two inputs can be used for other

data, primarily alteration of element area for use of EROS in cases

where equal size elements are not appropriate.
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CHAPTER 4
A HYDROLOGIC INPUT MODEL FOR
ARTD DRAINAGE BASINS

D. George Chadwick, Jr. and J. Paul Riley

The model described in this section provides the maximum 30-minute
depth of precipitation for each month as used in EROS to predict soil
erosion and to provide estimates of the total moenthly infiltration of
precipitation. These values are predicted for each element or series of
elements for each month of the modeling period. Two options were developed
to predict the necessary parameters, The title of this predictive pre-

cipitation Subroutine is RAIN3,

MONTHLY 30-MINUTE PRECIPITATION DEPTH

Precipitation Zones (IPZ)

The first step undertaken in formulating the precipitation model was
to investigate the possibility of defining within the study area zones of
similar precipitation intensity frequency characteristics. Isopluvial
information to construct these zones was obtained from the 'Precipitation-
Frequency Atlas of the West" (National Oceanic and Atmospheric Administra-
tion (NOAA), 1973). After overlaying a grid of the elements (100 km2 each)
on an isopluvial map of the area, the elements were inspected and grouped
into zones of approximately equal precipitation intensities (Figure
4.1). As shown by Figure 4.1, the elements were grouped into five precipi-
tation zones of increasing intensity. It was determined on the basis

of NOAA (1973) the general pattern of isopluvials is essentially the
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- Figure 4.1. Typical precipitation zone groupings from

isopluvials on a section of the element grid.
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1

same for all return periods. Thus, groupings do not vary significantly

with return period for the set of isopluvial lines used in the analysis,

This method of grouping, however, did not always r?sult in zones composed
‘ i i

of contiguous elements.

After the precipitation zones were determined, equations were
determined which relate frequency of occurrence to depth of precipitation.
Using NOAA procedures, 30-minute, 1, 2, 3, 6, 12 and 24~hour depths
were determined for at least 4 randomly selected elements within each
precipitation zone (NOAA, 1973). For each storm duration, rainfall
depths in the elements within each zone were averaged to provide depths
which were representative of the entire precipitation zone., For each
zone, average depths were determined for the 100-year and 2-year return
periods, which corresponded to probabilities of 0.01 and 0.50, respectively,
of having the given depth occur in any one year for the particular
storm duration,

Since this model is operated on a monthly basis, these percentages
were converted to monthly probabilities (Pm). Using the formula

lllz,yearlyprobabilities (Pyr) of 0.50 and 0.01 were

Pm=1- (1 - Pyr)
found to correspond to average monthly probabilities of 0.056 and 0.00083.
The average depths for the 2 year and 100 year return periods were
plotted on probability - log paper with the 2 year depth at a probabilitity
of 0.056 (5.6 percent) and the 100 year depth at a probability of 0.00084
(0.084 percent). Each set of two points was then connected by a straight
line which was extrapolated to include other probabilities.

This process was repeated for each of the precipitation zones

(Figure 4.2). The resulting lines indicate the probabilities of having

different depths of precipitation during an average monthly period for any
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element in a particular precipitation zone. This procedure involves an
extensive extrapolation from two relatively close points, and therefore
might be expected to introduce some error into the‘model. Since a line

on log paper never reach;s zero, precipitation prediéted by these lines is,
unrealistically, always greater than zero., However, the procedure is
relatively accurate at high precipitation intensities, which is the range
at which the model is most sensitive. In addition, an arbitrary cut-off
probability is applied, so that when a probability of 0.98 or greater

is generated, no precipitation or infiltration is predicted.

The next step in the development of the precipitation model involved
the postulation of average monthly precipitation frequency distribution
functions for each precipitation zone, Equations for these functions are
in the form log v = kx + log b; in which y is the precipitation at a
given probability, k is the standard deviation or slepe, b is the mean
precipitation (0.5 probability), and x is the number of standard devia-
tions from the mean to the given probability (Table 4-1).

Table 4~1. Selected probabilities and correspond-
ing standard deviations.

Probability Standard deviation
.0001 3.71902
.0100 2.32635
.0200 2.65375
.0500 1.64485
.1000 1.28155
. 3000 . 52440
. 5000 .00000
.7000 - ,52440
.9000 -1.28155
.9500 ~1.64485

.98060 -2.65375
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Distribution Zones (IDZ)

Because precipitation characteristics vary from month to month
throughout the year and the isopluvials used do not reflect monthly
variations, a procedure was developed to represent the deviation of
individual months from the average mpnth based on a probability approach.
Because of the scarcity of detailed precipitation information in the
Kaiparowits area, the procédure was somewhat crude but nevertheless its
application did help to refine the model., 1In the "Hydrologic Atlas
of Utah" (Jeppson et al., 1968), graphs relating weekly rainfall amounts

and probabilities of their occurrence are provided for selected sites

in Utah. For this study, the sites of Orderville, Bluff, Richfield,

and Escalante were selected as being most representative because of their
proximity to the study area, Thus, these sites represent precipitation
distribution zones (IDZ). From precipitation data available at each
of these sites, so-called monthly correction factors (CF) were computed
as follows:

1. The average ordinate of the curve for 0.8 inches of rainfall
in a week was determined.

2. This same curve was divided into monthly segments and the
average ordinate for each month was determined.

3., The monthly CF values were calculated as the ratios of the
appropriate monthly average ordinates to the average yearly ordinate
(Figure 4.3). Monthly CF values also were determined from the curves
of the probabilities of having 0.4 inches of precipitation in a week as
established at the four sites listed above. Thus, two CF values were
obtained for each month at each of the four sites. As explained in the

following paragraph, the value used depends upon the selected average
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Figure 4.3. Monthly correction factors, Bluff, Utah.
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probability of the occurrence of a specific amount of precipitation
during the month under consideration. Each element in the study area
was assigned the CF wvalues of the site nearest it. This procedure caused
an abrupt transition of CF values between distribution zones, but model
tests indicated that the effects of this discontinuity are insignificant
in terms of output functions.

The basic assumptions in applying these CF included the following:

1. The standard deviation of the storms for each month was equal
to the standard deviation of the storm in the average month, This
agsumption means that on probability - log paper, any monthly line is
parallel to the line of the average month.

2. For storms of low probability (high intensity), the ratio of
the probability for a given precipitation for a given month to the
probability for that same precipitation in the average month is approxi~
mately equal to the CF value for the month.

3. The CF values developed from the 0.4 inches of precipitation
per week curves apply for average probabilities greater than 0.55 since
they represent storms of low intensity, such as those above (.55 pro-
bability. Conversely, CF wvalues from the 0.8 inches of precipitation
per week curves are used when predicting precipitation quantities of
relatively low probabilities (those of less than 0.55)., As an example,
if it is assumed that the average month has a probability of 0.01 of
having one inch of precipitation in an hour, and if the CF dis 2.0, the
month under consideration is twice as likely as the average month to
have 0.8 inches of precipitation. Thus, one inch of precipitation in
one hour is about twice as likely to occur in the month for which CF = 2
as the average month, or the probability dis about 2.0 x 0.01 = 0.02

(Figure 4.4).
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Using the three above.assumptions, the average monthly precipitation
distribution curve for each precipitation zone was modified to account
for monthly differences as follows.

1. The precipitation at the 0,001 probability level was calculated
for the average monthly curve using the formula: log Y = kx + log b
(at a probability of 0.001, x equals 3.09023).

2. The new probability for a particular month at which the precipitation
amount computed in step 1 occurred was found by multiplying 0,001 by the
appropriate CF value for the month under consideration.

3. The equation used to relate precipitation aﬁd frequency requires
the precipitation at the 0.5 probability level. This value for the
particular month (obtained by application of the appropriate CF value)
was calculated as follows:

a, The new x associated with the probability determined by
step 2 above was determined by interpolation in a set of standard
deviation tables;

b. The new mean precipitation (b) was found by using
the equation: log b = log ¥ - kx.

4. With both constants in the formula: log v = kx + log b now
determined, unique values of y were found for any value of x. Each
value of x was found by using a three point Lagrangian interpolation

in a table of probabilities and corresponding standard deviationms.

Probabilities

A random number generating routine is used by the computer to
select the probability level of each storm. A list of 360 mmbers from

this routine averaged 0.51 showing the output to be relatively unbiased.
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Independence of sﬁmmer storms (May through September) is.assumed.
Conversely, the large frontal storms which predominate in winter months
cover many eleménts simultaneously. To account for ithese storm tendencies,
random probabilities are selected for each element for each month from May
through September. From October through April, a random probability

is applied for all the elements within a precipitation zone in any

one month, With phe selected random probability, a precipitation depth

is calculated from the appropriate 30-minute curve. This process is
repeated for each of the curves, producing depths for storm durations

of 30 minutes, 1, 2, 3, 6, 12, and 24 hours. The same probability is

used for the 30-minute and one hour durations, but the other duration
storms are selected separately. These depths represent point amounts

and thus are multiplied by an appropriate areal correction factor
(obtained from NOAA, 1973) to account for the fact that the maximum

area intensities are lower than maximum point intensities. Equations
representing this information are used to calculate approprilate areal
correction factors for any area up to 400 kmz. The maximum thirty

minute areal intensity (P30) for each month is used to calculate erosion

rates in the erosion model,
TOTAL MONTHLY INFILTRATION QUANTITY

Uging the values of precipitation as calculated above, an imaginary
monthly "composite storm" is developed. 1In this storm the 30-minute
intensity is assumed to occur in the first 30-minute period, the differ~
ence between the one hour storm and the 30-minute storm in the second
30 minutes, the difference between the two hour storm and all precipi-
tation, and so on. If any value thus determined is less than or equal

to zero, no precipitation is assumed to occur for the appropriate time
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interval., Negative wvalues are expected to occur because of mathematical

interactions between probability and intensity,

Infiltration

Infiltration rates are determined for each element by the formula
i= C'ut<a - l); (i in cms/minute, t in minutes, C' and o are dimension-—
less). Since a composite storm represents a combination of individual
storm depths, the infiltration curve is not superimposed upon the
composite storm hydrograph. To produce results which correlate with
actual runoff, it Qas necessary to use as the average Infiltration rate
that which occurs at 170 minutes. Infiltration quantity in a particular
time interval is either the precipitation or the infiltration capacity
in that interval, whichever is least. The infiltration depths from each
time interval (0-30 min.,, 30-60 min.,, 1-2 hours, 2-3 hours, 3-6 hours,

6~12 hours, and 12-24 hours) are summed to represent the total infiltration

quantity from a single "composite storm'.

Correcting for Mean Amnual Rainfall

A composite storm is an artificial compilation of typical inten-
sities of arbitrarily selected durations. A procedure‘must be used to
ensure that total predicted precipitation amounts approximate actual
values. To this point, infiltration has been calculated for one "com-
posite storm" in each month,

Using the precipitation curves (for example, Figure 4.,2) and random
probabilitieg, the average annual rainfall for the elements in each
precipitation zone are determined by calculating the average precipita-
tion depth for one composite storm per month. From an isohyetal map,

actual mean annual precipitation was determined for each element. The
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ratio of the actual mean annual precipitation to the predicted mean amnual
precipitation using only one "composite storm" per month was determined
for each element. The elements were then grouped ip;o zones (MAR)
composed of elements having approximately equal ratios. Each zone was
assigned the ratio (RCF) most representative of its elements. The infil-
tration quantity predicted by one "composite storm" (as explained above)
was multiplied by tﬁe ratio assigned to the zone in which the element
belongs. The resultant value is the monthly infiltration amount used in

the chemistry subroutine of the overall model.

Infiltration Option to Reduce Computing Costs

An option was provided in RAIN3 to reduce computing costs, This
option eliminates the need to develop monthly "composite storms", and
subsequently to compute infiltration rates (mwonthly quantities).

Using the precipitation curves (for example, Figure 4.2) and random
probabilities, the average 30-minute depth (P30) for each precipitation
zone is determined. A new set of factors (RCFOPT) are developed
using the same procedures as were used to estimate the rainfall correction
factors (RCF) (see earlier section of this chapter) except that the
average P30 is used in place of the average '‘composite storm".

Using this option in RAIN3, the 30 minute depth predicted for a
month is multiplied by the RCFOPT associated with the MAR zone to which
the element belongs. The result approximates the monthly rainfall,
Since surface runoff is a very small portion of total precipitation in
the Kaiparowits area, this value is assumed to also approximate the
monthly infiltration quantity, This option is actuated by passing the

value of TOPT as the integer three. All other values of IOPT actuates the
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perhaps more realistic but certainly more expensive procedure, Savings
in using this option are significant and the loss of accuracy is believed

to be minor.
DATA REQUIREMENTS AND OUTPUT

Data required by the model include:

1. Standard deviations and mean precipitation (0.5 probability)
of each precipitation-frequency line in each precipitation zone.

2. Monthly CF values for each distribution zone (one set for light
storms and one set for heavy storms).

3. a. For the most accurate routine

i) Rainfall correction factors (RCF)
ii) Infiltration parameters (CP and ALFA)

b. For the more economical option-~-rainfall correction
factors (RCFOPT)

RAIN3 requires eight inputs as follows: (1) the precipitation
zone (IPZ), (2) the CF zone (IDZ), (3) the mean annual rainfall =zone
(MAR), (4) the month (MON), (5) the option indicator (IOPT), (6) and (7)
the infiltration parameters (CP and ALFA), and (8) the area of the
element (AREA). Besides these, the seed number (IDUM) for the random

number generator should be initialized as any odd integer from»219

to 221. The "dummy" variable, MO, should be initialized at zero.
Qutputs from RAIN3 are the maximum 30 minute intensity in the
particular month (P30) and the infiltration for the month (TOTFIL). These

outputs are produced for every element in the model.
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JLLUSTRATIVE EXAMPLE

The following example illustrates the procedure of obtaining
necessary data for use in the subroutine. A typical grid of 100 km2
elements is overlayed on an isopluvial map and the elements are
grouped into zones (denoted IPZ) of similar intensities (Figure 4.1).

In zone No. 1, elements Al, A2, C4, and D6 are arbitrarily selected
as being representative of the entire zone., Using NOAA procedures, one
hour depths are computed for 2 year and 100 year return periods (NOAA,

1973). Assume that the results are as shown by Table 4-2, The averages

Table 4~2. One-hour precipitation depths.

2-year return period 100~-year return period
Al .56 .98
A2 .60 .88
C4 .48 1.01
Db .52 .93
Average .54 inches .95 inches
(1.37 cm) (2.41 cm)

are plotted on probability - log paper with 1.37 centimeters and 2,41
centimeters corresponding respectively with probabilities of 5.6
percent and 0.084 percent. A line is drawn connecting these two points
and the mean depth (0.50 probability) is observed as 0.8l centimeters
(Figure 4.5). The standard deviation (slope) of the line is found by
the relationship:

SDX = log %%E%%%f—% number of standard deviations between Precip. 1

and Precip. 2. Using Precip. 1 and Precip. 2 at probabilities of 0.0001

and 0.50 respectively, X = log %Lg% / 3.71902 = 0,1494, This
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procedure-is repeated for each storm duration in each precipitation zone.

Monthly CF values are computed by first selecting sites near the
study area for which curves of weekly probabilities of precipitation
are available (Jeppson et al., 1968)., Using Theissen polygons, the
elements are grouped into zones {(denoted IDZ) composed of elements in
the same polygon.

A weekly probability curve for the occurrence of 0.8 inches of
precipitation at Bluff, Utah, is shown in Figure 4.5. The average ordinate
of this curve is 3.35 percent. The average ordinates for each of the
months are indicated on the graph. Each monthly CF value is the ratio

of the monthly average ordinate and the yearly average (Table 4-3). This

Table 4~3. Monthly correction factors for
Bluff, Utah.

Month CF CF4
January 1.00 1.15
February 0.60 1.25
March 0.25 0.60
April 0.40 0.60
May 0.25 0.60
June 0.40 0.40
July 0.90 0.90
August 1.45 1.25
September 1.95 1.50
October 2.50 1.60
November 1.40 1.10
December 0.85 1.15

procedure is repeated for the curve of the probability of having 0.4
inches of precipitation in a week. After finding these two sets of CF
values for one site, the procedure is repeated for all sites selected as
being representative of the study area.

The values of the areal reduction factor (AREDFA) are available
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Weekly probability curve for the occurrence of 0.8 inches

of precipitation in Bluff, Utah.
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in the NOAA atlas using the duration curves for 100 km2 elements (NOAA,
1973).

Mean annual rainfall ratios (RCF) are found by:

1. Running a computer program to determine mean annual rainfall
predicted for elements in each precipitation zone.

2. Determining actual mean annual rainfall for each element from
an isohyetal map.

3. Computing the ratio of the actual mean annual rainfall to the
predicted annual rainfall for each element.

4, Dividing the elements into zones of approximately equal ratios
(Figure 4.6).

The ratios needed by the less expensive option discussed earlier
are found similarly except that average predicted P30 values are used in

place of average predicted yearly quantities.
RESULTS

Figure 4.7 shows the agreement between actual P30 output from RAIN3
as compared to the average monthly precipitation distribution line which
is used as input. The small amount of scatter is due to the monthly
scatter from the average month,

Actual records from the precipitation station at Escalante for the
years 1929-193]1 show a standard deviation of monthly precipitation
of 2,7 centimeters, The standard deviation of the predicted monthly
precipitation output from RAIN3 in the model element containing Escalante
was 1.2 centimeters and 1.0 centimeters for the expensive and less
expensive options, respectively. However, the standard deviation of

monthly precipitation over the 100 km2 element would be expected to be
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lower than 2.7 centimeters for the point. 1In view of this fact, the
standard deviation of RAIN3 output is considered to be close to actual
values. Any error resulting from such a discrepancy is assumed to be
minor,

The calculated average monthly precipitation for the Escalante
element was 2.81 centimeters and 2.44 centimeters for the expensive and
inexpensive options, respectively. These wvalues compare to the actual
average at Escalante precipitation station of 2.96 centimeters, Adjusting
the RCFOPT factors would increase the accuracy of the less expensive option,
but such a difference is negligible when applied in the chemistry sub-

routine (CHEM).
CONCLUSIONS

If the information listed under the heading of Data Requirements
is available, the subroutine is operable. However, some limitations
on the procedure do exist. The model is not valid in areas of signifi-
cant snowfall, In the area of this study snowfall is assumed to be
insignificant. The small amounts of precipitation which occur in the
form of snow are accounted for, but are treated as rainfall.

Another limitation is that the model is not developed with the
intent of accurately predicting runoff. In this particular study area,
runoff is a very small portion of the total precipitation. Therefore,
a large error in predicting runoff is relatively insignificant if the
total precipitation is predicted accurately. Runoff was checked in the
Fremont River Basin and agreement with observed runoff was good, but
this one check does not prove conclusively that the model is capable

of adequately predicting runoff.



A further limitation is in the assumption that the 100 km2 elements
are homogenous. Budgetary conditions and the limited availability of
data in the Kaiparowits area argue against using smaller elements. The
output actually required of RAIN3, that is, monthly maximum 30-minute
depths of precipitation and monthly infiltration, are considered of
sufficient accuracy for application to the fallout dimpact area of this

study.
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CHAPTER 5
| : o
A CHEMICAL MODEL FOR HEAVY METAL
REACTION WITH SOIL

Je J. Jurinak and A, Van Luik

This submodel chemically reacts the deposited heavy metal containing
aerosol with the surface soil of each element and predicts the amount of
heavy metal that moves by infiltrating rainfall into the subsoil, It
estimates the amount of indigenous plus deposited heavy metal in the
adsorbed solid and solution phases and the amount of heavy metal which
moves with the eroded soil., This submodel is designated as CHEM.

The submodel CHEM and its subroutines simulate the soil chemistry
of Hg, Cd, Pb, Zn and Cr which are added to the soil surface as deposited
aerosol. CHEM does not include possible heavy metal uptake or cycling by
vegetation., The soils of the study site are considered typical of the
semi-arid intermountain west. The soils are calcareous thus are calcium
dominated and have a pH of about 8, The organic matter content is low
and organic complexation of heavy metals was assumed insignificant. A
partial listing of the reactions considered in CHEM as regulating the

solubility of heavy metals in the soil is given:

¥2t 4 208" = M(OH) ) (5-1)
Mt 4 0032' = %0, (5-2)
24 3- )
M+ 200,77 = M, (0,), (5-3)
M2+ + CaX = MX + Ca2+ (5-4)

+
where M2 is a divalent heavy metal cation and X is an adsorption exchange
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site on the colloid fraction of the soil. If a heavy metal existed as

an anion, e€.g8., Cr042“, other reactions were considered, The solubility
of heavy metals was quantified by the ion activity products of the various
insoluble chemical compounds formed in the soil or the adsorption function
for the M2+~Ca exchange réaction.

The movement of heavy metals‘in the soil is effected by percolating
water resulting from infiltrated rainfall, The total amount of heavy
metal which is transported downward within the profile is a function of
both the total volume of infiltrated rainfall and the concentration of
the heavy metals in solution as dictated by the various equilibrium con-
stants of the chemical reactions considered. 1In CHEM it was assumed that
piston flow adequately approximated the miscible displacement process of
influent moisture, The initial version of CHEM accounted for both ionic
diffusion and dispersion effects in the vertical movement of metal specieées
but this refinement was found unnecessary at the present development stage
of TOHM.

All reactions programmed in CHEM were assumed to reach equilibrium
correspondingly, the ionic forms of the heavy metals were chosen as the
thermodynamically stable form that exists under natural aerobic conditions.

2 +
The principal ionic forms of the heavy metals were taken as Zn +, Pb2 s

Cd2+, Hg2+ and Croaz_. The partitioning of Hg and Cr between its various
valence states was considered a second order correction to the model.
In this regard, the possible formation and movement of metallic Hg was
not considered in CHEM.

The heavy metal fallout in the study site was added to the baseline

(indigenous) levels of the metals that exist in the soils. The baseline

data used were averages of published values for the soils of the area



75

(Murdock et al., 1975) with the exception of Hg whose baseline value was
taken from Garrels et al. (1975). The indigenous concentrations used in this
model were: Zn = 20 ppm, Cd = .18 ppm, Pb = 11.4 ppm, Cr = 16 ppm, and Hg =

.05 ppm. Baseline concentrations were assumed constant with depth.

Program Inputs to CHEM

CHEM received, on a monthly basis, heavy metal fallout data from
SPEDTEC {(kg) and rainfall infiltration data (cm3) from RAIN3, The heavy
metal concentration in the surface crust and subsurface soil were received
from TOBM and CHEM simulated the chemical reactions between the soil and
the heavy metals during a given month and passed the new surface crust and
subsurface concentrations back to TOHM. The adjustments for the soil
erosion or deposition processes for the month were then made on the
surface crust concentrations by TOHM. CHEM then, using the data from TOHM,
re~defined the concentrations and physical dimensions of the subsoil to

correct for the erosion or deposition that occurred in a given element.

Input Data for CHEM

All necessary soil physical data for CHEM were recorded on the data
cards in columns 59-71. The soil of each element in the study site was
characterized by defining an "average' soil for the element. The
physical parameters considered were porosity, bulk density and parameters,
¢ and o, for the infiltration equation I = cta where I is the infiltration
in cm and t is the time in minutes.

Data that were fixed for all elements for a given time period were
entered into DATA statements which formed a common block for TOHM.
Included in the DATA statements for CHEM were estimated monthly soil

moisture and the chemical properties of the soil. The chemical data were
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obtained from analyses of saturated extracts from field samples of the
eight major soil types found in the study area, Analyses.included pH,
EC, and concentration in moles/L of Ca, Mg, Na, K, Cl, 804, and P. The
HCO3 and CO3 concentrations were calculated from pH by CHEM assuming
equilibrium with atmospheric 002¢ The chemical analyses were done on
each of 1 cm depth of soil to a depth of 5 cm for each of the eight soil
types. An “average“ chemical composition of a representative scil for

the total study site then was determined from the chemical analyses and

entered into DATA.
SUBMODEL CHEM

The submodel CHEM has three principal subroutines: AION, PPTPH

and PPT, the function of each will be discussed separately.

CHEM
CHEM served as the program which interfaced with TOHM. It tramslated
all input into dimensions and variables used in defining the chemistry.
CHEM assumed the existence of a column of soil from each element which
was divided into five plates each of 1 cm thickness. The dimensions
of the column (1 ecm x 1 am x 5 cm) were such to make the volume of each
plate 1 cm3. The upper 1 cm of this column was designated as the surface
crust which is formed under natural conditions by raindrop impact. The
second plate was called the subsoil. The third to fifth plate also are
situated in the Subsoil.. Calculations in this study involved mainly the
upper two plates; however, the program has the capacity to utilize all
five plates.

When soil erosion or soil deposition occurred in a given element the
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result was manifested in the lowering or raising, respectively, of the

soil column surface., This information was supplied by TOHM which subtracted
(-DELTA) or added (+DELTA) soil to the upper column plate (crust) after

each rainfall event. CHEM then relocated the new surface‘of the repre-
sentative soil column, This sequence of calculations is necessary to
determine if the surface soil crust of a given element was being enriched

in the total amount of heavy metal (fallout plus indigenous) or depleted

of heavy metal.

The erosion or deposition adjustments relative to the column of
soil is schematically shown in Figure 5.1A and 5.1B, respectively.

CHEM also calculated the total depth of water penetration per month
(TOTPEN) from the net infiltration of rainfall and the difference in the
average monthly soil moisture between two successive events. The average
soil moisture values were calculated from monthly rainfall data for the
study site and assuming that the field capacity of a soil was equal to
about one~half of its porosity., The wettest month then was considered to
produce an average soll moisture content of 48 percent of the average
field capacity. The average monthly soil moisture for other months were
directly proportional to the soil moisture content of the wettest month.
Total water penetration was then computed as monthly infiltration either
increased or decreased by the soil moisture content between successive
months divided by the total void volume in each plate. This approach is
considered a reasonable compromise to account for evapotranspiration
and unsaturated flow neither of which was considered in this model.

If TOTPEN < 1 cm, heavy metal fallout was added to the indigenous
or existing mass of heavy metal in the first plate and then returned to

TOHM, If TOTPEN > 1 cm, calculations were made to estimate the heavy
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metal movement to the lower soil plates caused by the percolating water.
This constituted heavy metal storage. The units are converted to moles/L
per cm2 of surface, fallout and indigenous heavy metal are summed, totally
dissolved in the soil moisture and then relayed to the AION subroutine

where the concentrations were converted to activities and then reduced by
chemical precipitation. If precipitation accounted for less than 99 percent
of the total dissolved heavy metal the reduced concentration of heavy

metal was further decreased by considering exchange adsorption.

Adsorption Function

The adsorption routine is used when chemical precipitation appears
inadequate (data underflow) in removing heavy metals from solution. It
was assumed that the seil composition in an element was invariant in any
given column platelet and that the exchange complex was saturated with
Ca2+ ion. Because of the relatively low concentration of heavy metals,
the exchange function governing the adsorption and transport of heavy
metals was assumed to be linear and of the form (Bolt and Bruggenwert,

1976)

X, = % [ 1+ kn/Ca RD,CJ (5-3)

where XM is the depth of penetration of heavy metal cation M, V is the
volume of percolating solution, € is volume fraction of soil mpisture

(V/8 is total water penetration), K is the selectivity coefficient for the
M-Ca exchange and RD may be taken as 100, The ratio of XM to V/8
essentially gives the ratio of the heavy metal in solution to that held

by adsorption. |

When the system had been corrected for adsorption, all phases (solution,
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adsorbed and precipitated) containing the given heavy metal were combined
for each 1 cm depth and the dimensions changed to read kg/kmz. CHEM thus
allowed the computation of the net increase in mass of Hg, Pb, Cd, Zn and
Cr per element for each monthly rainfall event as effected by heavy metal
fallout in the study site. To account for the hegvy metal chemistry in

TOHM during any given year CHEM must be called (5 x 288 x 12) = 17,280

times, Figure 5.2 shows a qualitative flow chart for submodel CHEM.

Subroutine AION

AION computed ion activities and ion pair formation for all of the
ionic constituents in the soil solution., These data were passed to the
precipitation subroutines PPTPH and PPT for calculation of post-precipi-
tation concentrations., These reduced concentrations were returned to AION
where they are stored and returned to CHEM.

AION received the concentrations of Zn, Hg, Pb, Cd and Cr04 in
moles/L for each soil platelet from CHEM and baseline data for Ca, Mg,

K, Na, Cl, 50, and pH from DATA, The HCO, and CO3 activities were cal-

4 3
culated using established techniques (Stumm and Morgan, 1970). Initially,

the ionic strength U was calculated from the molar concentrations Mi and

valence Zi of all ith ionic species in solution

i=n

W= 1/2 Z Miziz (5-6)

i=1

Then the activity coefficient Yi for each ionic specie i was calculated

from (Stumm and Morgan, 1970)

1/2 /

log v, = -a 2z uM %/ + M%) + w (5-7)

vhere A = ,509 for an aqueous solution at 25°C, and b has a value of 0.2.
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Figure 5.2. Simplified flow chart for CHEM.
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When the activity coefficients were estimated, the ion activities (M) were
calculated using a mass balance approach which incorporated ion pair
formation in the soil solution. For example, the total analytical concen-

tration of heavy metal in solution M, in terms of the ion pairs considered

T

in this study was given by
M, = Y] + m50,°1 + o1t + pico,®] + ppo,°] (5-8)

where [ ] represents concentration in moles/L and Oﬂi) = Yi[Mi]. In terms

of activities, where ( ) represents activity, equation 5-8 is written

8] O (o]
(M2+) (Mso4) (MC1+) . (MCO3 ) (MHP04 )

M, = + + + (5-9)
Ym Ym304 Ymcl Ymco3 thoa

In general, for any ion pair of the form MX, we can write

Vit BIEVEA Sy
and ,
£ i = D6
Mx™)
.. ity i~
or (MX:L—J) = M_) (5_10)

Qg3

where KMXi—j is the dissociation constant for the ion pair MX* ) and where
i+ is the charge on cation M and j- is the charge on anion X. Making

the substitution given in (5-10) for all complexes and rearranging equation

(5-9) gives
(s0,) (c1) (€o,) (HPO, )
(M2+) =M, L. LA + 3 4 = (5-11)
Yo YK YK YK YK
mso, mcl meo 4 mpoa

All anions and cations whose calculations appear in submodel CHEM were
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treated in this manner. To simplify the FORTRAN expressions the denom—
ination in equation (5-11) were calculated separately for each ionic specie
inisolution and given a variable name before the calculation of the free
ion specie activity,

Each charged ion pair contributed to the ionic strength U thus, the
activities of all ion pairs GﬂXi-j) were calculated from equation (5-10)
after (Mi+) and (Xi~j) were calculated using expressions of the form
given by equation (5~11), Since ionic strength is based on concentrations
each calculated ion pair activity was divided by its respective activity
coefficient and fed into a new ioniec strength expression which
incorporated ion pairs in its computation. This process was repeated
in an iterative DO loop until successive ionic strength values differed
by less than 1 x 10~6. The computed activities for the heavy metals,

003, HCO3

calculated the post precipitation concentration of all heavy metals which

and the pH and POH were then routed to subroutine PPTPH which

were precipitated by anions whose activities were pH dependent, e.g, OH
or COBZ—. The same activities were also routed, together with the activities
of reacting ions into subroutine PPT which calculates the concentration
of heavy metals after precipitation occurred with anions whose activities
were non-pH dependent e.g., SOA’ Cl. The reduced concentrations from PPTPH
and PPT were fed back to AION where they were stored separately and the
lowest concentration calculated for each heavy metal returned to CHEM
for further manipulation,

This methodology allowed each precipitation reaction to proceed

independently to completion and then the model chose the reaction which

produced the lowest chemical potential for a given heavy metal to dominate
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the system.

Figure 5.3 shows the qualitative flow chart for subroutine ATON.

Subroutine PPTPH

PPTPH calculated the heavy metal concentrations after precipitation
with an ion whose activity is pH sensitive. Under the assumptions of

CHEM, PPTPH is straightforward. For example, if the ion activity product

of M2+ and CO32—

. 2- -
occurred, Since pH was assumed constant, CO3 activity was also constant;

exceeded the solubility product ks of MBO3, precipitation

thus, after precipitation (M2+) is given by

2=

24
™M™ = ks/(co3 ) . (5-11)

The same approach used for the hydroxide form of the heavy metal

gives
(M2+) = k;/(OH—)Z (5-12)

where k; is the solubility product of M(OH)z. All heavy metals that
existed as cations were handled in this manner. Figure 5.4 shows the

qualitative flow chart for PPTPH.

Subroutine PPT

PPT calculated heavy metal concentrations after precipitation with
a anion whose activity was non-pH dependent. Of specific interest in
this study was the heavy metal chromium which was assumed to exist as
; 2- . 2- 2+
the negative charged CrO ion, The CrO ion and the Zn ion form

4 4

the basic zinc chromate Zn(CrOQ) 2(OH)l 6" Since both zinc and chromate

can limit precipitation, the calculations to determine the amount of

basgic zinc chromate that precipitates are given.
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Figure 5.4. Simplified flow chart for PPTPH.
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A general type equation for basic =zinc chromate is XaYch where

X, Y and Z represent Zn, Cr0, and OH, respectively. The terms a, b and

4
¢ repregent 1, 0.2 and 1.6, respectively. After precipitation of D moles

of basic zinc chromate we have

(®-D/a)*(¥-D/b)"(2-D/e) = k_ = £0) (5-13)
where ks ig the solubility product. The only unknown in equation 5-13
is D. A Newton-Raphson iterative scheme is used to find D. The first

derivative of equation (5-13) is
£1(0) = (x-D/a)(3=D/b)P(-1/c) (e)(2-D/c) ™ + (:-D/a)?(z-D/c)*(-1/b) (D)
(5-0/0)° + (3-D/b)P(2-D/c)S(-1/a)(a) (x-D/a)* L .
The solution for D is
D=D - f(D)/f' (D)

which converged at between 1 to 60 iterations for every case encountered
in this study. After D is fixed, new values for X, Y and Z (Zn, CrO4
and OH) are returned to PPTADS. All phosphate compounds e.g., Pb3(PO4)2,

CdB(PO etc., were also treated in this manner since both the heavy

4)2’
metal or soil phosphate could limit precipitation. The flow chart for

PPT is shown in Figure 5.5. All thermodynamic constants used in CHEM were

obtained from Sillen and Martell (1964) and Wagman et al. (1968).
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Figure 5.53. Simplified flow chart for PPT.
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CHAPTER 6
GENERAL HEAVY METAL TRANSPORT MODEL

W. J. Grenney

The Transport of Heavy Metals (TOHM) model was developed to provide
a means of eéfimating the rate of transport of heavy metals from the stack
discharges of power generating plants, through the atmosphere and eventually
through the soil-water system to an environmental sink (such as a reservoir).
This process can be subdivided into five major components as shown in
Figure 6,1, Particulates discharged from the stack are transported down-
wind and deposited on the surface of the soil. In some situations the
fallout rate may be a function of precipitétion; however, for the semi-arid
intermountain region the storms are localized, infrequent, and of short
duration so individual storm events are considered to have little effect
on average seasonal fallout rates.

The heavy metals associated with the fallout interact with each other
and with the soil constituents depending on the characteristics of the soil
matrix. The infiltrating moisture from a storm event may transport the
metals deeper into the soil column. The net accumulation of metals near the
soil surface is a complex function of the fallout rate, chemical reactions
in the interstitial waters, infiltration rate, and previous accumulations or
background levels of the metals in the soil column.

The soils in the intermountain west are highly erodable. Rates
of as high as 3340 tons per square mile per year have been reported. The
s0il and associated heavy metals eroded from the surface are transported

by means of intermittent streams to relatively large perennial rivers in
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which they become part of the total transported sediment load which even-
tually settles out in a reservoir or other quiescent reaches, The prin-
cipal strategy in monitoring the movement of heavy. metals that are deposited
on the surface soil is to define the movement of the eroded soil particles
with which they are associated. The erosion process, therefore, is a

major component in the heavy metal transport pathway. It is effected by
the frequency and intensity of precipitation, slope, vegetation cover,

soil type, and distance from a relatively large perennial river.

The mechanisms included in the components of Figure 6.1 are time and
space variable, Fallout rates from the atmospheric transport components
have significant variations with season and with location depending on
predominant wind velocity and direction, orographic features, and on
distance from the point of discharge. The mean values of frequency and
intensity of precipitation may vary significantly from region to region.
Precipitation also has an important stochastic nature and cannot be
adequately represented by average parameters. The erodability of soils
varies over wide ranges depending on the topography, vegetation cover,
and soil type.

The components represented in Figure 6.1 were, therefore, modeled as
time and space variable processes, These processes are represented in
the model by systems of equations referred to as ''process equations".

The space domain was incorporated in the model by superimposing a grid

over the area of interest. The grid may be made up of irregular "elements'";
although for this application 10 km square elements were used., Grid ele-
ments should be small enough so that the characteristics of the terrain
encompassed by the element are relatively homogeneous, The model process

equations are applied to each element and the individual effects integrated
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together to obtain the overall basin response. In order to reduce the
volume of model output, the elements are grouped into hydrologic sub-basins
for data output.

The time domain was incorporated in the model by solving the process
equations each month and integrating the effects over any time horizon of
interest. In order to keep the model output to a managable volume, basin
responses are output at a vearly interval. The stochastic nature of
precipitation is introduced to the model by generating storm events for
each element each month such that the probability distribution over a long
period of time will conform to the observed statistical properties of a

specified meteorological region.
CONTROL SUBROUTINE

The TOHM model is composed of four major process subroutines repre~
senting the components in Figure 6.1; precipitation, atmospheric transport,
erosion, and soil chemistry. These subroutines as well as input/output
subroutines are interfaced by a master control program. Data input formats,
sample input-output, and a program listing are included in appendices A,

B, and C, respectively. The program was written in Fortran IV and used

on the Bourroughs 6700 computer at Utah State University. Detailed
descriptions of the atmospheric transport, precipitation (RAIN3), and
chemistry (CHEM) subroutines are included in other sections of this report.

The model was segmented into subroutines so that different process equations

~could be utilized if desired in future applications with a minimum of

reprogramming.



PROGRAM DESCRIPTION

Figure 6.2 is a flow chart for the control program (CONTRQ). It

performs the following tasks:

l'

6’

Calls input subroutines and echos data at user's option.
Conducts internal checks on input data and sorts it into the
proper matrix form.

Determines, from user options, which of the eight heavy metals
are included in a run and packs matrices for efficient mani-
pulation.

Accommodates user options for various combinations of process
subrout ines,

Accounts for the mass transport of materials among elements
and it's accumulation within elements,

Provides output information on disk of punched cards necessary
for model restart.

Manages output summaries in accordance with user options.

The model was structured to provide a high degree of flexability

for user options. Individual process subroutines may be bypassed or used

in a variety of combinations with each other. This allows for the

reduction of computer time by including only the optimal combination of

process equations for a particular application. Combinations of the

following options are available:

1.

Precipitation
a. Call subroutine RAIN3 for each element and each month.
b, Read in 12 months of typical precipitation data for

each element and use these same data for each year
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_—_’
Read program control data (NR1) Echo data (NW1)

!

Read system definition data (NR2) Echo data (W1}
Read fallout rates (NR3) P Echo data (RWD)

!

Read initial heavy wmetal accumulatinns (NR4)

I——- .
Echo data (NW1)

IOPRUN(1) =1

» ( Loop on elements )

Read data for precipitation

*
subroutines (NR&) Echo date (NW1)

Read monthly precipitation (NRS) 1 *Echo data (NW1)

Loop on months )

!

[Call subroutine EROS

!

Increment month )

Read initial accumulated
masses in hydrologic e #Echo date (NWL)

subbasins (NR1) —( Increment element )

Output *Qutput erosion
option caleulations (NW1)

Figure 6.2. Flow chart for the control program (CONTRO).



( Loop on years )

recipitation
option

» ( Loop on months )

—.'( Loop on elements

call subroutine EROS )

Run option

Call subroutine EROS

ROSD < CRUSTD?

Write error statement
10 times max. (NW1)

!

( Increment element

( Increment month )

IF(IOPWRT(4)=1)
Output precipitation calculations (NW5)

!

*TF(IOPWRT (4)=1)
Output erosion caleulations (NW4)

30

Figure 6.2. (Continued)
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IOPRUN(3) #1

=/ Loop on menths )
\

!

Synchronize fallout
season to month

!

{ Loop on element )

Chemistry IOPRUN{3)=1

Y

—"( Locp on heavy metals >

Apply monthly fallout
to surface

—( Increment heavy metal ’

Y

Call subroutine CHEM

!

( Increment element ’

Figure 6.2. (Continued)
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Initialize variables

!

-——D( Loop on elements )

!

Loop on heavy metals ’

Calculate metals being
received by each element
from adjacient elements

Calculate masses

of heavy metals eroded
directly to the lake and
sum by hydrologic sub-

basin

Calculate fallout directly
on the lake and sum by hy~
drologic subbasin

!

Calculate total
fallout on each hy-
drologic subbasin

!

Increment heavy metal )

!

N

Increment element j)

Figure 6.2.

(Continued)
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———D( Loop on elements )
——(Loop on heavy metals)

Distribute masses
amoung elements

_( Increment heavy metal )

!

_____—( Increment element }

-
N

Increment month )

!

(Call subroutine OUTPUT )

/7
! Increment year

TOPRUN(&) =1

RETURN to MAIN

Figure 6.2. (Continued)

Call subroutine RERUN
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of a run. These precipitation data may be generated
and stored on disk by an independent run of the model,

2. Soil Chemistry b

a. Call subroutine CHEM for each element and each wonth.
b. Bypass CHEM and assume that the fallout behaves as
conservative constituents.

3. Erosion

a. Call subroutine FROS for each element and each year

b. Use 12 months of typical erosion data for each element
and use these same data for each year of a run. This
option is automatically used with 1-b above.

Referring to Figure 6.2; control data, system definition data,
fallout rate data (linkage with the atmospheric transport model), and
initial soil conditions (structured to provide easy restart capabilities)
are read from separate files to facilitate model testing and management
run combinations., If constant annual precipitation is to be used in a
run [IOPRUN(1) = 1], twelve months of data are read in for each element,
the effects of this precipitation on erosion is calculated for each
month and each element (subroutine ERQS), and these wvalues stored for
repetitive use during the run. The model then loops through each month
and each element calling subroutine RAIN3 (depending on user option
IOPRUN(1)) to produce values of precipitation intensity and infiltration,
calling subroutine EROS to calculate erosion rates (depending on user
option IOPRUN(2)), and storing twelve months of current erosion rates
for each element,

The model next loops through on months and elements calling subroutine
CHEM to apply fallout to the surface’and simulate the chemical reactions

occurring in the soil (depending on user option IOPRUN(3)). Resulting
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heavy metal concentrations in the soil crust are stored for each element,
Based on these concentrations and the erosion rates, the amounts of soil

and heavy metals transported among elements are calculated. Looping

through elements again, transported masses are accumulated in the appro~
priate elements and heavy metal concentrations in the soil crust are
updated., A summary of the model response is written each year by subroutine
OUTPUT., 1If it is anticipated that the model may be restarted for an exten-—
sion of the current time horizon (determined by user option IOPRUN(4)),

then subroutine RERUN is called. Appropriate data are output to a file

in the proper format to provide initial conditions for the model restart.

MODEL EQUATIONS

The transport and accumulation of fallout in the various elements
is accomplished by a mass balance technique. The principal matrices may

be defined in the following terms:

i element index: 1 = 1,T (I< 300)

t = time index: t = 1,T (T<12)

k = heavy metal index: k = 1,K (K<8)

n = hydrologic subbasin index: n = 1,N (N<6)
At = a scaler: time dincrement (months)

d = a scaler: depth of soil crust (cm)

A= (ai): a vector of soil area in element i (km™)

=
]

diag (ai,i): a diagonal matrix in which the diagonal
elements are equal to the corresponding
elements in the A vector

B = (bi): a vector of total area (soil plus reservoir) in

element i : (km™)



=s]
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(bi i): a diagonal matrix in which the diagonal elements
s
are equal to the corresponding elements in the

B vector | ;

a matrix of fallout rates of heavy metal k on

. . 2
element i at time t (kg/km” /mo)
(hn i): a zero-one matrix indicating the hydrologic
b
subbasin n encompassing element i; hn i = 1
3
when 1 is in n; h_ ., = 0 otherwise
n,i
(m2 k)i . matrices of the concentration of heavy metal k
4 3

in the subsoil layer £ of element i at time t (kg/kmz/cm)
(pﬁ,i): a matrix of coefficients indicating the frac-
tion of eroded soil which is transported from
element i to element % in one time increment (dimensionless)
(si): a vector of coefficients indicating the fraction
of ercoded seoil which is transported from element
i directly to the sink in one time increment (dimensionless)
diag (si’i): a diagonal matrix in which the diagonal
elements are equal to the corresponding
elements in the § vector
(w.), : a vector of the net crust depth change due to
soil transport into and out of element i during
the period At; negative values indicate net

erosion, positive indicate net deposition {cm)

(xi k)t: a matrix of the concentration of heavy wmetal
*
2
k in the crust of element i at time t (kg/km” /em crust depth)
(yi k)t: a matrix of the concentration of heavy
b

metal k in the subsoil column of element
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o A i at time t (ngkmzfcm crust depth)
Zt = (zi)t: a vector of the average crust depth eroded
during the period At in element i
calculated by subroutine EROS (cm)
g{ = diag (zi,i): a diagonal matrix in which the diagonal

elements are equal to the corresponding

elements in the Z wvector

Processes Within Elements

The soil column is conceptualized as consisting of two components;
(1) a thin upper crust of some thickness d, and (2) the subsoil column.
Yt is the heavy metal concentration in the subscil just below the crust.
During the time period At, fallout is deposited on the soil surface.
During the same time period the soil crust, a portion of which had been
eroded during the previous time increment, reforms to its normal depth
d. The average concentration (xi k) in the newly formed crust is calcu-

b4

lated by:
X =X -Q +F At = +R (6-1)

where Xz is the concentration in the crust remaining from the previous
month. The Q matrix represents the mechanical interchange of heavy metals
with the subsoil during the reformation of the crust. The elements in the
Q matrix are calculated by:

when w,

e b

=

P A
L]

Vi, k,t-1"1,t
0 = (a; )¢ = (6-2)

when w, > 0
i

O

X, W,
i,k,t-1"1,t
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The R matrix in equation 6~1 is a nonlinear function representing complex
chemical reactions and transport to the subsoil by dinfiltration. These
functions are presented in the section of this report describing the
chemistry submodel, When the user chooses to supress the effects of the

chemistry submodel, then equation 6-1 is replaced by

- x© 1 _
X, =X, -Q +F.At3. (6-3)

Processes Among Elements

Heavy metals are transported among elements in proportion to the soil
transported by erosion. The soil erosion in an element is calculated by
the Universal Soil Loss Equation which is described in the following
section., The effects of erosion are represented in the model by the
average depth of soil shifted in each element {the Zt vector). Some of this
shifted material will be redeposited within the element and some will be
transported to adjacent elements. The amounts of eroded material to be
transported out of an element are determined by the coefficients in the
P matrix. Some of the shifted material may go directly into the sink
(reservoir) as provided by coefficients in the S matrix.

The net change in crust depth due to erosion (Wi) in an element during
At may be calculated as follows. ézt is the volume of soil shifted in
element i due to erosion. P(gzt) is the volume of soil redeposited or
transported into element i. Assuming that the erosion précess has a
uniform distribution over element i3 then the net change of soil volume

in the element can be expressed as:

B, = P(AZ) - M2 (6-4)



which reduces to

o
W= BT (-D @z
B - dtag (01 (6-5)
ii

where Efl is the inverse of B and 1 is the identity matrix.
The mass of heavy metal in the crust is:
A d Xt . (6-6)

The mass of heavy metal shifted due to erosion within an element during

the time increment At can be expressed as:

T

T
alx, 2] (6-7)

where T indicates the transpose of the matrix, The mass of heavy metal
in the eroded soil redeposited and transported into the element can be

expressed as!

T.T. T T
(AP 1 (X Z 1 . (6-8)

Combining terms 6~6 through 6~8, the redistribution of heavy metals

among elements due to erosion can be calculated by a mass balance on the

system:

1 T

X, =% +=87" [ae-D"1"x] 2] (6-9)

t+1 t d

The rate at which heavy metals are eroded to the sink (reservoir)

from each element during time increment At, can be expressed by:

-1 T.T,..,T
AZ SX +3 L2

The following identity must be satisfied to preserve a mass balance:
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ae - 01 20" 6 - W (6-10)

I
Y oppgts Tl i=1,1I. (6-11)
2=1
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Input data values in the P and S matricies are checked internally by the
model, Violations to equation 6-11 cause an error statement to be printed
and the run is terminated. The rate of mass contributed to the sink

(reservoir) from each hydrologic subbasin is:

H[A Z_ S X

z, s X1 (6-12)

The rate of fallout directly on the sink (reservoir) is:
T
FB . (6-13)

The total mass accumulation in the sink, therefore, is the sum of
equations 6-10 and 6-13,.

The soil column beneath the crust may be devided into four layers;
the top layer identical with Y in equation 6-2. The heavy metal concen-
trations in each layer are contained in the Mi,t matrix., The bottom
layer, number 4, has a constant concentration. When a new crust is
formed by equation 6-1, metals are exchanged between the crust and the
subsoil. 1If erosion had occurred during the previous time step, some
metals from the subsoil are captured in the newly formed crust. If
deposition had occurred, then metals from the old crust become part of

the subsoil when a new crust forms. 1If the depth of each subsoil layer is

d, then this mechanism can be expressed by the expressions:

when wi < 0 (i.e. erosion)

o

_ o _ .0 _ . - .o
mQ,k = m 0.k + (m 0.k m 2+l,k) Wi/d '3 1,3; k = 1,k; i=1,1
when W, > 0 (i.e. deposition)

_ (0] (6] _ (o) = . = . { =
1112’k = m n + (m 9-1,k m 2,k) Wi/d L 3,1; k= 1,k; 1 1,1
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where the superscript © indicates concentrations at the beginning of the

operation and LN is the concentration in the crust.
>

PROGRAM TECHNIQUE

The A, B, S, and Z are very sparse matrices which make inefficient
use of computer memory. Also matrix operations involving them would
require a large number of redundent steps. Therefore, the model was
programmed so that the operations in the above equations can be performed
using the column vectors A, B, S, and Z in place of the diagonal matrices
A, B, 8, and Z. For a system containing 300 elements this amounts to a
savings of 89,700 storage locations and at least that many redundent
computational steps for each matrix operation.

The H and P matrices are also very sparse and so the model was pro-
grammed to replace them with several smaller matrices, Each element is
given an identification number (i) by the program. They are sequential
numbers assigned in the order that the element data cards are read. The
P matrix was reduced by imposing the restriction that soil eroded from an
element can be trangported to a maximum of two other elements plus the
sink (8). This transfer information can be contained in two relatively
small matrices:

<aiﬁ) = (ui,l &i,z): the identification numbers of the two elements

receiving eroded material from element 1i.

(Yiﬁ) = (Yi,l Yi,z): the fractions of eroded material transported

from element i to elements Yi,l and Yi,Z’
respectively.
Using this notation, equation 6~5 can be solved as shoﬁn in Figure 6.3.

The model is dimensioned to accomodate up to 8 heavy metals simul-

taneously. However, it is programmed so that processing time will be reduced
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(\Loop on elements: 1 = i,ij)
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Figure 6.3,
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Flow chart for the solution to Equation 6-5.
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if fewer thaﬁ 8 are modeled in a run. Each heavy metal has an identification
number (1-8). A vector, Ag, is defined by the user to indicate which
particular heavy metals are to be included in each run.
(Ag): the id;ntification number of the gth heavy metal to be
modeled in this run; g = 1, G; where G is the total number
of heavy metals included in this run (G < 8).
Let v,

ik

element i from other elements in the system during time increment At,

be the mass of heavy metal (kg/kmz) k which is transported into

Let Ui be the mass of heavy metal (kg/kmz) k transported out of element

k
s
i into other elements during At. Then equation 6-9 can be solved as

shown in Figure 6.4. Figure 6.4 alsc shows the calculation for accumulating

heavy metals in the sink, 9y -
EROSION SUBROUTINE

So0il erosion in each element is estimated by the universal soil loss
equation:

e=K K Kyr (6~15)

where K., K,, and K, are coefficients representing soil type, vegetation

1 72 3
cover, and ground slope respectively; r is a coefficient related to rain-
fall intensity; and e is the rate of soil erosion (tons/acre/month). Values
for Ki and K2 are shown in Tables 6~1 and 6-~2. The value of K3 is calculated
by:

K, = 10 sin 6/(tan 8)%/> (6-16)
where O is a slope angle measured in degrees (see Table 6.3). The coeffic~

ient r (erosivity factor) represents the monthly storm energy and is

calculated by:
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Table 6-1 Soil~type coefficients used for the erosion submodel (EROS),

Soil type classification { 1 ] 2 I 3 I 4 i 5 | 6 l 7!

Coefficient value ’0.60 I 0.50 ‘ 0.45 I 0.40 ! 0.30 l 0.20 I O.IOI

Table 6-2 Vegetation cover coefficients used for the erosion submodel (EROS).

Vegetation cover

classification 1 2 3 4 5 6 7 8

Coefficient value [ 0.04 ] 0.06 ] 0.13 [ 0.15 l 0.18 l 6.30 l 0.32 ’ 0.35]

Table 6-3 Slope coefficients used for the erosion submodel (ERO0S).

Steep . Moderate Flat

Slope classification (8) ~ M) (F)

Coefficient value 50 25 10
(degrees)




Initialize:

Vi,g = 0 i-1,T
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Figure 6.4. Solution to Equation 6-9.
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.(Loop on elements: 1 = 1,1)
_________.-<:Foop on heavy metals: g = l,?:)

U =Y Xy 2 8y 8y vy (b - ay)

kd
|

ik " F et Oy Ty 7%y i 2y 89)/d

[Increment g,i)
.

Figure 6.4, (continued)
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r =% PBO (2.1 + 0.89 log10 P30) (6-17)

where P3 is the maximum 30 minute dintensity of a storm event (in/hr) and

0

r is the sum of all events during the time increment At.

Because K K2’ and K, are constant during a run, they are calculated

1° 3

in the input subroutine READSC and stored as a single coefficient. Each
element can encompass 4 subareas having different characteristics. There-
fore, equation (6-18) is repeated for each subarea within each element and

passed to the control subprogram CONTRO as the vector of coefficients:

~6

G, = 0 when a, < 10 (6~18)
othérwise, 4
a,
- _i,2
3 2 2. 1,2 %o,0 K3
=1 i
where £ is the index on the element subarea, a, is the area of the

i, 2

subarea (kmz), ay is the total soil area in the element (kmz), and the K's
are the coefficients for the subarea.
Subroutine EROS is called for each element during each time step and
the erosion rate calculated by:
e=C, r (6-19)
where r is calculated by equation 6~17 for the value of PBO passed from the

precipitation subroutine, RAIN3, The average depth of erosion is:
z, = (0.02224) e/pb (6~20)

where z, is depth (cm), is bulk density of the soil (g/cm3), and the

b
constant (0.0224) is a wmit conversion factor. The vector Z is returned
to the control program for use in equations 6~7 to 6~12.

The erosivity factor (r) expresses the erosion potential of average

annual rainfall in the locality. It is the summation of the individual
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storm products of the kinetic energy of rainfall and the maximum 30-minute
rainfall intensity for all significant storms on an average annual basis
(equation 6-17). The model solves equation 6-19 each month using average
monthly values of r and sums up the monthly erosion to obtain annual
values. Because the Ci coefficients are constant during a year there is
no discrepancy between the definition of r and its use in the model.

That is:
Ye=C.lr = iC, r (6-21)

where e and r are calculated for the period At and 2 indicates the

summation over a year.
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CHAPTER 7

RESULTS AND CONCLUSIONS

Evaluation of Erosion Submodel FEROS

Soil erosion is considered the principle mechanism for the transport
of heavy metals in semi-arid and arid regions of the intermountain west.
The erosion component (EROS) of the TOHM model, therefore has a signifi-
cant impact on the model results.

Considerable study has been directed toward the prediction of the
amount of erosion with regard to soil type, slope, vegetation, raindrop
impact energy, etc, The Universal Soil Loss Equation as described in
Chapter 3 is the most commonly used method for predicting s0il eroded
from watersheds, This equation is based on a statistical-empirical
approach involving 1200 different field plots and many cropping patterns
located at 47 research stations in 24 states. Derived primarily for small
agricultural watersheds it has however been applied to watersheds as

large as 2000 kmz {(Vanoni, 1975).

A more basic mathematical soil-erosion model including the processes
of (a) soil detachment by rainfall, (b) transport by rainfall, (c) detach-
ment by runoff and (d) transport by runoff, has been developed by Meyer
(1971). The dynamics of the model are evaluated from basic hydraulic, hydro-
logic, meteorologic and other relationships plus emperical coefficients to
account for the soil properties. In this model the erosion process is eval-
vated in successive slope length increments with the interaction between
adjacent increments taken into account. This modeling technique has been

modified and applied by the Envirommental Protection Agency (Tapp, 1976).
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The Meyer techmique is considered more accurate than the Universal
Soil Loss Equation because it is developed for individual storm events
and based on fundamental physical parameters. Both approaches, however
require the input of empirical coefficients. In this study, a modified
version of the Universal Soil Loss Equation was used because of the greater
availability of the coefficients applicable to the study area.

The study impact area included five major hydrologic subbasins:
Fremont, Dirty Devil, Colorado, Escalante and San Juan. Using the
coefficients given in Tables 6-1 through 6~3, the Universal Soil Loss
Equation calculated the average annual erosion rates of 0.16,

0.73, 0,35, 0.10 and 0.16 million kg/km2 for the Fremont, Dirty Devil,
Colorado, Escalante and San Juan subbasins, respectively. Sediment

yields in the Upper Colorado River Basin have been estimated to average
0.63 million kgfkmz with a range of 1,17 maximum and 0.05 minimum (Todd,
1970). The Green River at Green River, Utah, averages 0.19 million kg/km2
of drainage area and the Colorado River at Cisco, Utah, averages 0.28
million kg/km2 (Todd, 1970). Comparison of the model results with these
values indicate that the model gives, in general, a good’estimate of the
sediment yield to Lake Powell, It should be noted that these results

were obtained without any "adjusting' of the model to fit observations,

Transport of Fallout by Erosion

Model TOHM was tested using an option which suppressed CHEM. Under
these conditions, aerosol fallout accumulates on the crust until a storm
of sufficient intensity occurs which initiates erosion and subsequent
transport.

Figure 7.1 shows the rate at which fallout is eroded to the environ-

mental sink (Lake Powell) wversus time from the initiation of fallout on
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the basin, The results of three separate computer runs are plotted as
separate points on the figure., Each run used a different random mumber
seed for simulating precipitation (RAIN3). These data were fit with a
cubic polynomial shown by the solid line in Figure 7.1. ZEach random
number seed generates a different sequence of storm events in space and
time, The maximum difference in erosion rates among runs for any given
year was 49 percent during the 17th year. However, comparing the cubic
polynomial fit to data from each year separately, there was no significant
difference in the average erosion rates at the 95 percent confidence
level., This result indicated that the selection of the random number
seed was not a critical factor. The random number seed 999,999 was used
in all subsequent TOHM runs.

Figure 7,2 shows the sensitivity of TOHM to the coefficients used
in EROS (Ci in Equation 6-18). The Ci' notation indicates the coefficient
value calculated using Tables 6.1 through Tables 6,3, When TOHM was run
using these wvalues (Ci = Ci')the dashed line curve resulted. Arbitrarily
doubling the coefficient value (Ci = 2Ci') resulted in about a 40 percent
increase in the average erosion rate as shown by the solid line curve.
An additional 25 percent increase in the coefficient (Ci = 2,5 Ci')
produced an incremental 9 percent increase in erosion rate.

The rate of fallout on the soil (3.4 x 106 kg/yr) as predicted by
SPEDTEC is shown in Figure 7.2 by the horizontal line. If thé lake is
the only sink in the area, then the curve representing the rate of fallout
eroded to the lake would eventually coincide with the line representing

the rate of fallout on the soil (i.e., steady state is reached).
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The comparison of the curve C:.L = Ci' and the horizontal fallout Iine
suggests the possibility that (1) the response time of the study basin
(i.e., the time to reach steady state) is extremely long, (2) the study
basin contains sinks other than the lake, and (3) some combination of the
above,

The first possibility leads to the conclusion that it will take about
50 years after the coal-fired electric generating facility has been put
into operation before the erosion rate of heavy metals to the lake will
equal 50 percent of the fallout rate from the atmosphere. Under these
conditions (Ci = Ci') achievement of steady state may not be realized for
hundreds of years. The position of the other curves in Figure 7.2 indicate
that an increase in the value of Ci (erosion coefficients) would signifi-
cantly reduce the simulated basin response time.

The second possibility suggests that it will take about 20 years
before the rate of erosion of fallout to the lake will reach 30 percent
of the erosion rate predicted by the model to exist at the end of a
simulated 50 year period (when Ci = Ci'). These data would further
suggest that unidentified areas of accumulation of fallout may be building
up in the study basin.

It is emphasized that the data shown in Figures 7.1 and 7.2 are

based on model runs where erosion of accumulated fallout on the soil crust

was the only mechanism operative.

Evaluation of the Chemistry Submodel CHEM

CHEM was tested for internal consistency and mass balance on a program
written for one element (P5) of the study site. This element is situated
30 km from the hypothetical coal-fired electric generating facility and is

in an area of high aerosol deposition (about 3 x 104 kg per vear). To
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eliminate the confounding factor of interaction with adjacent elements,

it was assumed all erosion outflow from element P53 went to the environmental
sink with no erosional depositional inputs coming from adjacent elements,
The terrain of element P35 and its proximity to Lake Powell made the

above assumptions reasonable. All input data as provided by SPEDTEC,

RAIN3 and EROS for TOHM were used in the test runs. CHEM was run to
simulate a 50 year fallout period using various options to test the

impact of the generating facility on heavy metal loading of the environ-
mental sink (Lake Powell). The four options tested were:

1., CHEM with heavy metal fallout

2, CHEM without heavy metal fallout

3. DELTA adjustments only, with heavy metal fallout

4, DELTA adjustments plus adsorption function, with heavy

metal fallout

Option 1 applied the total CHEM submodel, as described in Chapter
5, on deposited fallout and natural baseline (indigenous) heavy metals
and calculated the cumulative amount of heavy metal eroded to the
environmental sink during a 50 year period from the test element,

Option 2 applied the total CHEM submodel only to the indigenous
heavy metals in the soil., This option calculated the cumulative amount
of heavy metal eroded to the sink during a 50 year period from the test
element in the absence of deposited aerosol fallout., Option 2 gives
the natural input, originating from indigenous heavy metals, into the
sink. The difference in heavy metal input between option 1 and option
2 gives the effect of the electric generating facility on the heavy

metal loading of the lake.



Option 3 applied only the erosion and deposition adjustment (DELTA)
routine of CHEM to thg fallout plus indigenous heavy metals. In this
option, no soil chemistry was applied to the system and only the physical
process of erosion was considered. This is the simplest of the four
options run and precludes any knowledge of chemistry except for the
natural baseline concentrations’of the heavy metals. It calculated the
cumulative amount of heavy metal eroded to the sink during a 50 year
period from the test element.

Option 4 is similar to option 3 except it added the adsorption
function routine of CHEM to the program. This option ignored the
chemical refinement of compound precipitation and assumed that exchange
adsorption would account for the total interaction of the heavy metal
with the soil.

Figure 7.3 shows the four options applied to the test element and
the calculated heavy metal loading of Lake Powell during the 50 year
period, These data show that for the metals Zn, Cr and Pb, little or
no difference could be seen by the application of the four options. 1In
essence the data infer that with regard to Zn, Cr and Pb, the indigenous
levels of these metals (20 ppm, 16 ppm and 11 ppm, respectively) which
were present in the eroded soil swamped any effect of deposited fallout.
During the 50 year period, 3450 kg of Zn was deposited from aerosol
fallout on the test element and about 1 x 106 kg total Zn was eroded to
Lake Powell; 1910 kg of Cr was deposited and 7.8 x lO5 kg total Cr was
eroded to Lake Powell; 1140 kg of Pb was deposited and 5 x 105 kg was
eroded to Lake Powell. The overwhelming effect of the natural background
over the deposited heavy metals is evident, The data further suggest

that the subroutines AION, PPTPH and PPT along with the adsorption
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Figure 7.3. Heavy metals eroded to the sink as affected by
various options of CHEM applied to the test element.



routine in the CHEM submodel are an unnecessary refinement at this stage
of TOHM development. Only an erosion function is needed to predict

Zn, Cr and Pb transport to an environmental sink. This conclusion does
not preclude the importance of chemistry in TOHM. Indeed, CHEM predicts
that both aerosol deposited and indigenous heavy metals, by virtue of
their chemistry, will persist in the soil with little downward movement.
Thus heavy metal fallout will remain essentially in the surface crust
and the natural heavy metal concentration profile in the soil will be
invariant. The importance of erosion as the principle vector for heavy
metal transport in essence validates CHEM.

The attempt to rigorously calculate a mass balance for the fallout
heavy metals was not completely successful because of the relatively
large amount of heavy metal eroded and the small amount deposited.
Qualitatively, about 90 percent of the fallout could be accounted for in
the runs on the test element.

Figure 7.4 shows the data for Cd loading of Lake Powell as affected
by the four options of subniodel CHEM. Because of less indigenous Cd
(.18 ppm) in the soil and the smaller proportion of Cd in the fallout
the amount added to the lake 1is considerably less than Zn, Cr or Pb.
Again, little difference is noted between the options used to calculate
the data. Cadmium fallout was 308 kg in the test element over the 50
year period which was the lowest amount deposited of the metals tut about
1x lO4 kg of Cq was eroded from the element., Again the indigenous
amount, although low, dominated Cd transport because of the small amount
of Cd fallout.

The case of Hg, as shown in Figure 7.5, is different than that of

the other heavy metals studied., The amount of aerosol deposited Hg for
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the 50 year period was 4430 kg in the test element which is the highest
amount deposited of the metals studied. The indigenous Hg level, in con-
trast, was the lowest (0.05 ppm) of the metals studied. The maximum
predicteé amount of Hg efoded {(fallout + indigenéusskfrom the element
during the 50 year period is about 6600 kg Hg. This amount is predicted
using only the erosion routine (DELTA) of CHEM and is referred to as option
3. The difference in the amount of Hg eroded between option 3 (DELTA +
fallout) and option 2 (the natural system) is about 4300 kg Hgz which
compares with the 4430 kg of Hg fallout which occurred over the 50 year
span. About 65 percent of the Hg eroded to the sink after 50 years
originates from the fallout on the element., The incorporation of chemistry
(options 1 and 4) into CHEM reduced the Hg loading of Lake Powell by

about 1000 kg in 50 vears (20 kg/yr). The presence of the chemistry
routines resulted in a mass balance of 85 percent at the end of 50 years,
or approximately an average of a 0.3 percent loss of Hg per year. As a
first generation model this is considered a reasonable level of accuracy
taking into account the assumptions and the fact that the program was
called 600 times during the simulated time period,

The data show in Figure 7.5 that indeed aerosocl fallout of Hg can
alter the Hg loading of an environmental sink, This effect is due to the
relatively large amount of aerosol deposited Hg when compared with the
low amounts of indigenous Hg normally found in soils of the study area,
These data further show that an erosion model coupled with an aerosol
deposition model can produce a good estimate of the movement of Hg to
the environmental sink under the conditions of this study. In this
respect, the transport of all the heavy metals (Zn, Cr, Pb, Cd and Hg)

is similar.
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The assumption that heavy metals associated with aerosol deposition
essentially remain in the surface soil was validated by CHEM in this study.
After 50 year simulation, only 2 percent of Cd fallout moved below the
surface 1 cm crust and 0.1 percent of the Hg fallout moved below the
crust,

The application of the CHEM submodel in the test element study
resulted in the conclusion that the added refinement produced by the
incorporation of complex, time-consuming, chemistry sub-routines with
TOHM is not justified or required to predict heavy metal transport in

semi~arid or arid climatic zones.

Heavy Metal Loading of an Envirommental Sink

The previous study has emphasized the importance of erosion as the
transport mechanism for heavy metals to the envirommental sink and the
relative insensitivity of the phenomena to the chemistry of the
heavy metals as detailed in submodel CHEM. Therefore, to evaluate the
heavy metal loading of the envirommental sink (Lake Powell) TOHM was
used incorporating only the DELTA function of CHEM. The net result of
using this version of TOHM not only provided an excellent\predictive
model to compute the loading of the environmental sink during any given
time span as effected by a hypothetical coal-fired electric generating
facility but it resulted in a reduction in computer operational time by
about 90% compared to that required when the total CHEM submodel was
incorporated into TOHM. The results of applying TOHM to the complete

study area (27,570 kmz) will be discussed.

The cumulative loading of Lake Powell by Zn, Cr and Pb due to erosion pro-

cesses during a 25 year perioed is shown in Figure 7.6. These data represent
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the contribution from both the natural system plus aerosol deposition that
occurred on the land surface within the study site, During this period,
3.2 x 106 kg of Zn, 2.6 x 106 kg of Cr and 1,8 x lO6 kg of Pb were
deposited in the lake. This loading is directly proportional to the
indigenous levels of these heavy metals that was assumed to occur in
the soil, i.e,, Zn = 20 ppm, Cr = 16 ppm and Pb = 11 ppm, respectively.
As previously shown (see Figure 7.3) the loading of these particular
heavy metals is not significantly affected by the aerosol fallout that
occurred, The data in this figure essentially show the contribution
of the natural system to the heavy metal loading of Lake Powell, The
impact of Zn, Cr and Pb fallout on the loading of the lake is minimal as
will be discussed later,

Figure 7.7 shows that the loading of Cd (3.1 x 104 kg) and Hg (3.6
ps 104 kg) into Lake Powell during a 25 vear period is in the order of
100 times less than the metals Zn, Cr and Pb., Again these data refer to
the amounts eroded from the land surfaces and transported to the sink.
These heavy metals exist at relatively low indigenous levels in the soil
(i.e., Cd = 0.18 ppm and Hg = 0.05 ppm) compared to the other metals
studied. The greater slope of the Hg loading curve relative to the Cd
loading curve and the eventual intersection of the two curves shows the
increasing influence of the high aerosol fallout of Hg (1.9 x lO5 kg)
compared to the Cd fallout (1.3 x lO4 kg) on the land surface of the study
basin, The significant impact of Hg fallout is related to the large
ratio between the amount of fallout and the indigenous amount of Hg in
the soil., This relation is shown in Figure 7.8, where the total Hg eroded
to the lake and the contribution of fallout Hg to this total are plotted

over a 25 year period. At the end of 25 years, 83 percent of the total
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Hg loading of the lake comes directly from aerosol fallout in the study
site, This compares to about a 6 percent fallout contribution to the
total Cd loading of the lake and a negligible fallout contribution to
total Zn, Cr and Pb added to Lake Powell.

Heavy metal loading of Lake Powell by direct interception of fallout
on the water surface is shown in Figure 7.9, The relative position of
these curves also gives the approximate ratio of the aerosol deposition of
each heavy metal in the basin. These data show that only in the case of
Hg does direct fallout on the lake materially affect the total loading.
About 14 percent of the total Hg input into the lake was due to direct
deposition on the water surface.

Table 7-1 summarizes the erosion data predicted by TOHM for a
simulated 25 year period for the 5 hydrologic subbasins that occur with
the study site basin., The Colorado subbasin contains the environmental
sink. The Dirty Devil subbasin although the smallest in area produces a
disproportionately large amount of eroded soil., Per wmit area, Dirty
Devil produces more than twice as much sediment as the other subbasins
studied. This result reflects the high erodibility of the soil in this
subbasin.

Table 7-2 summarizes a portion of the cumulative 25 year data
obtained from TOHM on the heavy metal loading of the environmental sink
by hydrologic subbasin. The total values shown in columns 2 through 6
are the data plotted in Figures 7.6 and 7.7. The impact of the hypothetical
coal~fired electric generating facility on the heavy metal loading of the
environmental sink is shown in columns 7 through 11, The values for the
Colorado subbasin also include the aerosol deposition thaﬁ occurred

directly on Lake Powell. The accuracy of the wvalues cited for the
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Table 7-1.

Cunulative 25 year erosion data as predicted by TOHM for hydrologic
sub-basins.

Area % of total Soil eroded Erosion/km2 Erosion/kmz/yr
Sub-basin | km? study area kg x 1010 kg x 100 kg x 106
Fremont 6,050 22 2.4 4.0 0.16
Dirty Devil 1,440 5 2.6 18 0.73
Colorado 9,780 36 8.5 8.7 0.35
Escalante 5,600 20 1.4 2.6 .10
San Juan 4,700 17 1.8 3.9 0.16
Totals 27,570 100 16.7

el



Table 7-2.

-

Cumulative 25 year data as predicted by TOHM on heavy metal loading of the environmental sink by
hydrologic sub-basins.

Lake Loading from Natural System and Fallout

Lake Loading from Fallout Only

Total Cumulative Aerosol Fallout

Sub-basin Zn Cr Pb Cd He Zn Cr Ph Cd Hg Zn Cr Pb Cd He
kg x 102 kg x 103 kg ¥ 103 kg x 10%

Fremont 5 4 2.9 4.6 2.7 3 <1 <1 0.11 1.6 | 1.1 0.55 0.32 0.087 1.3

Dirty Devil 4.7 3.8 2.7 4.3 2,2 1 <1 <1 0.08 1.1} 0.32 | 0.16 0.1 0.026 0.37

Colorado 17 13 9.4 16 23 20 10 5 1.4 21 9.2 4.6 2.7 0.73 10

Escalante 2.5 2 1.4 2.4 2.7 2 1 1 0.17 2.5} 3.1 1.6 0.93 0.25 3.6

San Juan 3.3 2.7 1.9 3.3 5.2 1 2 1 0.32 4.51 3.9 2 1.1 0.31 4.5
Totals 32.5 25.5 18.3 30.6 35.8 27 =13 =7 2,08 30.7 1 17.6 8.91 5.15 1.40 19.8

9¢T
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contribution of fallout to the loading of Zn, Cr and Pb is not great
because of the computational methods used (small differences between
large numbers). Howevef, the order of magnitude corroborates the earlier
stated conclusion that naturally occurring Zn, Cr and Pb in the soil is
the principle source of these metals in the environmental sink. The data
for Cd and Hg (colums 10 and 11) are more definitive because of the
smaller magnitude of the numbers involved in the computation. The data
quantify the impact of aerosol deposition in the study basin on the

input of Cd and Hg into the lake. As stated previously, these data show
that 83 percent of the Hg that finds its way into the lake originates
from aerosol fallout whereas only 6 percent of the Cd loading of the lake
originates from aserosol fallout. These data also show that the aerosol
fallout increased the Hg loading of the lake by 600 percent over the
level contributed by the indigenous Hg found in the natural system
whereas Cd loading of the lake is increased about 11 percent above the
natural baseline level.

The total aerosol fallout which was deposited in each subbasin during
the 25 year period is shown in columns 12 to 16. Comparison of total
cumulative fallout with the amount of fallout eroded to the lake
shows that only 15 percent of the heavy metals result:ng from 25 years of
fallout is transported to the lake. The remaining 85 percent of the
deposited heavy metals is considered accumulated in the surface soil of
the study area. This accumulation of aerosol deposited heavy metals in
the surface soil is a natural sequence of the soil chemistry coupled with
the low rainfall-low surface runoff encountered in semi-arid regions
of the west.

The data simulated by TOHM are considered to give a realistic
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approximation of the heavy metal loading of an envirommental sink result-
ing from the operation of a coal-fired electric generating facility located
in the semi—arid or arid regions of the intermountain west. As a first
generation model, TOHM has provided the necessary first step in an
integrated approach to solve the complex problem of interacting natural
systems. It should be noted that TOHM was applied to an area of about

28 x 103 km2 in the Upper Colorado River Basin. This study area

represents about 10 percent of the Upper Colorado River Basin area (277 x
103 ka) which drains into Lake Powell. Correspondingly, the TOHM
simulated heavy meﬁal loading data as reported in this study represents

only a fraction of the total heavy metal loading which occurs in Lake

Powell as the result of Upper Colorado River Basin drainage.

Summary of Results

The submodel EROS provides a reasonable simulation of the sediment
yield in the study area.

Soil erosion rates predicted by EROS are insensitive to the seed
number used for the random number generator in the precipitation submodel
(RAIN3).

Soil erosion rates are relatively sensitive to the coefficients
(Ci) of the Universal Soil Loss Equation.

The soil erosion option of TOHM was run with fallout input. The
results indicated that the rate of heavy metals transported to the
environmental sink by erosion will not reach 50 percent of the maximum
rate until about 20 to 50 years after the initiation of aerosol deposition.

Submodel CHEM was run on a test element (100 km2) to show the affect
of soil chemistry on the transport of Zn, Cr, Pb, Cd and Hg resulting

from aerosol deposition to the environmental sink (Lake Powell).
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A 50 year period was simulated. The data show that heavy metal transport
is insensitive to the chemistry submodel. This conclusion in essence
validates CHEM which ipredicts essentially all aerosol deposited heavy
metals accumulated in the soil surface hence are subject to erosion.

In the test element run, with or without the inclusion of chemistry,
it was found that Zn, Cr, Pb and Cd loading of the lake is attributed
to the nmatural (indigenous) level of these metals in the soil. Fallout
was insignificant with regard to the total amount of these metals eroded
to the lake.

In the test element run, with or without the inclusion of chemistry,
it was found that the loading of the lake was materially affected by Hg
fallout. About 65 percent of the Hg loading from this element was
contributed by fallout. This result is attributed to the low level of
indigenous Hg in the soil relative to the amount of fallout.

The general model TOHM was applied to the study site (27,570 kmz)
to simulate Zn, Cr, Pb, Cd and Hg loading of the envirommental sink
over a 25 year period. The conclusions essentially corroborated the
findings of the single test element studies. The CHEM routine was
suppressed during the TOHM runs.

The loading of Zn, Cr and Pb into the lake could be accounted for
by the natural indigenous metal eroded to the lake. Fallout of these
heavy metals had an insignificant impact on the loading.

The loading of the lake by Hg was dramatically affected by aerosol
fallout. After 25 years, 83 percent of the loading of Hg resulted from
fallout. About 6 percent of the loading of the lake by Cd was attributed

to fallout in the study area.
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Aerosol fallout increased Hg loading of the lake by 600 percent over
the level contributed by indigenous Hg in the system. Fallout increased
Cd loading of the lake by about 11 percent above the natural baseline
level.

The data simulated by TOBM indicated that in 25 years, 15 percent
of the heavy metals in the fallout had eroded to the lake leaving 85

percent stored in the surface soil of the study area.

Future Model Refinements and Validation

The importance of soil erosion in the transport of heavy metals
requires that consideration be given to the application of more sophisti-
cated soil erosion modeling techniques and field verification of sediment
vield in certain critical subbasins. Of interest would be the use of
the Meyer Technique (Tapp, 1976) with a concerted effort made to deter-
mine the needed specific coefficients values for the selected study area.

Validation of TOHM is the obvious next step if the model.is to be of
any practical benefit, This study showed that because of the sensitivity
of the system to Hg fallout only the transport of Hg in selected subbasins
can be realistically validated. This would require a coordinated field
study centered in a region with an existing coal-fired electric genera-
ting facility with known aerosol output both in quantity and composition.
The validation study would require extensive field monitoring of air
quality, soil and sediment composition and sediment yield to determine the
impact of Hg fallout on the loading of an environmental sink. The
degree to which the existing TOHM model must be refined depends on the
results of field data. The infamous heterogeneity of nature in semi-arid

regions presents a formidable barrier to the validation of TOHM.



141

LITERATURE CITED

Agee, E. M., D, E. Brown, T. S. Chen, and K. E. Dowell. 1973, A height
dependent model of; eddy viscosity in the planetary! boundary layer.
Jour. App. Meteor., 12(2):409-412,

Briggs, C. A, 1969, Plume Rose. U, S, Atomic Energy Commission,
Division of Technical Information. 0Oak Ridge, Tenn. p». 56.

Bolt, G. H., and M. G. M. Bruggenwert, Editors. 197/6. Soil Chemistry:
Basic Elements. Elsevier Publishing Co., New York. p. 281.

Garrels, R. M., F. T, Mackenzie and C, Hunt, 1975, Chemical Cycles
and the Glohal Enviromment. Wm. Kaufman, Inc. Los Altos, Calif.
p. 206,

Gifford, F. A., Jr. 1962, Surface deposition of airborne material,
Nuclear Safety, 3(40):76-80.

Hill, A, C. 1971, Vegetation: A sink for atmospheric pollutants., .Jour.
Air Poll. Cont. Assoc., 21(6):341-346,

Holzworth, G. C. 1972, Mixing heights, wind speeds, and potential for
urban air pollution throughout the contiguous United States.
EPA, Office of Air Programs Research, Triangle Park, N. Car.
118 pp.

Horton, R. E. 1945, Erosional development of streams and their
drainage basins; hydrophysical approach to quantitative morphology.
Geol. Soc., Amer. Bul. 56:275-370,

Jeppson, Roland W., Gayvlen L. Ashcroft, A. Leon Huber, Gayland V. Skogerboe,
and Jay M. Bagley. 1968, Utah Water Research Laboratory, Utah
Agriculture Experiment Station, Utah State University in cooperation
with Division of Water Resources, Utah Department of Natural Resources.
November. p. 27-30.

Lee, R, L., Jr., H., L. Christ, A, E. Riley, and K. E. MacLeod. 1975,
Concentration and size of trace metal emissions from a power plant,
a steel plant, and a cotton gin., Env. Sci. and Tech., 9(7):643-647.

Lewis, J., and G. L. Wooldridge. 1976, Sensitivity analysis of surface
deposition in a numerical model of atmospheric dispersion. Preprint
of a paper delivered at the Fourth National Conference on Fire and
Forest Meteorology held at St, Louis, Mo., Nov, 16-18, 1976.

Meyer, L. D, and W. H. Wischmeyer. 1969. Mathematical Simulation of the
Process of Soil Erosion by Water., Trans. Amer. Soc. Agric. Eng.
12:754-762,

Meyer, L. D. 1971. Scil Erosion by Water on Upland Areas. in River
Mechanics (H. W, Shen, Editor and Publisher), Fort Collins,
Colorado. 27-1, 27-25.



142

Miller, J. F., R. H. Frederick, and R. J. Tracey. 1973, Precipitation
Frequency Atlas of the West, NOAA Atlas 2. Volume VI-Utah, U. S.
Department of Commerce, Nationmal Oceanic and Atmospheric Admisis-
tration, National Weather Service, Silver Springs, M. D.

Murdock, J. R., S. L. Welch and B, W. Wood. 1975, Navajo-Kaiparowits
Environmental Baseline Studies 1971-1974, Chapter 6. Center for
Health and Env., Studies, Brigham Young University, Utah,

Pasquill, ¥, 1974, Atmospheric Diffusion, 2nd Ed. John Wiley and Sons,
N. Y. p. 241.

Sillen, L. G. and A. E. Martell. 1964. Stability Constants of Metal-ion
- Complexes. Special Publ. 17, The Chemical Society, London.

Soil Conservation Service. 1976. TUniversal Soil Loss Equation,
unnumbered technical note.

Stumm, W. and J. J. Morgan. 1970. Agquatic Chemistry. Wiley~Interscience,
New York. p. 583.

Tapp, John S. 1976, FErosion Models, Unpublished paper. 13 p.

Tew, R, K, 1973, Estimating Soil Erosion Losses from Utah Watersheds,
Forest Service, Division of Soil and Water Management, USDA, ogden,
Utah.

Todd, David Reith. 1970. The Water Encyclopedia. Water Information
Center, Port Washington, New York., 559 p.

Turner, D. B, 1969, Workbook of Atmospheric Dispersion Estimates.
U. S. Dept. of HEW, U. S. Public Health, Ciucinatti, Ohio. 84 pp.

U. S. Department of Interior, Burean of Land Management. 1976. Final
Environmental Impact Statement, Proposed Kaiparowits Project:
Reference Material.

U. 8. Department of Interior, Geological Survey. 1965. Map of Native
Vegetation Zones and Irrigated Lands in the San .Juan Division
of the Upper Colorado River Basin. Professional Paper 441, Plate 9,

Vanoni, Vito A,, Editor. 1975, Sedimentation Engineering. American
Society of Civil Engineering. 345 East 47th St., New York, New
York. 745 p.

Wagman, D, D,, W. H, Evans, V. B. Parker, I, Hallow, S. M. Bailey and
R. H. Schumm, 1968, Selected values of chemical thermodynamic
properties. NBS Tech. Note 270-3,

Walther, Eric G. 1976. Predicting the transport of air pollutants from
the Navajo and Kaiparowits generating stations into Lake Powell.
Presented at 3rd Syp. on Atmosph. Turbulence, Diffusion and Air
Quality, Oct. 19~22, Raleigh, N. Carolina.



143

Wischmeyer, W. H., 1959. A Rainfall Erosion Index for a Universal
Soil-Loss Equation, Soil Sci. Soc. Amer. Proc. 23:246-249,

Wischmeyer, W. H, and D. D. Smith. 1965. Predicting rainfall-erosion
losses from cropland--a guide for selection of practices for soil
and water conservation. Agr. Handbook No. 282, TUSDA,

Wischmeyer, W. H. and J. V. Mannering. 1969. -Relation of Soil
Properties to its Erodibility. Soil Sci. Soc. Amer. Proc. 33:
131-137.

Wigschmeyer, W, H., 1971. The erosion equation-~-a tool for conservation
planning. Proc. Soil Cons. Soc, Amer., Aug., pp. 73-78.

Wischmeyer, W. H., 1976, Use and Misuse of the Universal Soil Loss
Equation, Journal of Soil and Water Conservation. Feb., pg. 5-~9.

Wooldridge, G, L. 1976. Vertical momentum transport and mountain valley
circulations., Final Report on project 12-11-204-3 Suppl. 61 to
USDA Forest Service. 23 pp.

Wooldridge, G. L. and R, L. Ellis, 1973, Atmospheric dispersion character-
istics of a northern Utah mountain valley. Dept. of Soils and Biomet-—
eorology Tech. Paper No. 2, Utah State University, Logan, Utah., 55 pp.

Wooldridge, G. L. and J. Lewis. 1975, Dispersion in mountain valleys
using measured constants in a modified plume model. Pre-print
of a paper presented at the Twelfth AMS Conference on Agriculture
and Forest Meteorology held at Tucson, Ariz., April 14-16, 1975.
41-42,

Wooldridge, G. L. and M. J. Orgill, 1975, Airflow and diffusion in high
mountainous terrain. Presented at the First AMS Conference on
Regional and Mesoscale Modeling, Analysis, and Prediction held at
Las Vegas, Nev., May 6-~9, 1975. 21 pp.



APPENDIX A

Transport of Heavy Metals (TOHM) Model

Definition of Terms and
Formats for Data Input



Definition of Terms in Common Blocks

COMMON (unlabeled)

IB1(IE) Number of Bl coefficients for erosion submodel
TITL(2,20) Title and subtitle
IOPRUN(I) Run options
I = 1 options for precipitation submodel
I = 2 options for erosion submodel
I = 3 options for chemistry submodel
I = 4 option for restart output
I = 5 error encountered; stop at the end of this program segment
I = 6 option for soil erosion output
IOPECH(I) Data echo option
I = 1 options for system identification data
I = 2 options for fallout data
I = 3 options for initial heavy metal concentrations
IOPWRI(I} Output options
I = 1 options for output by element or sub-basin (NA)
I = 2 options for output by month or year (NA)
I = 3 option for output of generated precipitation data
I = 4 option for output of generated erosion data
I = 5 option for output of generated soil chemistry data (NA)
IEROW(IE) Element row identification (alphanumeric)
IECOL(IE) Element column identification (integer)
ITRAN(I,IE) Element numbers of adjacent elements receiving erosion
from IE (I = 1,2)
PTRAN(I,IE) Percent of eroded material transported to ITRAN(I,IE) (I = 1,2)

PTRAN(3,IE) Percent of eroded material transported directly to the lake

Note: (NA), not available in this version of the model.



IHYDB(IE)} Hydrologic sub~basin containing IE
NHVM Number of heavy metals in current run
THVM(I) Identification numbers of heavy metals in the current

run (I = 1,8)

ACCFO(IHM,IHB) Accumulated fallout over a hydrologic sub-basin Kg
XLAXD(IHM,IHB) Heavy metal accumulation in the lake from direct Kg
fallout

XLAXE (IHM,IHB) Heavy metal accumulation in the lake from erosion Kg

CRUSTD Crust depth in basin ' Cm
AS(IE) Area of soil surface in IE sz
AL(IE) Area of lake surface in IE sz

NELE Number of elements in the system
B1(I,IE) Coefficients for erosion submodel (I = 1,4 sub-elements)
ISOT(I,IE) Soil types (I = 1,4 sub—elements)
P30X (IMO) 30 minute rain intensity (IMO = 1,12 months) Cm/30 min
MAR(IE) Mean annual rainfall zone containing IE
IPZON(IE)} Precipitation zone containing IE
IDZON(IE) Precipitation distribution zone containing IE
SADD(IE) Temporary storage for soil eroded to IE Kg
SLAXE (IHB) Mass of soil eroded to the lake for hydrologic Kg
basin IHB = 1,NHYDB

COMMON/EROS/

PINST(8) Not used

RKST(8) Soil type coefficient

THATA{3) Slope coefficient Degrees
P30MIN Precipitation threshold for erosion Cm/30 min
VC(10) Vegetation cover coefficient

EROSD(IMO,IE)} Depth of erosion in Cm (IMO = 1,12 months) Cm

(IE = 1, number of elements)



COMMON/CHEM/
FO(IMM,IS,IE) Fallout Kg/sz/mo
POR(IE) Average soil porosity Percent
BD(IE) Average soil bulk density o A g/Cm3
PINF(IMO,IE) Monthly infiltration Cm
X(1,IHM,IE) Mass of heavy metal in crust Kg/sz/mo
X(2,14M,1IE) Mass of heavy metal in subsoil Kngm2

X(1I,IHM,IE) Storage variables for chemistry model (I = 3,5)

DELTA Change in crust depth due to erosion and deposition Cm
(+ or =)

ALPHA(IE) Coefficient for chemistry submodel

CEE(IE) Coefficient for chemistry submodel

Y(8) Storage locations for chemistry submodel

COMMON/RAIN3/

CF(4,12) Factors which produce monthly scatter of precipitation
outputs

CF4(4,12) Factors which produce monthly scatter of precipitation

outputs

XBAR(5,7) Mean precipitation of precipitation vs, intensity line

SDX(5,7) Slope of precipitation vs., intensity line on probability
log paper

PRO(5,7) Probability level

RCF(9) Factor relating composite storm precipitation to annual

precipitation
PR(7) Probability level of precipitation event

RFCFOPT(9) Factor relating annual precipitation to a years P30's



Other Variables in RAIN3

P30 Maximum 30 minute intensity for a given month

TOTFIL Infiltration in a month

CP Infiltration coefficient

ALFA Infiltration coefficient

MAR Zones of similar RCFOPT's and RCF's

IDZON

IPZON
R(27)

P(27)

Zones of similar monthly scatter of precipitation from

the mean month

Zones of similar precipitation intensity

Standard deviations

Probability associated with corresponding R

COMMON/OUTPUT/

MONTH(12) The name of each month

IYEAR The year number

PECHB(12, IHB)

PINFHB(12,IHB)

Monthly 30 minute intensity precipitation

accumulated by hydrologic basins (IHB = 1,

number of hydrologic basins)

Monthly infiltration accumulated by hydrologic

basin (IHB = 1, number of hydrologic basins)

PEC30(12,1IE) Monthly 30 minute intensity precipitation

for element IE

COMMON/TOTAL/
TI(8,6) Temporary
T2(8,6) Temporary
T3(8,6) Temporary
T4(8,6) Temporary
T5(8,6) Temporary

SLAEPT (6)

storage
storage
storage
storage

storage

of ACFOT

of XLADT

of XLADT

of Y1

of Y2

Temporary storage of SLAXET

Cm/ 30 min

Cm

Cm/30 min

Cm

Cm/30 min



— COMMON/STAT/

ACFOT (IHVM, IYEAR) Total of fallout during vear IYEAR Kg
IHVM = 1,NHVM IYEAR = 1, NYEARS

XLADT (IHVM,IYEAR) Total of fallout during year IYEAR falling Kg
directly on the lake

XLAET (IHVM, IYEAR) Total of heavy metals eroded to the lake Kg

during year IYEAR

YIT({IHVM,IYEAR) Total heavy metal change in soil crust during Kg
year IYEAR
Y2T(IHVM, IYEAR) Total heavy metal change in subsoil during Kg
year IYEAR
SLAXET (IYEAR) Total soil eroded to the lake during year Kg
’ IYEAR

IYSTRT Start year number
NR Read file for subroutine "LASTOP" option card

Other Input Variables in Program

NRL Read file

NWl Write file

NYEARS Number of year to be run

IRADUM Seed number for random number generator
NHYDB Number of hydrologic basins

NR6 Read for precipitation model data

NR2 Read file for subroutine "READSC"

NW2 ©Not used

AREA Area of standard element

INXOPT TInput option for initial ACCFO, XLAVD, XLAXE, SLAXE Km
NR5 Read file for precipitation data

RW5 Write file for precipitation echo



NR3 Read file for fallout data
NHVI Total number of heavy metals on input file
NR4 Read file for initial heavy metal accumulations in soil

NR4 Write file for erosion data



FORMATS FOR DATA INPUTS
The formats for data input are included in Table A-1. The table includes
a comprehensive list of several desirable model options even though the
scope of this project did not allow for their inclusion in this version of

the model, In such cases a notation is made in the Table., It was felt

that if provisions were made now, the inclusion of these options at a future

time would be simplified.
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DATA S 2 CARD INPUT INPUT
SEGMENT | & & = COLUMNS | FORMAT SYMBOL DESCRIPTION UNITS
MAIN 1 NR1 1 I1 NOP Number of problems to be run
CONTROL
2 NR1 1-80 2044 TITL(1,I) Run Title
3 NR1 1-80 20A4 TITL(2,1) Run subtitle
4 NR1L 2 I1 TOPRUN(L) Option for precipitation submodel
= 1: use one set of precipitation data
for all years (read from NR3)
= 2: generate precipitation data for
each year using simulated storms
= 3: generate precipitation data for
each year using P30
4~5 12 NR5 Read-file for precipitation data
[IOPRUN(1) = 1]
7-8 12 NW5 Write~file for precipitation echo
10 11 TIOPRUN(2) Option for erosion submodel
= blank: run erosion submodel
= 1: skip erosion submodel
12 I1 IOPRUN(3) Option for soil chemistry submodel

[}

blank: run soil chemistry submodel

1:
23

3:

skip soil chemistry submodel

skip soil chemistry submodel and set
initial soil concentrations to zero

same as 2 and also prevent transfer
between crust and subsoil




CARD TYPE IN
DATA SEGMENT

l

=3
o
=
¥
=) CARD INPUT
5 COLUMNS FORMAT
14 11
16 11
18 I1
20 11

SYMBOL

TIOPECH(1)

TOPECH(2)

IOPECH(3)

IOPWRT (1)

DESCRIPTION

Option for echo of system identification
data (write on NW1)

= blank: echo input data

= 1: supress echo of input data
Option for echo of fallout data (write
on NWL)

= blank: echo input data

= 1: supress echo of input data -
Option for echo of initial heavy metal
concentration

= blank: echo input data

= 1: supress echo of input data

Qutput option for elements (write on NW1l)

= blank: output for hydrologic basins
and -lake

o= i: output for each element, hydrologic
basins, and lake {(not included
in the version of the model)
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DATA z % 2 CARD INPUT ‘ - INPUT
SEGMENT | S A = | coLuMNs | FORMAT SYMBOL DESCRIPTION UNITS
22 Il I0PWRT(2) Qutput option for time (write on NW1)
= blank: output accumulated yearly
values

= 1: output monthly values and accumu-—
lated vyearly values (not included
in this version of the model)

24 I1 IOPWRT (3) Qutput option for precipitation subroutine

= blank: supress output

= 1: output precipitation data as gen-—
erated on NW5

26 Il TOPWRT (4) Qutput option for erosion submodel

= blank: supress output

= 1: output erosion data as generated on
NW&

28 11 IOPWRT (5) Qutput option for chemistry submodel (write
on NW1)

blank: supress. output

1: output soil chemistry data as gen-
erated (not included in this version)

30-31 12 NR1 1 Read file NR1

33-34 12 NWl Write file NW1

oT-v
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DATA 2 § 9 CARD INPUT
SEGMENT ;ig> & COLUMNS FORMAT SYMBOL DESCRIPTTION
36-37 I2 NYEARS Number of years in this run
39-53 115 IRADUM Initial random number for RAIN3 (odd inte-
ger between 6 x 10° ~ 5 x 109)
55 11 NHYDB Number of hydrologic basins (max of 6)
57 Il IOPRUN(4) 1 = make a punched deck of data needed
to restart the program
0 = supress the above
59 11 IOPRUN(6) 1 = print mass of soil eroded to lake as
yearly output
0 = supress mass of soil eroded to lake
61-64 14 IYSTRT Starting year number
66-67 12 NR& Read file for precipitation model data
SYSTEM
DEFINITION NR1 2-3 I2 NR2 Read file for system definition input data
5-6 I2 NW2 Write file for monthly output
8-10 I3 NELE Number of elements
12-17 F6.0 AREA Area of standard element
19 Il INXOP 1 = Input initial ACCFO, XLAX0, XLAXE, and
IF IOPRUN(4) = 1 input SLAXE
0 = not the above

I1-v
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DATA 2 & 2 CARD INPUT INPUT
SEGMENT | & & & | COLUMNS | FORMAT SYMBOL DESCRIPTION UNLTS
2 NR2 1 Al IEROW(IE) Row identification for element IE
2-3 12 IECOL{IE) Column identification for element IE
5 I1 ISOT(1,IE) Sub-element 1: soil type
6 Al ISLOP (1) Sub-element 1: slope
S: steep (50°)
M: moderate (25°)
F: flat (10°)
7 Il IVEG(1l) Sub-element 1: vegetation type
8-10 F3.2 PA(L) Sub-element 1: percent area percent
12 Il ISOT(2,1IE) N
13 Al ISLOP(2)
14 S Il IVEG(2)
15-17 F3.2 PA(2)
19 I1 ISO0T(3,1E)
20 Al ISLOP(3) > Up to 4 sub—elements may be included
21 11 IVEG(3)
2224 F3.2 PA(3)
26 11 ISOT(4,1IE)
27 Al ISLOP (4)
28 Il IVEG(4)
29-31 F3.2 PA(4) /

¢T-v



CARD TYPE IN
DATA SEGMENT

=

—

(]

&3

2 CARD INPUT

! COLUMNS FORMAT SYMBOL
33 Al FO(1,1,IE)
34-35 12 ITRAN(1,IE)
36-38 F3.2 PTRAN(1,IE)
40 Al FO(1,2,IE)
41-42 12 ITRAN(2,IE)
43=45 F.32 PTRAN (2, IE)
L6~48 F.32 PTRAN(3, IE)
50-51 11 IDZON (IE)
53-54 12 IPZON(IE)
56-57 12 IHYDB(IE)
58-60 F3.2 POR(IE)
62-64 F3,2 BD(IE)
66-68 "F3.2 CEE (IE)
69-71 - F3.2 ALPHA (IE)

DESCRIPTION

Row identification of an adjacent element
receiving eroded material from element IE

Column identification of an adjacent ele=-
ment receiving material from element IE

Percent of eroded material actually trans-
ported :

Row identification of another adjacent ele-
ment receiving material from element IE

Column identification of another adjacent
element receiving material from element IE

Percent of eroded material actually trans-
ported .

Percent transported directly to the lake

Precipitation distribution zone for ele-
ment IE

Precipitation zone for element IE
Hydrologic basin for element IE
Porosity

Bulk density
Initial infiltration coefficient (C')

Long term infiltration coefficient (2)

INPUT
UNITS

percent

percent

percent

percent

g/ Cn>

€1-v
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DATA % %‘ 2 CARD INPUT INPUT
SEGMENT | S & & | COLUMNS | FORMAT SYMBOL DESCRIPTION UNITS
72-77 F6.0 ELAR Element area if different from the standard sz
80 I1 MAR(IE) Mean annual rainfall zone I.D.
|
FALLOUT NR1 2-3 12 NR3 | Read file for fallout data
DATA :
CONTROL 5 I1 NHVM | Number of heavy metals to be modeled in
1 in this run (88)
7 Il THVM (L) Identification of first heavy metal to be
‘ } modeled
|
9 11 THVM(2) Identification of second heavy metal to
be modeled :
21 I1 THVM(8) Identification of eighth heavy metal to
be modeled
23 I1 NHVT Total number of heavy metals on input
file (58)
25-26 12 NR4 Read-file for initial heavy metal accumu-
lations in soil
28-29 12 NW4 Write~file for erosion data
FALLOUT NR3 1 Al IDUM "gy
DATA
INPUT 3 Al IDUML Row identification for element IE
45 T2 IDUM2 Column identification for element IE
6-14 E9.3 FO(1,1,1IE) Fallout, heavy metal #1, season #1, Kg/KmZ/mq>
1

element IE
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DATA = 2 CARD INPUT INPUT
SEGMENT | & & = COLUMNS | FORMAT SYMBOL DESCRIPTION UNITS
69-77 E9.3 FO(8,2,1IE) Fallout, heavy metal #8, season #2, Kg/sz/mo
' element IE
INITIAL 1 NR4 1 Al IDUM new
HEAVY
METAL 3 Al IDUML Row identification for element IE
ACCUMULA-
TIONS IN 4=5 12 IDUM2 Column identification for element IE
THE SOIL 2
7-15 E9.3 X(1,1,1E) "Mass of heavy metal #1 in the crust of . Kg/Cm/Km
element IE :
16-24 E9.3 X(1,2,IE) Mass of heavy metal #2 in the crust of Kg/Cm/KmZ
element IE
25-33 E9.3 X(1i,3,1E)
34-42 E9.3 X(1,4,1IE)
43-51 E9.3 X(1,5,1E)
5260 E9.3 X(1,6,IE)
61-69 E9.3 X(1,7,1E)
70~78 E9.3 X(1,8,1E) Mass of heavy metal #8 in the crust of Kg/Cm/Km2
element IE
2 1 Al IDUM gt
3 Al IDUM1 Row identification for element IE

SI-v



DATA

SEGMENT

CARD TYPE IN
DATA SEGMENT

£
pd
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2 CARD INPUT INPUT
o COLUMNS | FORMAT SYMBOL DESCRIPTION UNITS
2
15-23 E9.3 FO(2,1,1IE) Fallout, heavy metal #2, season #1, Kg/Km" /mo
element IE
24-32 E9.3 F0(3,1,1IE) Fallout heavy metal #3, season #1, Kg/KmZ/mo
element IE
33-41 E9.3 FO(4,1,1E) Fallout heavy metal #4, season #1, Kg/sz/mo
element IE
42-50 E9.3 F0(5,1,1IE) Fallout, heavy metal #5, season #1, Kg/sz/mo
element IE
51-59 E9.3 FO(6,1,1IE) Fallout, heavy metal #6, season #1, Kg/sz/mo
element IE
60-68 E9.3 FO(7,1,1E) Fallout, heavy metal #7, season #1, Kg/sz/mo
element IE
69-77 E9.3 FO(8,1,1E) Fallout, heavy metal #8, season #1, Kg/sz/mo
element IE
NR3 1 Al IDUM g
3 Al IDUM Row identification for element
4~5 12 IDUM2 Column identification for element Kg/sz/mo
2
T 614 E9.2 FO(1,2,1IE) Fallout, heavy metal #1, season #2, Kg/Km /mo
element IE .
15-23 E9.3 FO(2,2,1IE) Fallout, heavy metal #2, season #2, Kg/sz/mo

element IE

91-v
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DATA g gj > CARD INPUT INPUT
SEGMENT | S A& 2 COLUMNS | FORMAT SYMBOL DESCRIPTION UNITS
4-5 12 IDUM2 Column identification for element IE
7-15 E9.3 - X(2,1,1E) Mass of heavy metal #1 beneath crust of Kg/Cm/Km2
element IE
16-24 E9.3 X(2,2,1IE) Mass of heavy metal #2 beneath crust of Kg/Cm/Km2
element IE
25-33 E9.3 X(2,3,1E) Mass of heavy metal #3 beneath crust of Kg/Cm/sz
element IE
34-42 ES.3 X(2,4,1IE) Mass of heavy metal #4 beneath crust of Kg/cm/xmz
element IE
43-51 E9.3 X(2,5,IE) Mass of heavy metal #5 beneath crust of Kg/Cm/Km2
element IE
5260 E9.3 X(2,6,1IE) Mass of heavy metal #6 beneath crust of Kg/Cm/sz
element IE
61-69 E9.3 X(2,7,1E) Mass of heavy metal #7 beneath crust of Kg/Cm/Km2
element IE -
2
70-78 E9.3 X(2,8,1IE) Mass of heavy metal #8 beneath crust-of _ Kg/Cm/Km
element IE
INITTAL 1 NR1 1-8 E8.3 ACCFO(1,1IHB) Mass of accumulated fallout for heavy Kg
MASS : metal #1 in hydrologic basin IHB
BALANCE
CONDITIONS 11-18 E8.3 ACCFO(2,IHB) | Mass of accumulated fallout for heavy Kg
NEEDED IF metal #2 in hydrologic basin IHB
INXOP = 1
R 21-28 E8.3 ACCFO(3,1IHB) Mass of accumulated fallout for heavy Kg
ONE CARD metal #3 in hydrologic basin THB
FOR EACH o &
HYDROLOGIC
BASIN
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DATA 2 & 2 CARD INPUT INPUT
SEGMENT | 3 A = COLUMNS FORMAT SYMBOL DESCRIPTION UNITS
31-38 E8.3 ACCFO(4,1HB) Mass of accumulated fallout for heavy Kg
metal #4 in hydrologic basin IHB
41-48 E8.3 ACCFO(5,IHB) | Mass of accumulated fallout for heavy Kg
metal #5 in hydrologic basin IHB
51-58 E8.9 ACCFO(6,IHB) | Mass of accumulated fallout for heavy Kg
metal #6 in hydrologic basin IHB '
61-68 . E8.3 ACCFO(7,1HB) Mass of accumulated fallout for heavy Kg
‘ metal #7 in hydrologic basin IHB
71-78 E8.3 ACCFO(8,1IHB) Mass of accumulated fallout for heavy Kg
o metal #8 in hydrologic basin IHB
NHYDB Repeat for each hydrologic basin
INITIAL 1 NR1 1-8 E8.3 XLAXD(1,1) Mass of accumulated fallout directly on the Kg
ACCUMULATED lake for heavy metal #1, hydrologic basin 1
FALLOUT
DIRECTLY 11-18 E8.3 XLAXD(2,1) Mass of accumulated fallout directly on the Kg
ON THE LAKE lake for heavy metal #2, hydrologic basgin 1
(ﬁgiggg iFl) 21-28 E8.3 XLAXD(3,1) Mass of accumulated fallout directly on the Kg
lake for heavy metal #3, hydrologic basin 1
ONE CARD FOR
EACH HYDRO~ 31-38 E8.3 XLAXD(4,1) Mass of accumulated fallout directly on the Kg
LOGIC BASIN * lake for heavy metal #4, hydrologic basin 1
41-48 E8.3 XLAXD(5,1) Mass of accumulated fallout directly on the Kg
lake for heavy metal #5, hydrologic basin 1
51-58 E8.3 XLAXD(6,1) Mass of accumulated fallout directly on the | Kg o
lake for heavy metal #6, hydrologic basin 1 é




DATA

SEGMENT

CARD TYPE IN
DATA SEGMENT

NHYDB

23]
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2 CARD INPUT

) COLUMNS FORMAT SYMBOL
61-68 E8.3 XLAXD(7,1)
71-78 E8.3 XLAXD (8,1)
1~8 E8.3 XLAXD (1,NHYDB
11-18 E8.3 XLAXD (2, NHYDB)
21-28 E8.3 XLAXD (3,NHYDB)
31-38 E8.3 XLAXD (4 ,NHYDB)
41-48 E8.3 XLAXD (5, NHYDB)
51-58 E8.3 XLAXD (6 ,NHYDB)
61-68 E8.3 XLAXD (7, NHYDB)

DESCRIPTION

Mass of accumulated fallout directly on the
lake for heavy metal #7, hydrologic basin 1

Mass of accumulated fallout directly on the
lake for heavy metal #8, hydrologic basin 1

Mass of accumulated fallout directly on the
lake for heavy metal #1, hydrologic basin
NHYDB

Mass of accumulated fallout directly on the
lake for heavy metal #2, hydrologic basin
NHYDB

Mass of accumulated fallout directly on the
lake for heavy metal #3, hydrologic basin
NHYDB

Mass of accumulated fallout directly on the
lake for heavy metal #4, hydrologic basin
NHYDB

Mass of accumulated fallout directly on the
lake for heavy metal #5, hydrologic basin
NHYDE

Mass of accumulated fallout directly on the
lake for heavy meatl #6, hydrologic basin
NHYDB

Mass of accumulated fallout directly on the
lake for heavy metal #7, hydrologic basin
NHYDB

INPUT
UNITS

Kg

Kg

Kg

Kg

Kg

Kg

Kg

Kg

Kg

6TV
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DATA % é 2 CARD INPUT INPUT
SEGMENT | < & B COLUMNS | FORMAT SYMBOL DESCRIPTION UNITS
71-78 E8.3 XLAXD (8,NHYDB)| Mass of accumulated fallout directly on the] Kg
make for heavy metal #8, hydrologic basin
NHYDB)
INITIAL 1 NR1 1-8 E8.3 XLAXE(1,1) Mass of heavy metal #1 eroded to the lake Kg
ACCUMULATED from hydrologic basin 1
HEAVY METALS
ERODED TO 11-18 E8.3 XLAXE(2,1) Mass of heavy metal #2 eroded to the lake Kg
THE LAKE from hydrologic basin 1
NEEDED IF
éOXIOP -1 21-28 E8.3 XLAXE(3,1) Mass of heavy metal #3 eroded to the lake Kg
from hydrologic basin 1
ONE CARD
FOR EACH 31-38 E8.3 XLAXE (4,1) Mass of heavy metal #4 eroded to the lake Kg
HYDROLOGIC from hydrologic basin 1
BASIN
41-48 E8.3 XLAXE(5,1) Mass of heavy metal #5 eroded to the lake Kg
from hydrologic basin 1
51-58 E8.3 XLAXE(6,1) Mass of heavy metal #6 eroded to the lake Kg
from hydrologic basin 1
61-68 E8.3 XLAXE(7,1) Mass of heavy metal #7 eroded to the lake Kg
from hydrologic basin 1
71-78 E8.3 XLAXE(8,1) Mass of heavy metal #8 eroded to the lake Kg
from hydrologic basin 1
2
o
o
NHYDB 1-8 E8.3 XLAXE (1,NHYDB)| Mass of heavy metal #1 eroded to the lake Kg
from hydrologic basin NHYDB
>
i
11-18 E8.3 XLAXE(2,NHYDB)| Mass of heavy metal #2 eroded to the lake Kg B3

from hydrologic- basin NHYDB
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DATA £ § 3 CARD INPUT INPUT
SEGMENT | § & = COLUMNS | FORMAT SYMBOL DESCRIPTION UNITS
21-28 E8.3 |XLAXE(3,NHYDB)| Mass of heavy metal #3 eroded to the lake Kg
from hydrologic basin NHYDB
31-38 E8.3 |XLAXE(4,NHYDB)| Mass of heavy metal #4 eroded to the lake Kg
from hydrologic basin NHYDB '
41-48 E8.3 |XLAXE(5,NHYDB)| Mass of heavy metal #5 eroded to the lake Kg
from aydrologic basin NHYDB
51~58 E8.3 |XLAXE(6,NHYDB)| Mass of heavy metal #6 eroded to the lake Kg
from hydrologic basin NHYDB
61-68 E8.3 XLAXE (7,NHYDB) | Mass of heavy metal #7 eroded to the lake Kg
from hydrologic basin NHYDB
71-78 E8.3 |XLAXE(8,NHYDB)| Mass of heavy metal #8 eroded to the lake Kg
from hydrologic basin NHYDB '
INITIAL 1 NR1 1-8 E8.3 SLAXE(1) Mass of soil eroded to the lake from hydro- Kg
ACCUMULATED logic basin 1
SOIL ERCDED i
TO THE LAKE 11-18 E8.3 SLAXE(2) Mass of soil eroded to the lake from hydro- | Kg
logic basin 2
(NEEDED IF
L1OXIOP = 1_AND 21-28 E8.3 SLAXE(3) Mass of soil eroded to the lake from hydro- Kg
IOPRUN(6) = 1) logic basin 3
31-38 E8.3 SLAXE (4) Mass of soil eroded to the lake from hydro- | Kg
logic basin 4
41~-48 E8.3 SLAXE(5) Mass of soil eroded to the lake from hydro- Kg
logic basin 5 >
L
51-58 E8.3 |SLAXE(6) Mass of soil ercded to the lake from hydro- | Kg -

logic basin 6
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DATA £ Q 8 CARD INPUT ‘ INPUT
SEGMENT | S & 2 COLUMNS | FORMAT SYMBOL DESCRIPTION UNITS
YEARLY TOTALS 1 NR1 | 1 11 10P IF IOP = 1;
SUMMARY OUTPUT vearly totals of fallout, fallout on the
OPTION lake, heavy metals eroded to the lake,

heavy metals left in the crust, and

heavy metals left in the subsoil for
heavy metal #2 through heavy metal NHVM
will be set equal to heavy metal #1 and
be multiplied by the concentration factor
XC - Kg heavy metal/Kg fallout

2 Il NHM The number of heavy metals that are to be
multiplied by the inputed concentration
factor of KG heavy metall/Kg fallout

3-4 12 NW Print file number

6~7 12 NP Punch file number

9-16 E8.3 XC(1) Kg heavy metal #1/Kg fallout
18-25 E8.3 | XC(2) Kg heavy metal #2/Kg fallout
27-34 E8.3 XC(3) Kg heavy metal #3/Kg fallout
36-43 E8.3 XC(4) Kg heavy metal #4/Kg fallout
45-52 E8.3 XC(5) Kg heavy metal #5/Kg fallout
54-61 E8.3 XC(6) Kg heavy metal #6/Kg fallout
63-70 E8.3 XC(7) Kg héavy metal #7/Kg fallout
72-79 E8.3 XC(8) Kg heavy metal #8/Kg fallout
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APPENDIX B

SAMPLE OF MODEL OUTPUT

This appendix includes a sample of the computer printout. The
principal segments of the printout include:
I. Echo of control cards and system definition information
II. Internally generated coefficients
III. Echo of heavy metal fallout data
IV. Echo of initial heavy metal concentrations in the surface
crust
V. Echo of initial heavy metal concentrations in the subsurface

VI. Model output for one year



PRINTOUT SEGMENT I

Echo of control cards and system definition information. The
output conforms to the input specifications in Appendix A; '"Main

Control"” and "System Definition."”
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PRINTOUT SEGMENT II
!

Optional output to display internally generated coefficients.
The 15 columns contain the following information:
1. Element number
2. Row identification
3. Column identification
4., One element receiving eroded material from this element
5. Fraction of eroded material transported to the element
identified in 4
6. Second element receiving eroded material from this
element
7. Fraction of eroded material transported to the element
identified in 6
8. Fraction of eroded material transported directly to
the sink
9. Lake area in element
10. Soil area in element

11. Number of beta coefficients for the erosion subroutine

12.-15. The values of the beta coefficients.
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PRINTOUT SEGMENT TIII

Echo of heavy metal fallout data.
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PRINTOUT SEGMENT IV
A vl S

Echo of initial heavy metal concentrations in the surface

crust.
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PRINTOUT SEGMENT V

Echo of initial heavy metal concentrations in the subsurface.
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J1BTE#OD
«IBTE+03
v167E403
J18TESO3
214TESD3
«1BTE+03
W 16TESQS
216TE*Q]
«16TEX03
WI6TE+Q3

C1BTE+03

WBHSESC]
JEBBE401
W 26%E*0]
o @65E01
s 265E¢08
JEHSE+0
yE2H5E40)
WR6SESO0Y
+265E0)
«C65Es0Y
+265E+0Y
s 26SESDY
2265E¢0
«2b5E¢0Y
«26SE+QY
«2bSE40Y
s Cb5ESD]
«24SE4 0}
RESE+01
2265E401
w26SEe0]
W28SE+0Y
«26SE+OY
«265E¢0y
«265E¢01
J2ASE+0)
$268E+0Y
W2LSE+0]
1 265E+01
131823

LE6BES0]

«SCHE+03
YREBESDS
«526E+03
«S26ES0]
«526E+03
S26E403
S2HES0]
+S26E403
«526E+03
+S26E+03
528E+03
+S26E+03
s 526Ee0}
+S26E+03
»S28E+03
«S26E403
«526E+03
JSREESD3
+526E#03
WS2HE+03

wS26E03

WS26E403

»SCE+03
sSRBE+QS
.5265;03
2 320E+03
1 S2HECQ3
526E+03
+526E403
»S26E03

2 S520E+03

fJUTERUL
214TE+ QY
«14TESOY
f14TESDY
JIUTESDY
S14TECOY
WIUTESGY
sJ4TESOY
21UTESDY
W14TES0L
fIUTESOY
«L4TESOL
SIUTES O
W14TE0Y
I4TESOL
JAUTESGL
f147E% 0}
W14TERCY
«J4TEROY
14TE+ 0L
W 14TE 0}
W14TECOL
W14TE+OL
$14TESOY
W I4TESO)
«14T7E+01
JIUTESOY
JLUTESO]
1UTESOY
«14TE+0}

WlUTESOY



S T
8 T
8 T
8 T
8 T
§ T
8 T
§ T
8 T
8 T
S 1
THYM(1)
IHVM(2)
IHYM(S)
THYM(U)
IMVM(S)
IHVM{s)
THVM(T)
InyM(8)

10
11
12
13
14
15
is

w N

7

8

fC9SESL3
«295E«03
»295E«03
«295E«03
RISEHO3
«295E+03
L29SE«03
«295E+03
JEISECO3
J29SEHOS
»295E¢03

s TS0E«0D
W I50E+00
»TS0E400
«TSOE«00
2« TSO0E+00
W 150E+00
«TS0E®00
+ TS0E+00
2 750E400
+ 7TSOE«00
W 1S0E«00

AOTESOS
I6TESO3
L16TE#03
«16TE+03
16TEOD
I6TE#03
W 1BTES(3
WIBTE#Q3
«16TEXOD
«16TE+03

+1OTESOS

READ FILE FOR INITIAL WEAVY METAL RESIDUE (NRu4)s 22

s265E+01
L265E¢04
J2bSE*0Y
«CESE+0Y
J265E40)
W26BE*0L
JELSESQ
«2b65E+01
«26SE#D]
«265EvD]
RLSEC0Y

+526E403
«S26E40D
1S26E403
v526E«03
«S26ESO3
«S26E+03
«526E+03
+526E+03
WSR2LE+03
«SR6E+03
5268403

+147E¢0)
“14TEOY
s1UTE4DY
WIRTESOY
«J4TE40}
f14TESOY
JUTECOY
«IUT7E4DY
BETESDL
JIUTESOY
HLATESOY

g,
0.
o,

0,

0.
0y
G,
0.
0,
0,



PRINTOUT SEGMENT VI

Sample model output for one year.



*0
*0
go+302¢"
*0
*0

Wn'ns
vidy Axv vlol

no+30Ln"
no*3095*
po+38L6"
noeAnny®
no+3509°

WX US
v3dyY 1108 IvlOd
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2I9010M0AH



ACCUMULATED AND TOTAL YEARLY VALUES AND MONTHLY PRECIPATION AND INFILTRATION 8Y HYOROLOGIC SUB»BASIN

wx YEAR 1 #w

ACCUMULATED FALLOUT IN X6

HYOROLOGIC HEAVY METAL 1 MEAVY METAL 2 HEAVY METAL 3 HEAVY METAL 4 HEAVY METAL 5 HEAVY METAL & HEAVY METAL 7 HEAVY METAL 8
SUBeBASIN

H +435E403 +SO01E#03 «12BE+03 +3UBES02 +4BBESOY +39UEOS «R18E0S s 218E+06
F4 «129E403 «148E+03 «ITRENCR + 103E«02 +143E403 «116E+05 JBUBESDS «BA3ESOS
3 «3ETESO4 yHRZE# 04 s108EsCH «2FUESO3 2GO0FESDY «332E+06 183E+07 J1B83E+07
4 J125E+04 s IA4E+ Q4 «IT0E+03 W J00E+03 JIUOES0Y «114E+08 WBETEXDS b2TE+06
5 J155E¢04 «179E+0U «458E03 +124E+03 L173E904 JJ41ESOE JTTTESOS «TTTE+O8

ACCUMULATED FALLOUT DIRECTLY ON THE LAKE IN KG

HYOROLUGIC WEAVY METAL | HEAVY METAL 2 HEAVY METAL 3 MEAVY METAL 4 HKEAvVY METAL 5 HEAVY METAL & WEAVY METAL 7 HEAVY METAL &
SUB=BASIN

i

i 0. S, [ G, 0. 0, 0, o,
2 04 0, 0. O, 0. O, 0, O,
3 L 1BBE+03 «216E#03 «553E02 «150E+02 »209E+03 «1T0E+0S «¥IBESOS «93BE+0S
4 0. 0. 04 Oy [ 0, 0. 0,
S 0, [ 0. 0, [ 0, 0. [

ACCUMULATED HWEAVY METALS ERQDED TO THE LAKE IN K

HYDROLOGIC MEAVY METAL | HEAVY METAL 2 HEAVY METAL 3 HEAVY METAL 4 HEAVY METAL 5 HEAVY METAL & HEAVY METAL 7 HEAVY METAL &
SUB=BASIN

i J4B0E+0S s 120E+03 «2SSE#05 S 40SE*Q3 «B03E#0S «698E+03 2628404 L262E+04

2 WHU3ISEOS »11BE+03 2U6E¢0S 3918403 »7TTSE«0S «820E+03 «333E404 +333E+04

3 «140EC 08 CUTSE+03 BUULESDS «135E+ 04 2 280E406 «B3ISE+Q4 W»H420E+05 dHEOESCS



4 +282E405 JBORESD2 «160E+0S 22BUESQ3 «SO3E+0S +BE2E0D «399E+04 <39+ 04

5 «29SE+0S W F26E+02 «16TE+D5 s 26LESO] WSE6ESDE o 1SUESOU «T69E+04 «THE* 04

ACCUMULATED HEAVY METALS LEFT IN THE SOIL CRUST IN X6

HYDROLOGIC HWEAVY METAL 1 HEAVY METAL 2 HEAVY METAL 3 HEAVY METAL 4 HEAVY METAL 5 HEAVY METAL & HEAVY METAL 7 HEAVY METAL 8
SUBSBASIN

1 +1T4E+0T fURLEVODU +IBLE+DS » 156E+05 +310E407 WA4TBE+DS «215E406 +215E+06
2 «378E+06 «110E+04 «214E+06 «340E+04 «BTAESOS » 12BE#0S WBUBESOS WH0BE+0S
3 W2THESOT «108E+0S «15SEe07 «2UBESOS «H4BTESOT W321E406 w1TOEOT W 1TOE+OT
@ s 163E407 «SS9E+04 «F24ELDE « 14BEDS BRIE+0T 121E¢06 «b26E+00 H26E406
5 »136E+07 S22E+04 +THEE+ 06 W 123E405 JEUZESOTY s 146E+08 s TO9E+0E WTESE+OE

ACCUMULATED MEAVY METALE LEFT IN THE SUBSOIL IN k6

HYDROLOGIC WEAVY METAL | MEAVY METAL 2 HEAVY METAL 3 HEAVY METAL 4 HEAYY METAL S HEAVY METAL & HEAVY METAL 7 MEAVY METAL 8
SUBWBASIN

1 L178E+07 JUS3ESDU 2101E+D7 «160E+0S (3IBES0T JBBYE+OU 0, 0,
2 JU2SE+06 L108E+04 L2UBED6 L 3B2E+D4 LTSTE408 L212E404 0, 0,
3 L289E407 JT3UE+04 W163E407 L 259E+05 J514E¢07 JAUAE#DS o, 0,
4 J16SE+0T JHZDE#O4 L935E4086 2 14BE0S 22956407 +BZ3E+04 0, o,
5 L139E607 +353E404 LT85E406 o 1256405 CRUTEHOT JH91E+04 0. 0.

MONTHLY PRECIPITATION » 30 MINUTE INTENSITY IN CM

HYDROLOGIC JAN, FES8, HAR, APR, MAY JUNE JuLy AUG, SEP, OCT,. NOV, DEC,
SUB=BASIN
1 S121E403  111E403 [ 110E+03 ,§16E+03  ,297E¢02 ,L313E¢02 ,296E+02 ,299E+02 ,316E+02 ,302E+402 ,122E¢03 ,11BE+03
2 «39BE402 363E+02 L 332E+02 ,355E+02 ,762E+01 L 9TBESD] L121Ee02 ,T60Ee01 LB852E+01 ,923E+01 ,392E402 ,399E+0R
3 +J42E¢02  ,TTIE402 (BEBE«DZ L 920E«02 ,SO4E+02 ,S3BE+02 ,555E+02 ,580E402 ,556E+02 ,S13E402 ,105E403 ,969E402

4 +BUGE+02  L,733E402 ,7338+02 ,7BSE+02 L2B2E+02 ,28TE+02 308402 ,289E+02 ,28BE+02 ,283E+¢02 ,B61E«02 ,BTC0E+02
5 «290E+02 L21TE402 ,281E+02 ,B00E+02 ,206E402 ,221E402 L2TSE402 ,L253E402 ,L271E+02 L271E¢02 ,365E+02 ,304E+02



KYDROLOGIC
SUB=BASIN

w N

TOTAL
FapLouy

fFapLouT
ON LAKE

ERCDED
YO LAKE

CHG, IN
CRUSBT

CHG, 1IN

JAN,

+6F3E+03
s 166E«D3
«39BE403
«S565E203
+983E+02

FEB,

W636E+03
+150E+03
«329E403
«U98E+03
«TISE40R

MaAR,

L636E+03
(1396403
«300E483
LUBOE+D3

«95T7ESOR

APR,

LBT2E403
J1UBE#03
W3B1E403
JS1UE403
(102E403

MONTHLY INFILTRATION IN CH
MAY JUNE JULY
JATEES03 L 1926403 L 1T2E+03
JISTE+02 L U33E+02  ,b600E+02
L195E403 L 207E403 ,211€403
J161E403  ,1SUE403  ,158E40}
LTO0BE$02 7536402 ,9UUE+02

ACCUMULATED SOIL ERODED 7O THE LAKE

4UG,

+173E+03
«330E402
REHE#O3
»159E403
«BUIESOR

IN XG

MYDROLOGIC SUBwBASIN

o N

TOTALS

FOR YEAP

SOIL ERODED

«225E+10

28
«85
16

dé

1IN KG

FE+L0
UE+10
1E+10

TE+i0

SEP,

WI86E+03
WH4O0BE+ 02
«216E+03
«155E+03
W961E402

ocT,

J1B2E+03
2HO0SEe02
L19BE«OS
o 146E+03

W932E+02

NOV,

+706E+03
1HUESQT
W4IBESO03
WS62E+03

2 124E«03

DEC.

WHOTESOS
s 166E+03
s405E+03
«S76E203
«J03E+03

HEAVY METAL 1 HEAvY METAL 2 MEAVY METAL 3 HEAVY METAL 4 HMEAVY METAL 5 HWEAVY METAL & HEAVY MEYAL 7 HEAVY METAL &

WTOUESC4

L188E+03

L295E408

s TBUESDT

yB10E+04

216E+03

+BBBE+03

W2TTE#0S

+208E+00

+S53E+02

W1BTEDS

CHHUESOT

$S03E¢03

«150E+02

s206E+ 04U

WTUIES0S

«785E+04

2098403

SR6E+08

«14OE+08

BITEROE

W170E+0S

«123E405

CBUSESDS

«352E+07

s 93BE+0S

«596E+05

«33TE+07

352E407

+9IBESCS

«S96E«0S

W 337E+07
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YEARLY TOTALS SUMMARY

FALLOUT IN KG

i or————
YEAR HEAVY METAL 1 HEAVY METAL 2 HMHEAVY METAL 3 HEAVY METAL 4 HEAVY METAL 5 HEAVY METAL & HEAVY WMETAL 7 HEAVY METAL 8

H JTOUE+DU «BL10E402 J20BE+04Y s SOZE03 «T85E+04 B3TERQS #ISRESOT +352E407



YEAR

1

HEAVY METAL 1

«188E+03

HEAVY METAL 2

1 216E+03

FALLOUT DIRECTLY ON THE LAKE IN KG

HEAVY METAL 3

«553E+02

HEAVY METAL 4

«150€+02

HEAVY METAL 5

«209E+03

HEAVY METAL 6

»170E+0S

HEAVY METAL 7

«938E+05

HEAVY METAL 8

«93BE+0S



YEAR

H

HEAVY METAL 1§
+R295E4 06

HEAVY METAL 2
LBBBE403

MEAVY METALS ERDDED TO THE LAKE IN K§

HEAVY METAL 3 HEAVY METAL 4

W167E¢06 266E¢04

HEAVY METAL B

«S26E06

HEAVY METAL & HEAVY METAL 7

o123k #05 «SI6EDS

HEAVY METAL 8

«S596E«09



YEAR

1

HEAVY METAL |

W« TBUEFOT

HEAVY METaL 2

+277E+05

HEAVY METALS LEFT IN SOIL CRUST IN KG

HEAVY METAL 3

WHULESOT

HEAVY METAL 4

s+ TOSE+ 05

HEAVY METAL S

«1U40E+08

HEAVY METAL 6

W649E+006

HEAVY METAL 7

«337E407

HEAVY METAL 8

«33TESQT



o

8 T¥LIN AAYIH

‘o

L WVLIFN AAYIN

a0+350n’
9 VLI AAYVIM
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APPENDIX C

PROGRAM LISTING



Cx

;C*

Cx

FILE
FILE
FILF
FILE
FILE

FILE

FILE
FILE
FILE

FILE

CFILE

FILF
FILF

FILE

Cx
Cx
L

C*
Cx
Cx

Cx

LEb [LES
~zk {LLE6
T=FILET

%

PR

Py

Tilmma

-

FU(RINDSDISK, FILETYPERT, TITLE="DATALL®)
12(¥INDSDISK,FILETYPE=T7, TITLER"DATALZY)
13 (KINDSDISK,FILETYPE=T, TITLERYDATALZ")
f4(KINDEDISK,FILETYPESBT7, TITLEZ"DATALL")
1S (KINRBDISK, FILETYPERT, TITLES"DATALE")
2O(MIND2DYSK, MAXRECSIZE=22,BLUCKSTIZE®220,ARFASS1000,AREASIZE=LO
* G SAVEFACTOREGG, TITLER"FODATAR)

ZL(CINDEDISK, MAXRECSTIZFR22,RL0CKSTZ2Em220,AREASR]000D

*  LSAVEFACTOR=99, TITLES"KEADSX")
22(KINDEDISK, MAXRECSIZ2ESZ2,BLOCKSIZF2220,AREAS21000 ,ARFAS]IZE=®]D
xS SAVEFACTOR=GI, TITLE="RDLIAHXY) '

2I(KINDSDISK, MAXRECST2F=22,BLOCKSTIZE2220,AREAS®1000

¥ G SAVEFACTNR29Q, TITLEa"kAINY)
RU(KINDSDISK  MAXRECSIZE=22,3L 00«81 2F=220,AREASRL000 »3xEASIZES]O
*  GBAVEFACTORSYG, TITLES"FOZERO")
2S(RINDRDIEK, MAXRECSIZE=P2,BLOCKSIZER220,AREAS25000 ,AREAS]ZEZ1{O
*  s3AVEFACTOKS99,TITLE="DATAZSE®)

NR1=S
Mwisé
CuMmMDN

ME1(300)

+AREAS]IZESRLO

+AREASIZE®10

s TTITL(2,20), JUPRUNCAT ,TOPECH(S), JOPWRT(6)

oAy M, THYSLRYJACCFU(B,0) ,XLAXD(R, &) 2L aXE(B,0),LRUSTD,A8(300)
*, TERON(400), JECOLCRO0Y, TTRAN(Z,3003,PTRAN(S,300),IHYDB(30D)
w, AL (300}, NELE,B1{4,300),I8507(4,%00),F30X(12),4AR(300)

*, JRZONIRGO}, [DZOM(3G0),8aND(300),8(.AXE(A)

CuMmMOn /PRECIF/ PL2TY,k(27)
E0RMUN FERGS/ PINST(B),FEST(B), THATA(R),PI0MIN,VL(1n)

*

PEROSD(12,300)

UMEVI(E RO
goodudnn
(10000300
nooondoo
00000%00
60000600
00000700
00000800
60000900
poocio0n
00001100
00001200
00001300
00001400
00001500
00001600
poooy700
00Q0180"7
00001900
gopoeaon
00002100
goooga0n
00002300
00002400
goopes0e
pooo2en0
00002700
00002800
poonesnn
00003000
00003100
00003200
00003300

COrdMOnN JCHEM/ FO(R,4,300),POR(300),B0(300),PINF(12,300),%(5,8,300)00003400
*,DF L TALALPHA(ROO),CEE(3NQ),Y(R)

COMingN
COMMUON
CNMMIN
*>
CiaMMON
CrmsioN

*

JUHEMZ/ wT(BY,XM01012)
JPPTALY/ UPH(S) ,UCA(S)  UNA{S),UMG(S) ,UK(S), usSNa(8),uctl (%)
JOUTPUTZ MONTH{12), LYEAK,PECHR{12,&)PINFRB(12,6),

PEC30(12,300)

DATA FOP PRECIPITATION SusMNDEL

/TOTALY T1(B,0),T2(B,0),T3(B,6),Tu(8,6),75(B,6),SLAEPT(6)
JSTAT/ ACHOT(B 100)pXLADT (R, 100), XxLAET(8,100),Y1T(8,100),
YET{B,100),SLAXET(100),1YSTRT nNK

NATA P/,0001,,06008,,0016,,0080,,0100,,0200,,0250,,0400,,0500,

* 1000,,2000,,3000,,4000,,5000,,6000,,7000, ,R000,,9000,,9500,,9600,
* 9750, ,3800,,9900, ,99%0, ,9990, ,999%, ,94999/

DAYA R/3,71902,3,29053,3,09023,2,575R3%,2,32635,2,058375,1,9599s,

*1,75069,1 ,64uk5,1,281588, Bd162,,52440,,253385,,00000,=,25535,=,524
*“0'..’5“16?'.1'2%155'-‘.h“a851.1.7506q!" .agquﬁ'-aj053751'2.52635'

*m2 57883, e8,08023,-3,29053,=3,71902/

i”)ATA PY'(ST / 0.5,0.5'0.5;9.%:0.5,0.5'0.5;9.50 /

DATA FOwW EROBION SUnRMODNEL

NATE THATA /,174%%3, , 436332, ,R712665/
peTA RIIMIN /0,07

DAT“ Vﬁ /.0“;.@5;;13'.15!'18}.31.32'.;S}U‘OJOQO/

ATA RKST /7,080,988, ,8s,3,,20,1:0,0/

00003800
0000%600
poon37on
000N3ROO
000039006
on004000
00004100
poooueny
00004300
0004adn0
poondsS0n
NNB04L00
gonna7Tonn
0000LADD
QNon4a9nG
0o00%a0n
000081040
0000%200
00005309
0000540y
GUons%an
00008&00
00008700
QOQORROGO
PODBRINHO
0000eNOD
00066 Lnn



CH
C

Cw
Cw

toen

tu
20

30
40

4s

1160

S0

DATS
DaATA
Dava
ATA
DATA
DATS
NATA
oaTas
DATA

DATA

DATA FOR Sull CHE~ISTRY SURMOUEL
HPA/2R8 ,04,3%7 ,94/
uCa/ew 01,3%,014/
UnwA/2% ,00224,3x,01024/
UM /2% D0DT2,3% 000584/
K/2%,00106,3%,0024/
USQd/2% ,01112,3%,01962/
UCL/72%,00132,3»,00104/
wl/65,38,200,61,207,2,112,481,116,01,%4,89,62,01,96,07/
XMUT/Z o130 .18 419, ,20,,221 17001 2¢a20,,18,,17,.13,,23/

DATA FOR GUTPUT SUBROUTINES
HONTHZAHJAN g s SHFEHE L o GHMAR , ,UHAPR  , drimAY L UHJLUINE AR JULY s dHALG,
s UMSER L UHMOCT  ,dHNDV , 2 4MDEC, /
CALL BUBROGUTIMNES

REAO(NR1,1000)N0P
FORMAT(IL)

00 50 Nsi,NOP
DO 20 J=zi,o
SLAEPTY(J)=0,
b0 19 1=1,8
xLaxni(1,J)=0,
XLAYE(I,J)s0,
Ti{1,d)aQ,
Te(l.d)=0,
T3¢1,J)=0,
T4(I,J)=0,
Ts(l,J)=0,
CONT[NUE
CONTINUE

UD 40 Js1,100
SLAXET(J)=0,
L 30 Iszf,E
ACFU!(T'J’=G.
xtavtT(l.Jy=0,
XLAET(I,JY=0,
Y1T(I,J)s0,
Y21(i.J31=0,
CONTINUE
CunTInyuE

LT 48 I=1,288
0N oas J=3,5
Xx(Js1,1)3295%,
x(J,2:1)20,75
X(J,3,1 8167,
X{dradsliz2,68%
xX{J,5,1355276,
X{J8691)=1.Q?
X(Jds7,135145,
CONTINUE

CALL CONTRU(NRI,NW1)
REwIND 20
REwIND 21
RE«]ImnD 27
REwIND £3
WRITE(Lw1,1100)
FriMatT(11}
LR R

Lot g

R EER

000ne200
00096300
00006400
000066500
00006600
N000k700
00006RB00
00006900
0r007000
000071090
aoon7200
06097300
30007400
00007500
0o000Te00
06007700
0000TROD
00007900

0h008000

N00Q81I0O
QoQau20N
NOQ0RIND
unopoRskocn
00008400
0000ETUN
QUOOEBUG
g00N89¢0)
000096GY
00009100
00009200
00009300
00GNREQ0
Qo009 00
0000QRKAN
00009700
goQo/knn
go00p9Q0n
00010090
00010100
anoie200
00010300
000104600
000105800
00014590
00G1C70¢0
00010RQ0
ggo1negn

00011000

6a0111060
00011200
oun1t300
00011400
Qun11%800
o0do11600
gnpi17o0
0ont11IRGH
coor19q9n
GO01S600
aG12109
o (“‘}P}‘( T
IRV AT



tl}Z

50k

Lo 4

536

g

i

401 FIRMATC// 43X, "HEAVY METAL 1 =

 COMASN

Pt e AP
Pt 2R
UL 24
Sioe
[V

SURRODUT INE COMNTRUCNRI »MWL}

COMMON Ngl(3060) »TITL{2,28)Y» TOPRUNCE), IOPECH(5)Y» TUPHRT(6)

* TEROWC30C)»IACOLC300 ), ITRANCZ, 3001 »PTRANCEL30D0), THYDB(CZ0Q)

*s NHYMs THYMORILACCFI(B,6) s XLAXG(Rs8)»XLAXE(R,56)s CRUSTD,AS(300)
*p ALL300 o NELE» 310 4230C)Y»IS0TC4530C)»P30X(12),HAAR(30D)

*p IPZONCZ0C) «IDZNONC300),SACDA3(CCI»SLAXF(R)

COM-ON /EROS/ PINST(B)sRKST(8),THATA(3),P30MINVC(10)

% s EROSDC12,3C0)

Y LIT
F T WA TP
nAGI2e0N
naoi27o0n
N3012800

COMADN /CHEM/ F(85,4, 200) ,PLR(3C0), B (306, PINFI125,300),X(5,8,330)

*p JELTAs ALPHAUZOM)»COFECI00Y YCE)
SRAINT/ CF(hs 123 sCFa(bs12)»XBAR(S,»7)»SDK(527)»PROCS,T)
LI RCFCU9Y,PRU?Y,RCFCP T(S)

COMMON ZOUTPUT/Z MONTHC12) »IYERRSPICHB(1256)»PINFHBC(1256)»
* PEC30(12,2C0)

COMMON /TLTALY/ T1(3s6)sT2(856)5T3(3,6)»T4L(B,6),T5(8,6),SLAEPT(6)
COM“DN /STAT/Z ACFUTU(B,1G0)» 2L ADT(R,100) s XLAET(8,100),Y1T(% 10C),
* Y2T(B8100), SLAXETCLCOI» IYSTRT AN

DIMENSION CRUSTCO3C0I»XACD(I,3L0),A5T(6)»ALT(6),»XSUB{(8,300)
NER=NFP1

CRUSTD- 1.

CELIAT=1.0

MO=0

KCUNT

RREALCN er}h?) (TTTLC1,T)s1
FOPMATCZ20A0L £ 29A4)

HEITE (ML s6C20TITL (LIl =120l TITL(Z»1)»I=1227)
FOURMATOIAC, Z0AL /7 1H ,20A4)

READCANRISS504) ITOPRUNC 1Y »NMESHMRESI0PRULCZY HINPIUNCI) »TIPFCH( L)
* P LOPECHLUZYV s [CPECH( R HC TOPURT (L )» I=155)

* pNRLsNY1 »MYEARS, IRAGUMHNHYNB»ITOPRUNC LY L TUPRUN(B)
* »2YSTRI»NRE

2 (TITLCZ2,1Y,1=1520)

A
=1,2%)

FORYMATC
* 1X12)

TFCIYSTRTWLLT.13IYSTRT =1

wFEITEANWL »A D43 TOPPUNCIY S NRE LSNPS IOPRUIC2)LTOPRUNCI) LICPECH( 1}

1Xp 012 01Xs 12) 10 0L X» 1132 3C1X»12)51 X 1155,3C1Xs1 1)1 Xs1k>»

=t

+ 2 IDPECHC 23 ICPECH( 3 (IOPHART(I)» I=1,8) bNRIPNWISNYEARS
* s I FA UM, NHYLE, IOFRUN (G I TOPRUN(S 3, IYSTRT »NRG
FORMATOLAS, YINPRUNCII =I5 2X L tNRS= ¥, T3ei Xy ™NHS =t ,1 3, 21X

* pPTPIYNC2)Y =t T2 3%,V IDFRUNC(S )=, 1234 *IOPECH{ 1) =512, 3X
* P VIIPFCHOPY =V, T2, XY [DPECH(3X=,12 / 1HG

* s VTOPART (1)Y= 123X YTIOPKRT(2) =Y
* s 128 3Xp VIOPARTC3) =, 12, 3Xs Y IOPHRT (LY==, T12,3Xs *ICPWRT(S) =
* P I 3Xs " NRL= Y, I 3,3X s " MW I="»T3»%3X» 'NYEARS=', I3

x s // 21X, VIRAOUN =" ,1153 X, 'NHYDB = T,T 1, 3X»' IUPRUNCH)
L s 11 23X, CICFRUN(CB) = 1, 11 ,3X%Xs PIYSTRT = 1, 14,3X%s%NRG
* P 1%, 123

REATINR L, 208) NRZr»NWZ»NELE LARE A, TH XY
FORMATI201X» 1221 %» 13 ,1XsF0 01 ¥, 11

WFITE(HRLI,A05) HRZ2-NH2SNELESAFEAS INXTPT

FORMATOLHC, "WRZ2=%, 13, 3X» " NH Z= "2 [3« 2X» "NELE= Y5 143X AREA=Y»F 8.2
* L, VINIPT = ',11)

ICHCK=TYSTRY~1

it 1 I=1-NELE

FUST (I )=1.

VRLITE (NWHL 2461

ZINCY »/7 3%, YHEAVY METAL

2 = MERCURY?

00012900
00013000
N0013100
00013200
000133¢C0
0001 3400
30013500
00013600
13013700
30013800
00013300
N001 4000
00014100
00014200
N0014300
D001 4404
00014500
00014600
50014700
30014500

00014900
NON1506Y
N0013106
20015200
00015306
N00154 09
200155 04
300155 00
00 G157 0%
05018400
300159306
19316020
20016143
000156200
0016300
090164 00
20016500
19016600
D001A7 QL
30016320
000167 00
00017000
00017102
25017200
a0C17340
QooL74Co
409217507
00G17600
33017700
QN1 75400
993917978
goatLsgas
gog1eron
30018206
00013300



LEADY 57554 "AEAVY MITAL 4 = CADSIUMY 2001 84 01

* s/ 23 VATAVY METAL 3 =

* s/ 23X VHEAYY AETAL 5 = ChROMATE '/ 3% PHEAVY McTAL & =1 25018590
* p U ORTHG PHISPHATE 'Y //) D301 AL G
ARITE CiW1,402) D001 3705

L3P FORMATUIX,» 'Y IRMLOGIC SUB=8BASIN 1 = FREVORNT '/, 32X, HYOROLNGIC Sdb Y 0001326y

3 1= PASIN 2 = DISTY DEVIL'S/» 3%, VHYCRULOGIC SUB=BASIN % = ¢ 0913900

* YCLLORALDY 573X, THYDROLDGIN SUR=RASIN & = ESCALANTE! o/ 3%, 00019007

* THYDROLOAIC SYD=8ASTIA = = SAN JUANTS//) NQ0191 00

CALL ROADSCINA2,nWl, AREM) 09919203
REACCNKLE0H) HRIPNHYMS LIHVMI s 121, P) o NEYTHNRE, NW 4 ANN1ITLG

£33 FORMATUIX»I2510CL X, 11352C1%212)) 0001 2600

: ARITE (NW1,H5C3) MEILHHYN,MHVT 00015 00
bub FORMATOIED, 'READ FILE (NR2) = '+I13,3Xs'HUMBER OF HEAVY METALS THIS 00019600

- x RUS = '»I2,3%,'TOTAL HEAVY METALS = *»12) nY I 37 06
CAL. READIF(NRAZ,HW 1) 019D

CALL RGIMHT{MRG»MWLY 33019900

GG 2 I=1»NHVM 090200090

WRITE (NWL»6C9) I» THVMCD? : 00020100

0% FORMATCIHORZX, Y THVN(T,11,7) =1,12) 90020200

2 CONTINUE 70020500

WRITE (NW1,610) HR& 100204 00

£10 FORMATIC1ACs *READ FILE FOR IAITIAL HEAVY METAL RESIDUE (NR&)=" 1002 0% a0

* »13%) . 0602 Co 94

D9 120 IA=1s6 090207 90
AST(IA)=0. 00020560

- ALTCIAY=0. 000203075
176 CONTINUE 60N2 1000

60 101 IE=1,HELE 20021100
IH=IHYDBUCIE) ' gonzizan
ASTCIH)=ASTCIH) +ASCIE) 0021300
ALTCIH)=ALTCIHY +ALCIED 000214060

121 CONTINUE 00021500

ARITE (hwl»,102) 90921600

102 FORMATC 11, #7774 1%» "HYDRCLCGIC TTIT AL SOIL ARFA TOTAL LAX'T 00621700

* » 'E AREAY,/» 41X »"SUB=~EASIN SO LM ., DID21500

* 1SQLKMT) ‘ 00021900

D0 197 IH=1,NHYOB 300220030

WRITE (NW1,106)IHs ASTCIH)» AL TCIHN) 00022100

- 104 FORMATU/»45%,T1,13%X5E9.35112,E69.3) : 000222 0¢
. 103 CONTINUF anez 2300
IFCIUPRUNCL)LNELLY GOTH & - 06022400
IFCIOPHRT(3)EG.1 LORJIOPHRTC(3).50.2) 300272500

«WRITE (NW1,611) 00 02 26 00

611 FORMAT( 1HI,*PRECIPITATION DATA FROM NR5' / 1H ) 00022700

B [ 60022209
Cx PICCIPITATIONZEROSION SUBMCODELS 00022330

Cx , 00023000

DO 8 IT=1,NELF 10023100
READCNRS,512) INUML, ICUMZ,CFICX(J),J=1512), (P INFOJs IE)» d=1512) 00023290

- 512 FORMATL AL,IZ2,12F10.3 /7 3X,12E10.3) 00N23300
. IFCINPWRT(3).E0.1 .URLIOFWFTC3).ER.2) 2002 34 00
*HRKITE (NH1,612)I0UNM1, IDUM2oCF3CX(J)r»J=1512)s (PINF(Jr I€),J=1,12" 40623500

612 FORMAT(LH »A1,12, 3%s12F10.3/ 1F s3X»12F10.3) 090236 0
IFCIDUMILEQ.IFROWEIEY JANDLICUNMZLEQ. IECOLCIEDY) GOTC 10 300237 00

WFRITE (HW1-614)IE, TEROW(IE ), TECOLC IE) N0 023430

614 FOIMATC IHO, 'ERRAR IN PRECIF DATA REAL FROM MRS, ELEMENT =14, 14 0002 3909

* p IXIRTA = 1, A1, XH,YCOLUNMN = 1,12} 30024000

WRITE (UH1,6120000NK L I0UMS, (P3CX(J)» 1,120, (PINF(Js I8 J21512) 99024100

TOGPRUNTY ) =1 2092 62 00

10 0N 12 [+7:21+17 NP L300

RTINS G A O D IR RO PRSI IS R G-y I I AN SR S P A N A S TI62 5600



750 FORMATULOXs tox+e WARNI MG

*A R TL (1, 7500040, IS, TERLu (IE)» IECOLL IR Y ERUSTICING. [E)
ERCSDC*» 12555135 %) WHECH IS ELEMENT
A1,12,Y 15 EQUAL TO ',E1C.3s* CM WHICH IS GREATER THAN

*
*

PR A B AR L N SRV SN B N LR R I S BN

[SEAE
PELLr o DT T T RLST R e v R
Ruuel aa by gy ey

[FORCg ToT a1y

FORUSTID Y. /)

12 CINTINUE
6 CONTINUE

7% 2
71

re

750
74

134

132
132

IFCIOPHRTILL).NELT)Y GOTY 6

CALL WRTEROD(NHWIL)

CONTINUE '
IFCIUPRUNCID)LEGL.1)G0 TO 85

J0 51 I=1s4

READINR G 710 (CF{Isd)sM=1512)
00 S2 I=1+4
READCMRG71I0Y(LFL(TI-M)pM=1,12)
FORMATOL2FS.0)

DG 23 I=1,.5
RTADINRGB,720) (XBAR(CI, M) »bz=1,7)
03 56 [=1,5

REAGINRGs 7Z20XLSAIX (I MIs M=1,7)
FORMATC7F10.0)

READCNRGE» 730)IKCFC(TI)» I=156)
FORMAT(9FS. )

READINRGS TIOIIRECFOPT(I)»I=21,9)
CONTINUE

IFCINXOPT.NEL13G30 TO 74

D9 71 THB=1,NHYDR

REANDCNR 1,74 0) (ACCFOCIHMsTHB), IHM=1. HHVM)
FURMAT(AR(ER.3I,E43)

CUNTINUE

GO 72 THB=1,819Y0R

READCNRL» 76 )Y (XUAXD(IHM» THB)» [HY=1, NHVY M)
CONTINUE :
DO 73 1HB=Ll,NHYOB
READCNRI>740) (XLAXE{IHM»[FB )Y, TH¥=1» NHVM)
CONTIMUE

IFCIOPRUN(GDILNELLDIGG TC 74
READCNR I, 760 (SLAXC (IR TH=1,MHYDB)
FARMAT(S(ER.3:2))

CIONTINUE

IFCIIPRUNCS).EQde1Y STCP

DO 134 IE=1»8FLE

D6 134 IH=1,8

00 134 I=32,5

KCI>IH, IEY=X( 2, IH» IE)
IFCIOPRLEC(3). LT .2) GOTO 120

g0 132 It=1»NFLE

03 132 [H=1,8

DO o132 I=1,5

XCI»IHs IED=0.C

CONTINUE
NYCARS=NYLARS+IYSTRT~1

07 14 IYEAR=IYSTRT,NYEARS
IFLITPRUN(LYLERLLY GOTO 3¢C

gn 1% I40=1,12

30 55 L=1,5

PRO(L»11)=C.

B3 1o TE=1,NELEL

L

'y

DIV SRV
FJa2un
Haazel oy
20024800
00024900
10025000
000251090
00025200
20025300
00025400
30025500
000235600
00025700
0002800
00025900
00926000
000261G0
30026200
00026200
30026400
00026500
000266 06
000267 00
004026800
00026900
00027000
00027100
00627240
006273040
20627400
00027500
00027500
cud277 900
000278319
Q0G279G°
00023000
gooze1oe
00028209
gon2eian
Q002 84 0O
003235060
0002800
00 a2z A7 0O
00923397

000257 GO
029000
N0 0291 50
00029204
80027309
00294 54
30629500



Cox
(L *
L *

U
L *

2z

15
15

2h

34

11¢

40

1o
1ia

TAREA=ALCIZ)+ASCIE S

CALL RAINS (IMU»IRACUNMSPICXCINM),PINT(IML TEY MO, ALPHACTE), CEFCITY
* sMASCTEY» IDZONCIE ), IPTONCIE Y IDPRUNC L) » TARE A)

PECIC(I%G,1E) =P 30X IMC)
IFCIOPRUNC2).EQ.T) SOTO 16

CALL EHGSCNBICIEY»BIC L, IEY»B1C€2,15),81(02,TE),81 (4HIEY
* s IIXCTMO Y PIOMIASRDCITI,EROSDUIMA,TED)

IF(EROSU(THAD, TO YLLTLCRUSTLICD TE 16
KOUNT =p DIMT 1
IF(KGUNT S L1 1D

*ARITE(NAL 7500140, 10, IERCHCIE)» TECOLCIE) »ERDSDIIMD, TE )

CONTINYLT

CONTINUE

IFCINPURI €3 NELL) GO TO 24
CALL WRTHWS(NUWS)
IFCLOPWRT C4). NELL DY GOTG 36
CALL WRTERI(NYA)

CHEMISTRY SLB3MILCEL

00 60 InMO=1,12

5=1
IFCIMOLGT.20I5=2
IFCIM0.GT5)I5=3
IF(IMOLOT.E)T5=4
IF(IMG.EQ.12)T5=1
IFCIOPRULNC3ILGTLC) GOTD 37
DO 34 IE=1,NELE
DELTA=CRUSTC(IE?
CALL CHEM(It,IS,I¥G)
CONTINUE

DISTRIBUTE MASS AMONG ELEFENTS

50 36 IE=1,HCLE

DO 3¢ IH=1,8

XSUB(TIH»IE)=0.

XAQPUIH»IE)Y =0

SADRCIE )=C.

CRUSTIE)=0.

03 45 TE=1,NELE

ESV=ERISOUIMILIE) #ASCIE)
ESM=ESV*BL(IE)«1.,gE7

DC 112 I=1.,2

KE=ITRANCT,IE)

IF(KE.EQ.7) o0OTO 112

CRUST (KE) =CRUST(KEJ +ESVAPTRANCILIE)
CRUST(IEY=CRUSTC(IE)~ESV+PTIRAN(I,IF)
SAPDCREI=SADD(KE) +ESM+PIRANC(IS1E)
CONTIHUE
CRUST(IE)=CRUSTCIL)~ESV*FTIRAN(3,IE)
CONTINUE

BC 114 IE=1,NELFE
IFCAS(IEY LT 1.0E-6) GOTG 116
CRUSTILIE) =CRUSTCIE ) /7CASCLEDY +ALCIE DY)
GOTD 11%#

CRUST (I£3=).0

ITHb=L ¥ (LID

SLAYD L )R AP LIE AT T A0 (R, I Rl LSO ML, [T R ASETE Y0 D

* P B

SLEYD RIMT ¥ s U T e R AT YR AL TSI AL 0T Yy

J00295 90
JOu2er N0
IN329= 35
09029300
003606
30341
nga3cAng
NoVINI00
aunN3Ingon
000305 a¢
D3NS D0
30G3 07 GG
aa0toaan
DAOIGIGH
JUNI L0
050311 ¢
00031205
3003145490
0333514 Q0
X156
N3 s in
J0g317 on
00031300
00631700
0032369
160321 %9

3003220n
000324729
20032550
N003 2300
20032140
00033200
NON33704



IR R

s

124

122
i20

*

L TITbun
LT IS S I R
DU lede Ivi=gendy
Ke=I4ya (i)
DO 124 I=1,2
KE=ITRAHN(I,IE)
IFIRCLEQ.G)Y GNT) 124
Q=XCloKH, ILIRERNSNCIMO, TE )« AS(ICY P TRANCISIEYZCASCKEY ¢AL(KE))
XADUDUKH»KRE I =XADD{ KA, KE)+
ASUBCKH,TEX=XSUB(RH,TEY ¢+ |
CONTINUE
CONTINUE
CONTINUE
P06 126 [E=1sNElLc
ITHE=IHYDBCI )
DO 128 Ix=1.NLVM
EH=THYM(IH)
CERID =X (1, hH, [EY*ERUSD(IMO, IEY*PTRANC 3, IEIXAS(IE)
AOUSTKH» IE ) =XSUBLRKHSTEY#XERCD/CASCIE) ¢ALCTED))
ALAXE(KHy THR) =X LAXE (K H, ITHBY#XERCLHXARDCKH,IEY * AL CIE)
XLAXD (K Hs JHB)Y =X LAXD UK R T3 Y 4ALCTEI*FOCKH, ISL,IEY=JELTAT
ACCFOKHs [P 3=ACCFUKH A THBY4F C(KH, IS, TEY* CASCIEI+ALCIE) )« DELT AT
IFCABSCCRUSTCIED)) LG T.CRUSTD)

WRITE(E»772) CRUSTOSIYEARSINOLIE, CRUSTCIE Y, ERBSODCIMO» IED

fle FORMATOIHC, YERESIUON Ok DOPOSITICN EXCEEDS CRUSY DEPTH OF',F &, 3,

*

*

! YEAR =1',T4,.1* HINTH =1,13,1 IE =*,14,1 CRUST =7,

Foals? ERGED =1 F8.31
IFCIUPRUNC3Y.ERL3) [OTO 150
IFCCRUSTCIE)) 1LO-1425147

140 @==CRUSTCIED

142

159

125 CONTINUE

*

*

*

AULpfCH TE) =X 0 XH o IN)Y LG XU 2o KHATEY #XADDCKH LTI «XSUBIKE,TE)
+FGCOKE =TS, TEDXDELTATY/CRULSTD

X(2oKHs JE)=XC2,XHs I 40X 2, KH,IEY =X (2 sKH, TED) *xQ/CRUSTE

XC3oKE» TEI=XC 3, SHy JEX+(XC A KH,TE 3 =X (3,KHs TEXI*Q/( 2. «CRUSTD)

K4 RH TL)=XChs Kl TR ) 4 (XU s KHATIE) =X (4>KH, TEDI*Q/ (2. «CRUSTD)

GOTH 128

Q=CRUST(TE)

X KH TEY=XL a4 KH» TE) +{UXC 25 KH L TE) =X (b »RH, TE)Y*3 /(2. xCRUSTD)

A2 KHe JEI=XC 3o KM IEI #(XC2oKH IS ) =X (3,KH,TENI*Q/ (2. *CRUSTD)

X(2s KH, TEI=X( 2, KH, IE) # (XU 1, KH,IT) =X (2, KH, IE})xG/CRUSTEL

XKC1sKHr IE)=XC1oKHPTE) #CXACO (K, IE )= XSUB(KH, IE)~Q*X( 1, KH,IE)
+FOCKHS IS, IEX*CELTAT)/CRLSTD

GO 10 126

XTL o KE TEI=N(18H, IEY (XADD(KE, IE)=XSUBLKH, IE)

tF30RH, I3, IEI«CELT 2T )/ CRUSTH

126 CONTINUE

ou

14

CONTINUE

CALL DUTPUT(NHIsNHYNDB»TCHCK »NYEARS)

CONTINUE

IFCIUPKUNTL)EG.T1) CALL RERULNCAALS7 »IRADUM, NHYDR)
RETURRN

END

000377 30
00037500
80037990
40033200
JyuidasLne
0903 3200



Shipk T INE REALTDR (MR, NWT)

Lamsan Nl 03603 ,TITL(2,20),10PRUN(A) , TORECH(S), I0PWRT(S)

R, TE“an (300), JECOL(300), 11RAN(2,300),FTRan(3,300), THYDR(300)
Kp Ry Iy B )y ACCFL (B, 6), XLAXD (B, A, XL AXE(B,6),CRUSTD,AS(300)
AL (300),nblEsnl (G,300), 080T (A,300),P3uY(12),MAR(3N0)

L, RPZOILA00), 1020 {300), 88000 800),5La88(4)

00038800
Quoikdon
00038500
000D3BAUO
00G3R70N
00038KDY

CUMMUN /CHEM/ FOCA,8,300)POR30G) »8D(300) sPINF(12,300) X (5+8,300)00038900

*, DELTA,ALPHA(300),EFE(300), Y (k)
IFQTURPECAHLR) T ,0)60 T 30
WRITE (h*l, 200 HNELE, HVM
AC0 FURMAT (1M1, 8%,%n0, OF BLEMENTS2"IR/inm
* P DY, "N, (F wEAVY METALS T FE wicn IN THIS RUNEZ",12)
wRITE(nl,230)

00n3enan
000639100
G003920n0
00039300
00038409
40039900

R0 FURMATIAN o/ /7 pTXGPELFMEMTYTX PHETAL 1", 7X,"METAL 29, 7X,"METAL 3%,0003%9600
TN, MmETAL A", X, THETAL SY,TX,"mETAL 6", 7X,TMETAL T, 7Y, *METAL B") 00039700

R0 CAONTINUE
vl 10 I=l,NELE
g 10 J=1,4
READINRZ, 100 IUUM, LOUME, TDUME, (FN(K,J,1),x21,R)
104 FORMAT (A, 1X,41,72,KE9,%)
IFCIORECHI{Z2) GT, 0) 60 10 20 )
WRITE (rml, @10YINUM, TOUSL, TPUM2, (FO(s,Js]),kz1,8)
et FORMAT(IHD,SxX, 83, 3%,A2,72,8(5%,:9,3))
20 IF(IDUM (B9, "F" JAND, TDUML JEnN, TERCAL]) ,AND, IDUM2 LEN.
*TECOLCIY) i TV 10
WRITE (Nw],220)
AZG FORMAT (1HO, "ERROR TH FALLOUT DATA FRUM Ne3®)
A LTE (e 1, @103 I0US, 10N, TudM2o FI(n, 0, 1) )K=1,8)
TUPRUN(S )Y
10 CONTINUE
KE TukN
(21

SURROUTINE RDINHT (NRE,Na1)

CumMmpan  NEF(R00) LTTITL(2,20),10PRUN(R), I0PECH(S) ,IGPRRRT(6)

*, TEROW(300), JECOL(300), ITRAR(Z,300),PTRAN(3,300),IHYDR{300)

* ey, TNV {RA) ,ACCFU(B,0) ) XLAXD(E,6) ) XLAXE(B,6),CRUSTD,AS(300)
*, AL (300, MELE,B1CU,300),180T(4,300),P30X(12)+¥AR(300)

*, IPZ20N(300),1020N(300),8AD0LC300),3LAXE (D)

00GASB00
06039400
Quodonao
udgu0ton
00040200
00040300
nouLsoaQn
QuQdosono
00040400
Qooa0700
0004QR0D
004600
00041U00
0004300
oup41eeo
QOQUL 300
00041400

no0a1s500
U0041600
apod1700
000LIBR0O
00041900
00042000

CiliMute JCHEN/ FO(R,U,300),PUR(300),8D(300),PINF(12,300),X(5,8,300)00042100

* ) DELTA,ALPHA(S00),CEE(300),Y(8)
IFCICPRECH(3).6T.0)G0 TO 80
ARITE(Nw],250)

00042200
00042300
0n0uEN00

250 FORMATIIHL,///7,7TX,"ELEMENT TR, "ETAL 1", 7X,"METAL 2", 7X,"“ETaAL 3%,000425%00
RTX,UMETAL 47, TX,"METAL S, 7Y, "METAL 6", 7TX,"METAL 7H,7x,"qETAL &%) 00042600

80 CONTINUE
00 Su I=1,NELE

00042700
00042R00



SRR S A SR S R BP0 R AT P SR BV S IS RN -5 B |
O L R SR IR RIS IR P I S O I B
SN S BOTEL-S SEN SR TNEVS TR EFEPRN NPT
Andle (ol o0 lad, Tk L, Tgusi2, {(x (1, def) s dmleB)
20 I‘-’-TW‘MT(Tr-ﬂ‘.‘nx.txl,Bx.Aé.12.8[51:&9.3)) .
Bl TR CTDUM v, MO CARD, TRUML JEw, TERUS(I) JAND, IDUM2 EG,
RTFCOLCTIYE i TO by
win JTE (MW .270)
270 FORMAT(IMO,PERROR TN INTTIAL HEAVY wETAL UDATA FRUM NR4 (IN ThE
«CHUSTIMY . o
MRTTE (Nwl,@aG)INUY, TOUML, TOUM2, (X(1,J,13,0%1,8) ' ‘
JUPNN(S) =]
S CONTINUE
IFLICPECH{3) ,,GT, Q)60 TO 90
ARTITE (Nnl,260)

DGy gwen
084000
GhOWsiNg
Grnedln
Gnund3300
00043400
0004d3s00
000435600
00043700
00043800
00043900
00044000
004400
00044200
00044300

20 FORMAT(In /77,720 "FLEMENT® T X, "METAL 1%, 7x,"METAL 2", 7X,"METAL 3",00044400

R7X,UMETAL A, 7X,"METAL SY,TX,"METAL 6", 7X,"METAL T",7X,"METAL 8")
af CONTINUF '
UU B Izi "‘ELE
READONKA,120) LM, DU, IDUNE, (X(2,J0,1),Jn4,8)
120 FORKMAT(AL,1K,41,]12,1%x,8E9,3)
IFCIUPECH{A) (6T, )60 Tu 70
WETTE (N®1, 890 [OUM, TLUMY, TOUN2, (X(2,0,1),J%1,8)
L0 FUKMAT(IMO %2, A1, 58X, A2,12,8(9%X,E9,3))
70 IFCLLUM JFoe "8" JAnD, TLUMY LEQ, 1EROW(I) JAND, IDUMZ JEG.
* TECOLLI)) GO0 1O a0
"RITE(N"iy;"OO)
SU0 PaRmaT(lnG"ExnUR IN INITLAL MEAVY METAL [aTA FROM NR4
* (gENTTe CrmUBTIM)
«QITE(NMI,éQﬁ)INUM,IUNHI;IDUN?-(XKZaJsI)aJ=1rﬁJ
TUPRUN(8) 2
U CUnTINUF
RﬁTi_&vi‘q
END

SUBKLUTINE RFADSC{NRZ, Nwl, ARES)
CaMbys sml(300) ,11TL(2,20), 1GFFUNTE), IOFPECH(S), IOPWRT(6)
*, TERGA(300), bELOL(A00Y, TTRAN(Z,300),PTRAN(3,300),IHYDB(300)
w, MHY s IRy (RY,ALCFO(B,0) s XLAXRD(A,A), XLAXE(B,86),CRUSTD,AS(300)
* AL (300) P NELE B (4,300),180TCd,300),P30X(12)2%AR(300)
Sk, TPZONERGIY, 1R 20NCR00), 5400 (300),5LAXE(S)
- COmmyn FEROS/ PINST(R),,RASTLE), THATALZ),RIUMIN,VEC(10)
* SERASN(12,300)

00044500
000dds00
00044700
00044800
00044900
0004%000
000US100
pogasenn
00045300
00045400
00045%Q0
00045600
00048700
00045R00
00045900
00046000
00o4de1G0
000Ue200

00046300
00046400
00046500
00QuUpeUD
000486700
000dBRAGD
00G4690 1
QOodT000

CuMmyl JCHES/ FUOIB,6,300),PUR(300),900300),PINF(12,300),X(5,8,300)00047100

¥, UELTA, 8LPRACROU),CEE(3N0),Y(R)

DTMEnSTUN ISLEP(d), TVRGLW),PAld),1TROu(2),1TC0L(2)

P 2 TEsi,nNELE

PEAD (WRE,)50¢) 1EWOw (IE), JECGL(IF), (180T1(1,TE), ISLOPC])

* cIVEG(I)ppA{I)Ilzirq)f(FﬂfirIIIE)
* dTTRANCI,IE))PTINANM(I,IE3,121,2)sPTRANC3,IE),IDZONCIE)
* sIBLURNCIEY y InY¥O(IEY ) PURCIE) ,BDCTE) yCEE(JE) JALPHACIE) JELAR
* s MAR(IE)D

Sreg FORMAT(AL, 12 ,4Ctxa T8, 11,F3,20,2(1%,081,12
* !F3|£)thual5(ixo[2)!531202(1XOF3.2)'F3|2lF6.0!2x'Il)

JECELARGL TN, 000001 JELANSARER

IF(ToPethlLl)  NELL)

kw1 T (Nl hOEYEF, TEROR(TE),JTECULCIEY» (ISOT(L,TE)ISLOP(I)
sIVvEG{IY s RPACT) 131 ,4), (FO(L,[,1E)

SLTRANCI, TE),PTRAN(T,TE),181,2) PTRANC3,TIE),IDZONCIE)
yIPZONCIEY » INMYDB(LE) s FORKCLE ) s D (TE),CEECIEY ) ALPHA(TIE) JEL AR
s MARLTIE) '
mOR FORSATUIAO, T3, 01X, 810, 12,2%X,401%,T1,1%,81,1%x,11,1%,F5,2)

 » - »

00047200
Good7 400
p0Q474Eu0
00Ga?s50n
QU0UTH00
QoQu7 700
0QQUTRYN
00047900
QO0UBO0D
000aBI00
G00dBenn
0048 ing
V004840
gnQuBs50n
GO0QARAGA
QOUHBTOU
GoQdaEnG
Q0048900



* 22X 202K A [2s 1 X F 8,20 s 1X,FU,2s1%,301X,12),4F%,2.F8,2 00089000

* 18Xy 11 000UTLICD

C+ N0HE9200
C# (MECH Fiw EHRONS ANY DISTInGUiSH SLOPES 0N0U93un
L 000u9u0D
O A2 Ix1,4 00649500
TFCISOT(I,1E) JEGa0) GUTD K2 00049600
IFCISUTUILLE) aGT U, AND IS0OT (L, IE),LT,2) 6D T 24 00049700

WRITE (AL ,H06)IE, TERGa{IE), JECOL(IE) QOOU9RUD

Al PURMAT(IMO,"ERRUK, SOIL TYPE CODE DOES NQV FALL IN THE RAMGE 1=8'*000u4990n
* s MIE = PLold, 8%, "Kkw 3 "p4193x0.’ciJLUMN z ",13) ooasoN0Y
TOPRUN(S) 2] QO0S01G0
00090400

C+x
L
C*

Cx
C*
C*

20 JFCISOICL,IR) ENGR) GOTD 62

16

IFCISLOP(TI) (nF"F"Y O T 12
ISLOP(] )=

GOTO a2

TFCISLUR(T) JNE,"=") GD TO 16
18LogP(1)=?

GOTG e

IFLISLNPLLILREL"SY) 60 TO 18
ISLOP(1)=}

RO Y.

16 WwRITE(N«1,802)18L0R (1), TE,IEROW(TIF), ECOL(TE)

sl FORMAT(IRO,"ERRRK T4

* S3XLMRANN = MLE1,3X,"ChOLUMN = ", T13)
JTORRUN(S) =

m2 LoNTINnUE

#d

52
=G

TF(ABS(PA(LY+PA(2)+PA(3)4PA(H)=1,00),L1,0,02) GO TO 64

WwRTTE(NST,60Q)TE, IERU«(IE)» TECUL(TE)

nod FORAAT(IHO, "Rk, SUY b SUBFLEMENT a~Fas T8 LESS Thau

* p IE =P, 14,34, "t 5 ", 21,0000y & ", 18)
TuP=unts) =y

CALCULATE AREAS

AL{IE)=0,0

AS(IE)=0,0

nG S0 I=1,4

IF(ISOT(I, 1B} R} GOTU S50
IF(IS0T(T,1E)ENLB) GOTO 52
AS{IE)SAS({IE)+ELAR*PA(])

GOTO S0

ALCIE =al (IE)+ELARXPAL])

CONTTRUE

IFCABS (AL CIE)+AS(IE))ZELARSL ,0),GT,0,02)
*ARITE(NAL, 60436, [ERQN(IE),TECUL(IE)

CALCULATE 31 FOR THE EROSION MIDEL

NBI(IED)Y=C

D3 &6 I=1s4
IFCISOT (I, IFY.EQ.0) GCTD 6
NB1CIE)=NBI1(IE)+1
K1=150T(I,1E)

IFCAS (TE) .LT.1.0E=6) GOTA 1€2
[F(K1.NEL#) GD TO 8

17 810l IEY=C0 0

50 TR £
Ll

-

T

SLOPE IDENTIFICATION = ",a1,3X."1E =",13

YOLETIKTE
gooSn40n
06050500
Q0050600
Q0050700
000%040y
00080800
Q00%1000
goosiing
0ngsi2a0
00051404
00051400
00091509
00GS1A00
00051709
DOOStIARGG
00081901
gags2unn
Hons21Gy
00052200
60052300
00082400
00052500
00082000
Doo%e7a0
00052809
000%2900
00053200
DOOB3100
eo%3200
00083300
go0%3400¢
$00%S3%00
00053600

no05 3709
23053800
70053900
000540C0
0005 41 00
00054200
30054300

D005 4400

005460
AR AR A N
BIYEY Y
EIAN



LA TERIAL )
N !A'{L""O.'.’
221G L s INET AT AIK2Y Y
CEO L, T da, ey (0T Y e ST IR
PLOIs I )=01 (I L2)*CASCIR ) +ALLTE NI *P ALY /ASCLED)
6 CONTINUT
1o CONTINUE
COMNTINGE
Cx
C* INDENTIFY TRANSPORT FLEMENTS
L
B3 4u JFEs1,MNELE
ull 42 [=1y,2
IF(ITRAN(],TIE)LEQ,Q0) GUTY 42
DU 44 TEC=21.NELE
IFCFULL e 1, TR L, TERQW(TEC) JORGIT=ANCT S TEI JNELIECOLC(IEC)) GUTD 44
ITRAN(CI,IE)=]EC
LGUTY 42
4ld CONTINUE
R ITE(NGL,030)F (L Yo IE) s JTRAN(ILIE),IE,JEROW(IE)},TECOL(IE)
B0 FUKMAT (IR0, "ENRUR, THRANSFER ELEMEST ',41,12,' NOT FOUND FOR 1E a!
* s13,'  BELEMENY ',a1,12)
19<un(8)st
472 CIanTInUE
0 CONTINUE
IFCIGPECH(1Y)Y6b,40,48
ab LOMTINUE
pa 720 IE:‘.;*-’&_LE
W lTE LN, 0l DY IF, TEROW(TE) ,IECOL(TEY, (ITRAN(T,IE) ,PTRAN(I,]IE), 18],
* 2)Y,PTRAN(3,IE) AL {TEY,AS(IE) ,nBI(TIE),
* (21¢1,1e),I21,4)
A0 FURMATOIRO,18,2%,81,2Y,13,208,15,1%,F4,2),3%,F4,2,2(2X,FR,2),3X,
¥ 19,0034, F5,2))
70 CIONTINUE
&8 WETiRN
Fui)

SULACUTINE EMOS(n, 81 R24E3,R4, P30, P3I0MINSABD,D) -
DIMENSION r{4)
TF{MANELQ)Y GUTL &

el 0
mp Tiimi
6 IF(PS0,GT,F3umln) GOTr 4o

£20,0

RFE TR~
C+
Cr CHAWGE P30 TO IMCRES PER HOUH
C* .

4 Pzt dnsxg, /2, %4a
F2210,3+89 0+al 0G10(RP)
Papak /100,0
-1
1)z
B{glsre
B(3)=%3
Ra)ssd
PG 2 Tzi,N
nBh () kR$w

2 CUNTIMUE

AP
LR L 08
Gt B2

2 A0 5500

0G5 54 00
00055500
300556 00

000557400
00055800
§0055900
00056000
00086100
00056200
00056300
00056400
00056500
00086600
$0056700
00086K0N
00056909
00057000
00057100
go057200
00057300
Q0057400
00087500
00087600
00087704
Go0STEOD

00057900 -

00058000
00058100
o0ngsR20n
p00583%07
00GSAGGN

0007124y
099713500
Qo0T1e0n
Q0071504
00G7imnD0
00071700
QOUTIADD
I NYAKIN
N0 72060
guareion
00Q122¢y0
Bo072300
onnled4o0
poQ7as0n
Q007200
oan7e7u0
QUO72MG0
00072900
gnoTAcao
06073100
00078209
QOaiRign



Cx

. : " , e e Go073%40y
g: LRavGE « TO rG/S3%,0m 000735500
W ¢ - ~ 000736010

co TTEenESTESS ‘ 0ON737G0
N O " Q078800

E: R Rt T RTE
- PP 0oyTungn

Ca Lew/(80/1000,) 000741040
C* 0OIN £ 00Nn7ulgu
€+ 00074560
RE TURN 0007dupa

FaD VRO RTR R €Y
0nGT7dsun

SURFDUTINE anrTHa8(Aw) u0g7e700
ComMun  NRLCR00) ,TITL(2,20),10RPKUN(2), TUPECH(S), JUPWRT (6) 00074400

%, JERUW(300),TECULI300), YTRAN(2,300),FTrbn(5,300),IHYDH(300) 00Q74900
*yrimyb g TRVM (AT, ACCFO(B, 68) , XLAXT (B, h),xLAXE(R,6),CRUSTD,AS(300) GOOTS000
kAL (SN0 NELE, B (U4, 300),180T(4,300)P30X(12),MER(300) 6075100

*, IP2ONCE00), [DZUN(ROC),SaD0(300),8LAXE(E) goo7rs2nn
COM®ON ZCHEM/ FUl8,4,300),P0R(3N0),4n(3800),PINF(12,300),X%(5,8,300)00075500
*,CELTA,ALPHA(300).CEEC300),Y(R) G0075%400
CUMMON ZOUTPUT/ HMUNTH(12),IYEAR,FPECHB(12,6)»PINFHB(12,6), 0007%500

* FEC30(12,300) Q0075600
WRITE (A%, 1000) ' 00675700

1000 FORMAT(IMY,///, 45X, 42HPRECIPITATIUON = 30 MINUTE INTENSITY IN CM, POOTHRGD

200

1000
1080
1100

{00
12040

* s/ uSX,42(01H0),727)
KRITE(N%,1080)]YE AR

FUORMAT (99X, AH%® YEAR ,12,3H %%, /)
wRITELmu, 1100 (M OnTH(T),121,12)
FORMATUIX, THELEmEST 60X, 11 (A8, 6X),84,/)

L9 100 JTE=1,MELE

NRITE (N, 1200) B, IWECROTIPI,IR), IVL21.1F)
FORMAT(AK, 13,041, 12880,3,7)

WRITE(Nwm,200y)
FORMAT(IHI & /7735 Xo 19RINPILTRATIUN [N ¥,
ARITE (v 1080 IYEAR

MRITE (N 100 (MUNTH(T), 11,12)

Ry 200 lk=1,nNELE

WHITE(N®, 12000 1B (PINF(IMD,TE),IMO21,12)
RETURN

EnND

17056, 19(1HG) /7))

SUBROUTINE wuTERD(Nw)
CuMmon  nBIC300) ,TITL(Z2,20),10PRUN(E),TURECH(S),I0PHRT(4)
*, JERDOw (300), IECOLC300),ITRAN(2,300),PTHAN(I,300),1HYDB(30D)

kX, NRVM, IHYM(BY,ACCFO(B8,8) , XLAXD{B, ), XLAXEL(B, ), CRUSTD,,AS(300)

*, AL (B300)Y ,NELE,B1(u,300),150T(4,300),P3ux(12) MaK(30Q)
*, IPZUNTR0D),IDZUNI300),8aDD(300),SLAXE(S)
COMMUN JERQOS/ PINST(B),HKkST(B),)THATA(3),P3U0FRIN,VL(10)

* (+ERDED(12,300)
COMmUN /NYTRUT/ MONTH{12),1YEAR,,PECHA(12,6) PINFHB(12,8),
* PEC30(12,300)

WRITE(Nw,1000)
FORMAT(IHE /7 //7,56X,20RERUSION DERTH IN (M,
NRITE (Nw )y 1050 YEAR

FORMAT(SOX pBrwx YEAR ,12,3H #x%,/)

R TTEANA, 11003 (NTHIT),121412)
FOwmaAT(1a, THeLFYENT X, {1 (a4,6X),44,/)

0D 1900 TE=i,nELE

wRITE(M S, 1260)1F, (LS ([0, JE) . T¥0=21,12)
ARRPURN A GV RS P I 8 INCR SR |

1 1<

0 /156K, 200 HL) 77

0007890
aNEleand
ona7eico
0007m20G
00070du9
000 7edan
COeDTR500
0007 mbun
0007Ta700
00076K0N
Gaule9Ga
G0a77%00
goe771u06
pOn77200
00077300
QONnT77400

N0Q775u0
go0C77800
0ogr7700
00077800
000779460
p0078000
00078100
nop78200
00673300
00078400
00078500
QHOTRAGO
QNOTRIGO
QO0TRAQO
DOOTRG LN
gao7a0gn
nen79140
SO NP/
G TYIR00
ISR RVRTREN



oo T e VTR e, v b, 10, S FaRY, B a

DENTTIEL LR Fad 207 100 (Qpevdy[Orupninl, Tinrfm(h), 100.6T(6) U797 59
*c“‘I"'{“‘{'\i“’]eIF’.C'\‘L{5\“.')yIT""‘“'\-'(?'.‘Ub)o;T‘ﬂ‘\-(‘ﬁl5'“1)"{7“('\)9(3“(\) VRIS AR RERY
Ky M, TrYR (R ) A0 0RO B, 0) s XLAXD(R,6), XLAGE (R, CrUSTD, A5(300) 000679930
*,ALT3GU ) p b, (4, 300),180T(4,300),R304(12),MarR(300) 00080000
*y IP205E800), TL202(309),85au0(300),SLAXKF(4) NO0B01 0G0
COMrUN Z0LnEM/ F‘-.‘(at“ls(}@]DP("""ffinU)tiv‘.li-‘(}(‘U)OPI"W‘(1arSOU)QXC5080300)U00602”"0
®,IELTAL,ALRPHALROU) ,CER(300),Y(B) 00080300
ChOmMN /OUTPLT/, MONTH(L2)»IYEARLPECHH(12,6), PINFHRtla.bi: 00nAa0u00
* PEC30(12,300) 00080500

CuMMUN /TUTALZ T1CR,60),T2(8,6),T3(8,6),74(8,06), TS(B;b):SL‘tPT(ﬁ) 00080600
COommin /8STAT/ ACFOT(8,100), XLADT(8,100),XLAET(8,100%,Y17(R,100), 00080700

* FR2T(B8,100),SLAXET(I00Y,IYSTRT ) NF 00GBOROY
INTEGE® H GoO80G900
DIMEMSTUN H{B,6)1,X1(8,8),X2(8,8) 00081000
DIFENSEON ACFOCR, A1, xLADI(A,6),xLAE(R,8),Y1(B,6),Y2(8,6) g00&LLI0O
Davae (H{l,1},[=1.8) /Ra4HHEAV/ 00081200
DATa (m(I.,2)s1x1,8) /Rxdpy ME/ 00081300
Dave (KHUI,8),I=21,B8) /B&unTal / 000814006
1{=1C+1 00081500
po 1 Ist1,12 000RI0O0
oG 1 J=1,6 00081700
PFCHB(I,J)e0, 00081RQO
PINFHE(I,J)}80,0 00081900

{ Coumtlsuk CQOBRZNGO

O % T=1,8 000BALChH

00 85 Jzi,e6 00082°09
K1(1,J)=0,0 0pp823%00
x2(1,J1=0,0 go0B2LO0

5 CONTINUE D00BZSVD
[FOIC 6T, TYSTST)60 TC 10 0C0B2600
WRITE(NW,100y) QUpBRETLL

1000 FURMAT(IML,2//, 104, 43HaCCUMULATED AN INTAL YFARLY VALUES AND MON, 00082800

* %741M y PRECIPATIUN AKWD INFILTRATION gY HYDROLOGIC SUAHASIDN00RZIQD

L !/;16’11”0(1%1 ];//f) 0008300‘3
GO TY 20 DOOB3I100

1¢ wrRITE(nMw,1100) n0oR32nn
1100 FORRAT(IMY, /273 Q00QB3IZgC
0 WRITE(Wh,1200)IYEAR NOQRALQG
12600 FORMAT(SYX,RHax YEAR L, I2,38H %, /) G00R3500
pRTITe (N, 1800) C00B3IN00

1300 FORMaT(R3X,25alCumylaTEDR FaLLoUT In KG,/,5%3X,25¢(1HL),/) 60083700
AR ITE(NS LU0 (A (T asmIp2) (I e3)eltivh(T)sl]l,nNHvM) 0D0RIZQO

1400 FORMAT(IX,10HMYDROLOGTL, 1X,T(ad,At,88,11,2X),384,11) 000B39DG
AL TE(Nw, 1800) 000Rung0n

1500 FORAMT(1IX,9HSUb=rialIn, /) CO0R4LIND
Calll, SETUF [alCFn,aCFn,anvVh, IHVM, vHYH) 0008u2n0

UG 36 JstenbyR 000eBuid0g

3G wHFITE NN, 160OYJ»C ACFI(IJIs 151, nireM) 000BaE0Y
1600 FORMAT(/,5X, 11, 7X,7(E9,3,6X),E9,3) 00OELSOD
wH]TE (M 1700) 000R4n00

1700 FOARMAT(/ /7,43, 46MACCUMDLATED FALLDUT OUIRECTLY On THE LAKE IN KG, /700084709

*, Uix,u6(iHll, /) GOORLROT
wWRIIEnw, 1400 (MCT a1 ) s m (1@ s R(I,3) s fvr (1) slal,nhvH) 000RASHD
AR ITE Civm e 1500) D00BSYGu
Call SETUP {XLAXD, XL AD NRVF, MV, kHYD) NaeaESIGN
NGoad Jal,aMyR (O0RRZOD

U WANITELNA1800) 00 XLADCI o) e I3, Ny} 000Aa530u
ARATTE(Nw, 180G) nopas4aon

1800 FORMAT(//7/,41x,4948CCUMULATED NEAavY METALS ERCPEL TO THE LAKE IN K00085500



*G s /81X A9 01RT,7) V0QRS600

P TE (w1400 R (T s (Lla2)p " (Ts8)albvr (1)l ,NHVH) yooes 7100
AaRITE (N, 1500) JONERRGO

Calll SETUP (XLAYE  XLAE ,NHvm, IHVY MY ) 00pesSeye

071 S0 Jml,mHy8 0G¢8e009

B AR ITE(NS,1000)Jds 0 XLAEC(T,J) s3], Nkv) 00086100
My 76 IE=1,~ELE LT Y\
IMsslHYRE{]F) 00086500

v 60 KHzi,8 QOOBRKGOY

XU (P, ITHRISY (Rm, [HB)ex(1,kH,TE)*4S8{TE ) N0UBReS00
X2(nrylrd)sX2 (A, THa)+Xx(2,nH, IE) %3S (1¢F) GO0ReERUD

w0 CUNTIHUER 0008RTOY
70 CONTINUE DOQRERVN
wrITE (N, 1900 GU0RLY DD

1900 FURMAT(Z/7,39%,,47HACCUMILATED HFAVY METALS LEFT IN THE SUIL CRUST,02087000
* br IN KGe/Zp33X,83(01H),7) GOORT1D0
wRITE w100 (HMET, 1) W ,2) o MlL,p3), 10y {T)Y,I81,00HYVA) 00087200
ARITE(N, 1500) 00087 30N

CALL SETUP (X1,Y1 ,NHYM, IhyM,NAY3) G00RT40N

0 Bg J=1,NHYR 00087500

KO =&ITE(NA,1600)d,(YI(I,J),15]1,a0VvM) N0U8T7&G
wRITE (Nw,2000) 0O0BE7T700

2000 FUNMATC/Z//Z7,48 X, 44HACCIMULATED HEAVY XETALS LEFT IN THE SURSOIL, QO0BTRGY
% AH IN KB,/ ,41X,80(1Mal),/) gnoB7300
WRITE(NW, 1400 (RETI 1) o2 H{1,3),IHVM{T),Ix1l,NHVM) onpBBONO

AR ITEC(NW,1500) LOQRBION

CALL SETUP (X2,Y2,NHVM, IrHVM,NHYH) VOURRB200

N 0 J=1,NHYA ' Q00BBA0N

G0 WRITE(N® 100GYT,(Y2(T,y), Il ,NPYM) D00RRUQ0
00 110 1E=)1.nELE NOQKES0C
IHE=IRYDB(IE) pOOBERON

DO 100 [MGO=1,12 DONEBRTOC
PECHR(T™(, [HB)ISPECHB(IMD, IHR)+PECA0(]I™G, 1E) GO0BRRBON
PINFRRC(IMO, IMBIZPINFHR(IMO, IHB)Y+PINF (IO, ]E) 000ARRYQD

100 CONTINUE ' 20089000
110 CONTINUE 00089100
WHITE(N,2100) 000R9200

2100 FORMAT(///7,61%,49HMONTHLY FRECIPLITATION = 30 MINUTE INTENSITY In CO0089300
M b /aB1X, 89 01IHL) /) DOGRGLOD
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