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flow problems.
The +transport of tracer thrcough the column was
simulated using a numerical model developed from existing

finite element codes for one-dimensional unsaturated flow
and scolute transport. The model UNSAT provides the solution
to the matric-potential-based transient flow equation, while
the model TRANS solves the advection-dispersion equation
utilizing an upstream weighting technique. The model 1is
able to account for varying flow velocities, moisture
contents, chemical retardation, and the percent of surface
area contacted by the leachate. Results of the tracer tests
were compared with those from the numerical model to

valuate the hydraulic processes ongoing in the leach heap.
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process began as the accidental resul
percolation into the overburden waste piles. Generally, low
grade ore, composed mainly of mine waste and overburden, 1is
handled in large heap piles. The ore may or may not be
crushed, nevertheless, the character of the leach pile
material is fairly coarse. The only constraints in size on

thecse leach piles are topography and haulage costs?.

The éfficiency of the leach process itself is uncertain
since not all of the ore is contacted by the leach solution.
The coarser sized particles produce less copper than finer
particles, due to decreased surface area available for
contact with the leachate. 1In addition, the time required
for diffusion of leachate into the unreacted core of coarse
particles presents a further limitation on the efficiency of

the process.

Previous research, toward understanding and maximizing
the efficiency of the leaching process has been conducted by
hydrometallurgists, who have concentrated on the chemical
aspects of the problem. Generally, the problem of solution
flow through a 1leach heap has received only minimal

attention. Prior research has focused on parameters such as



Giffusicn rates was studied by Roman (1574). He
concentrated his efforts on the process of channelization
i.e., the preferential flow of solution along a certain
path. Channelization of leachate was proposed to be a
result of differing clast sizes within the heap and the
dsgree of compaction undergone by the heap during the
leaching process. Roman discovered that heaps of a greater
height produced a dgreater yield of copper (in pounds)3.
Solution channeling due to ¢reater bulk densities in £field
sized heaps affected the scale-up process as well. Roman
(1977) indicated that particle-size distribution is 1less
important than the channel-separation distribution. "The
channel-separation distribution specifies the cummulative
percentage of the rock in the dump situated less than a
specific distance from a solution channel4." This
distribution of channels depends on the methods employed in
dump construction. Lab results indicate a channel-size
separation to particle-size ratio of 30:1 is common in

column leaching experiments. For the highest efficiency in

leaching, this ratio should be as small as possible.



process have bteen conducted by Cathles and Murr (1280 and
Murr {188, Thzze large-scale column  studlies  wers
conducted a* the Sullivan Center for In-3itu Mining Researcn
at NMIMT, Cazthlee and Murr ran a contrelled  leach
experiment in a 40 ft. x 10 £t. insulated steel tank, Two

of low—-grade copper-sul
mining. Tracer studies utilizing rhodamine-B dye were
cenducted to obtain an estimate of leachate-rock cont
The dye was detected by means ocf u-v 1light during the
systematic unloading of the column. The dye-stained
portions of the column reflected the points of contact

between leachate and ore. 2 leaching model was used to

n

imulate the results obtained £from the tank experiments
The model, detailed by Cathles and Apps (197Z3), includes the

rate of leaching as controlled by three processes: air

convection; bacterial conversion of Fe+2to Fe+3; and the
. ; : + .
sulfide oxidation of Fe 3, They dJdiscovered that the

parameters were fairly well constrained, given the amount of
leachate- rock contact; and predictions of field dump

behaviour may be possible with the use of this model.

Murr (1980) provides a good overall treatment of heap
leaching in the field and in-situ. He identified three
controlling mechanisms for the leach process: decreasing
reaction surface area for individual waste particles,

varying diffusion rates through leached rims, and diffusion



cptimization of the physical parameters of a lsach plie.
Finally, several attempts to characterize the

permeability and solution flow in leach dumps were made by
Harris (1977) and Roman (1977). They found that leach piles
undergo an evolution in matrix characteristics as a result

of the leach process. The particles tend to get smaller in

(]

cize, and with continued leaching, to form particl

-

aggregates that approach the bulk density of consolidated
rock. The phenomenon of solution channeling (lixiviant flow

aths) in which solution flow paths are sesparated by

3

numerous particles through which the leachate must diffuse,
is also characteristic of chances undergone during leaching
of a waste heap. {The channel-separation model (Roman,
1974) was based on clast size distributions and was

discussed in the previous paragraphs.)

Although previous researchers have attempted to
characterize the chemistry and physical heap parameters
affecting the leaching process, the hydrology of leachate
flow has not been studied extensively. Jacobson (1971)
created a numerical model which dealt with the tendency
towards non-linear flow in leach dumps. This model is the

most advanced published treatment of solution flow through a



itz level is simple and not sufficiently

f
t
m

nld understand the flow dynamics of &h

n
t

of

o in crder to maximize the leachate-rock contac

and *hus insure & reasgsonable efficiency of the leachin

Ve}

k

w

ince the particle sizes c¢f a leach dump tend towards
the coarse, with cobbles representing greater than 50% of
the material, the hydraulic character of the bulk medium

must also be determined. The hydraulic properties of coarse

[

materials have been examined by Bouwer and Rice (1984}).
They dealt with a layered system of stones/gravels and sands
in which they attempted to determine which sized particles
affected the hydraulic conductivity, water content, and
dispersivity of the heterogenious miX. Results indicated
that the saturated hvdraulic conductivity of a stony soil
can be calculated from the void ratios of the stony scoil and
the saturated condutivity of the sand fraction as determined
by a laboratory study. The unsaturated hydraulic
conductivity of the heterogeneous mix can be determined from
the relations between unsaturated hydraulic condutivity and
pressure head of the sand fraction alone. The bulk moisture
content can be obtained by weighting the volume fraction of
the stony =zone with that of the sand fraction. The
dispersivity of the heterogeneous system was found to be

greater than that in a sand system aloneG.
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technigues. Objectives are toc Iinvestigate the hydrezulics ci

conservative and non-conservative tracers, to develop a
numerical model that simulates flow andé transport processes
through the leach pile under unsaturated flow ccnditions
comparabie to field leaching practices, and to evaluate the
numerical code using data collected during the coclunmn

experiment.



RESEARCH OBJECTIVES

As stated in the title of this report, +this is an

0y

experimentzl- numerical study of unsaturated flcw through
leach dump. The focus of interest lies with the hydraulic
processes governing flow. Thus the objectives of this study

are:

1. To investigate the hydraulics of fluid percolation
through a leach heap using a suite of tracers
during a large scale long column experiment,

2. To adapt existing numerical codes for unsaturated
flow and solute transport in order to model
the leaching process.

3. To evaluate the numerical cocde and potential new

tracers using data collected from the column
experiment.

These objectives were achieved using technigues well known
to hydrologists and soil scientists. The hydraulics of
fluid percolation through a soil are a function of the
hydraulic characteristics of the media. The most

influential <characteristics (K porosity. the soil

sat’
moisture characteristic curve), are easily determined in the
laboratory using common soil characterization techigues. A
suite of conservative and non-conservative tracers was added

to the long column in an effort to determine the efficiency

of the leach process.



The numerical codes were selected £rom existing

soluticns c¢Z the unsaturated flow and egolute +frzanspert
eguationg. Thesy were 2adarpted to acceount for any specific

hvdrelogic anomalies in leachate flow that occured during

]

e

nite element codes were

sclute-transport problems. Modifications were need to
account for solution channeling; tracer adsorption; tracer
retardation; and varying moisture contents along the length
cf the column. Finally, the codes were verified using

experimental data.
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experiment o reflect the physical nature of the cngeing
hydraulic processes, the size of the sample volume 1is
crucial., In studies of scale and leaching efficiency, Murr
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m. in dizmeter), ars more susceptible to short circuiting

In effect, the preferential £flow path for leachate for a
cmail column is the space between the ore and column wall.

If short circuiting occurs, the contact between ore and

copper recovery negligible. A column that is large enough

to avoid wall channelization is therefore regquired.

Since solution channels are expected to form as a
result of the leaching process, sampling devices need to be
pcsiticned in a fairly dense network to intercept £fluid for
tracer analysis. These colution channels are generally
unpredictable in location, and shifting channels have been
documented under long continuous flushing cycles. Decisions
regarding the type of samplers must be made in anticipation

of probable moisture content profiles during the leaching
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should appreorimate cconditions encountersa n the flelc.

0o

of rain and snow percolation,
apparatus was employed. The length of +the £f£lush cycles
depends on the hydraulic characteristics ¢f the copper ore.
These characteristics can be determined using established
techniques. The parameters to be measured are porosity,
grain size distribution, scil moisture content =~ suction
relationships, and saturated hydraulic conductivity. The

van Genuchten model (1978) was used to consitiruct relative

t...l

conductivity vs. pressure head relationships from the sci

moisture - sucticn data.

Tracers of a conservative and non-conservative nature
were used to determine the velocity, pore velume,
dispersivity, and percent of material contacted during the
leaching process. Two highly documented tracers,the
chloride ion and rhodamine-B, were used. Other experimental
tracers were also added in an effort to test their
applicability to groundwater-flow problems. A ccmpariscn of
tracer breakthrough curves along potential channels, from
different heights along the column, and from effluent
breakthrough curves yielded estimates on the degree of
leachate - ore contact, and thus the efficiency of the leach

process.



+hese numerical codes to acccount for the effects of tracer
adsorption, tracer retardation, channelization, and

dispersion.

Once the code was modified, the model was evaluated
using data from the long column experiment. After model
verification using the experimental data, the model was then
be used to predict the extent of leachate - ore contact to
be expected while varying such parameters as heap height;
flow velocity; and degree of channelization., Ideally, the

model should be applicable to leach heaps on a field scale.
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frem hanging cclumns, and relative hydraulic
conductivity~psi dzta obtzined from the van Genuchten model
(1%78). The input to TRANS requires information on the flow

velocity threough the gystem (as calculated by the flow model

[N

UNSAT), and the change in sture content, to caculate

5

G

transport of +tracers through +the system.

UNSAT was written and documented by R. Khaleel and J.
Yeh (1982) Zfor oné—dimensional flow through z porous medium.
Since this program utilized experimental data for the
soil-characteristic parameters, no changes were needed. The
model solves the pressure- head form of the differential
eguation for one-dimensional, vertical, unsaturated flow in

a homogenous angd isotropic so0il profile.

L(9) = == (K@) w2(s-2)) - Cx(v) 2= = 0. (1)
where: L differential operator
¥ pressure head, in cm.
K{yp) = hydraulic conductivity in cm/sec.
C(y) = specific water capacity
©(p) = volumetric water content
z coordinate location ( + downward)

12



wWith & Neumann, or cgnsiznt-flux bcoundary condition at the
tcp boundzary and ths fzllowing initial cenditicn:

PRI Fmmd? R S

Initial fondition plz,br = o i

Boundary Conditions s{z, 0y = b {z,t) on s,
i (23
v LU y ; (o +) =
K{w) (77 - 1;nl + qsqkz,hn = 0 on 55

the flow equation i1z sclved for a semi-infinite coclumn. A
ncn-linear egquaticon of this nature demands an 1lterative
solution technique. A tridiagonal system o¢f matrices is

generated at each iteraticn and solved for the pressure head

at the new time step for all nodes using a caussian
elimination schgme. The ilterative procedure continues until
the difference between the pressure heads £from two
succesgive iterations falls within a specified tclerance .
This program is documented in greater detail in Appendix 1.

TRANS is an upstream weighted £finite element soluie
transport model written by Miniert (1983). Originally, it
accounted for a step input of tracer or solute without

retardation, decay or any sources or sinks. Since previous

research indicates the potential for solution channeling,

tracer adsorption, and tracer retardaticn, modifications

will be to account for these in the

required
numerical model.
instead of a step

boundary

condition

rhenomenon

Additionally, a pulse input will be used

input in the experimental column, thus the

will also be'changed.



medium. It is a d&iscrete golution using a twe-nedal peoint,
cne-dimensional element. The purpoge of the
upstream-weighting technigque is to  prevent numerical
oscillation. (See Khaleel and Payne (1984) for a comparison
of numerical dispersicn by different numerical schemes.)
Miniert (1983) used this technique when composing his
one-dimensional solute transport model for porous media,

TRANS.

TRANS approximates the one-dimensicnal homogeneous, and
isotropic transient convective-dispersive equation shown
below. Any sinks or =ourceg, retardation of solute, or

-

bacterial decazay effects were disregarded.

X 8C &C
ﬁ(w) =-E‘z' (DE;"VC) ‘a=0 {(3)
.. where: C concentration
v = velocity
D = dispersion coefficient
t = time
Zz = gpace coordinate

The upstream finite—-element scheme developed by Huyakorn and
Nilkuha (1979) is supposed to decrease the oscillatory
nature o©f the solution which 1is encountered when using
Galerkin techniques of solution. (See Figure 1 for
comparison of the different numerical techniques.) Weighted

residuals are employed, of which the Galerkin formulation is
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2 specizl cass, Rsvmmeitric weichting funciticns are ussd on
spzce dZarivaziives, znd @ linszar cshape functicen iz us=2d on
H - - bl i 8
the time dzcrivacives®.

~ s (- el r-zr

0y 4R+ ¢l ¢ C . o

= N, ! v— - D ,.2)VJ dR = 0 i=1,n

-ﬁ ct i 4 ( ¢z Sz i i ’ (4)

1 R

where: N. = Shape Function; Wi = Assymetric Weight Function

The numerical egquation for an intericr node is obtained from
the glebzl matrix, which can be found in Appendix 1.
Oscillations dé&ecrease as does overshoot, vyet increased
smearing of the concentraticn front occurs &as the
time~-weighting goes from Crank-Nicholson to Full Implicit”.

The time-weighting factor is resposible for the numerical

fu
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o
e
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0
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dispersion causing the smearing

n

1

with an increased dispersion ccefiicient. Figure 1 compares
the relative amounts of numerical dispersion; smearing,
oscillations, overshoot, and undershoot are all evident in
~ the Galerkin. . solution. The upstream-weighting techniqgue
reduces the degree of cscillation and the amount of
overshoot considerably, vyet it does promote additional
smearing due toc the time-weighting factor. In addition, a
large dispersion coefficient also tends to enhance the

smearing effect for the upstream technigue.

Utilizing a step input, the results of smearing,
oscillations, and overshoot, for progressive movement of

tracer along a vertical column, are shown in Figures 2 to 4.
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-be modified to account for a pulse input (the tvp

coefficizsnt. The cogarse naturse ¢f ccrrer crz {cotbles mixsd

- i . - h! - . — de — P e N A T . s Prop . R - - -
with sanceg; would sgeem to indicate Zehasviour sgimilar ko tha:s
3 . | T, - . - = 2 - T oA - . 3 . L T
documentsd by Rouwsr and Rics {1384). Thev dJdiscovered that

the dispersivity in a stony soil wazs eightsen times that of
the sand fraction alcne. In this <¢ase, the dispersicn
coefficient 1is 1/30 of the wvelocity. Note that for the
early time (Figure 2) the overshoot is rather minimal. Yet
the overshoot increases considerably and the smearing to a
lesser degree as the tracer progresses downward through the

column {(see Figures 3 and 4). Since the numerical code will

M
0
Hh
o+
~
]
Q
M
H

input to the test column) “the overshoct problem should
dissipate. Nevertheless, smearing will be the unfortunate

result of employing a finite element scheme for solving the

~convection~dispersion equation.
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[

The numerica ccde TRANSE incorporates a highly icesa
ccncept of one-dimensional transport through z homogeneo!
medium. During +the leach process, numerous sclution
channels are estabiished, while other parts of the media
remain isclated from contact with leachate. Inasmuch as
solution channels may be considered analagous to fractures
in a highly permeable system, the -eqguation for solute
transport through a fracture was used. Noorishad and Mehran
(1982) have developed an upstream-weighted finite element
solution for flow through a fracture. The governing

equation for solute transport through a fracture is given

b

<

-
-

: 2
o p(c).=8C 8Dy, §C L gz SC _ ‘
R 0 T A7 w2 TR e tAC =0 (s

= differential operator
concentration

porosity

uniaxial coordinate systen
source/sink term

fracture retardation factor
L+ PRy

= Darcy velocity

where:

1

f

HZNO OB
i

20)
]

D = Dispersion ccoefficient in 2z direction

S
1]

First Order Decay rate

Using this general egquation for fracture flow, additional

sources and sinks were considered negligible for the column

21



the ecuziticn for fracture £f£lcw reduces to:
t 2
ac 8h+ &7 .
() = - =2 ¢ 2 = 0 (6)
ot z : z
ot d CL \d

Further develorment ocf shape and weightin functions and
E 2]

matrices for the numericazl solution are discussed in

ed a step input of tracer. It

[

£

[
D
0
(1
[
0
'-I
e
fu
' v
s
a
O
D
n
bae

pec
accomplished ~this by simply setting the RHS (right hand
side) matrix egqual tc one. (See Appendix 1 for details on
the programs TRANS and UKNSAT.) Since the application of
leachate to the experimentzal column involves the addition of
‘a fixed volume of tracer as a finite pulse, the numerical
-model will attempt to duplicate .this process. . In order _to
- change-a step-input to -@a pulse input of a -'fihite dufation,
the RHS matrix was set equal to one for a finite length of
time, after which, the RHS matrix was allowed to equal zero.
Thus, the input over a 1long period of time would be

representative of a pulse or spike of finite volume.

Retardation c©f +tracers due to adsorption onto the
copper ore is intended for the non-conservative tracers.
From the differential movement of the conservative vs. the

non-conservative tracers, channelization and the degree of

22
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If solution channels are considered to be znalogous &0
fractures in a system of highly permeable matzrizl, :then the

enalogous. Burxholder (1876) suggested that & more
appropriate expression for solute migration through
fractured media be expressed on a per-unit-surface-area
basis?0., From Freeze and Cherry (1979), the expression for

flow in a fracture is:

V/vc =1 + A Ky (7)

relative velocity
distributicn coefficient
‘surface area to void-space (vol.)

[}

where: vv
c

ratio

=
]

:&:TheléQuation for.the retardation-of a solute beébmés:

v/vC = 1 + (SA/V,)Kq (8)

where: v/v_ = relative velocity

void volume

distribution coefficient
specific surface area

T < O
]

n xR g

Therefore, knowing the distribution coefficient from batch
tests for a particular tracer, and using the "traditional"
equation expressed on a mass, rather than a surface area,

basis (equation 8), the surface area of ore contacted may be

23



back-czlculzated. The rsztzrdztion coefficient itself is
substituted into the retardaztion term o©of the general

ture flow, thus affecting the global and

2= & regult c¢f these <changes, the modified sclute
transport model accounts for sclution channeling via a
changing moisture contant alcng a vertical, adsorption of
non- conservative tracers, and the percentage of
ore-leachate contact. When coupled with results from the
flcow model UNEAT, predictions of the hydraulics governing
fiuid percolation in a leach pile, whether, in the
_laboratory.or_the field, should be possible. Results from
~the.column experiment will be used to ascertain the veracity

of the model.

The analytical . solution .used to test the accuracy of

the numerical technique is the standard solution £for the

~.convection-dispersion: equation- for:.a = pulse  input--

h in—vfiéli ,

one-dimensional system. . This solution is given by:

c(z,t) = M/ne G(z,t,z',t") (9)

mass of solute input
effective porosity
Greene's functicn

where: M
n

g

it n
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CHARACTERIZATION OF ORE PROPERTIES

An ideal source of «copper ore, 1in terms of cost and
availability, was located at the Sullivan Centsr for In-Situ
Mining. Waste ore from the large experimental tanks,
constructed for the leaching of copper by Murr (1980) and
others, was obtained from waste piles near the empty tanks.
The only potential problem is the fact that this ore
exhibits the rogy tinge characteristic of prior leaching
with rhodamine-B tracer. The material represented in the
experimental column should exhibit the same hydrolegic
..r2. . » characteristics as. the waste ore which composes leach dumps
=--in--the -field, For this study prior "leaching of the ore is

insignificant since only the hydrologic properties are of
. interest, and not the actual recovery of copper during the

leaching process. Several tons of the material were brought -

into the column.

Prior to actually loading the column, the physical and
hydraulic properties of the ore were determined. Proper-
ties of interest included particle-size distribution,
porosity, available surface area, saturated hydraulic
conductivity, the relationship between moisture content and
pressure head, and the variation in unsaturated hydraulic
conductivity with pressure head. These parameters were

determined in the laboratory.

26
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PARTICLE-SIZZ DISTRIBUTICN ~-MEZICEANICAL ANALYSIS
The particle-gize Zistribution of a scil refers to the

particular soil. These sizes range from clay and silt to
sands, gravels and boulders. Particle~-size distribution
curves indicate the percentacge ¢f soil particles coarser or

finer than a given dizmeter. These curves are useful as
indicators of averace grain dizmeter, the. type of
distribution {distinct particle grcups or a continuous array
of particle sizes), and the uniformity index (which provides
—an idea of the-relative closeness’ in size of the particles) .-

Information on particle- size distribution has also been

T

C

ugsed to estimate hydraulic conductivity (Millington-Quirk,

"J

96

|-—J
f
=i
[a}]
o]
or
o ol
[(]
H
0

The method used for determining the particle-size

fdistribution50urvefWas=caii%§;ﬁéchéniéélxanaiygié.“Win;tﬁisf
.case,..only a coarse estimate;;of-.the relative amounts of
material 1in each particle class is desired. Also,
‘separation of the finer fraction, clays and silts, is not

necessary.

Separation of the soil into its various particle groups
was conducted by first weighing a sample of so0il; then
passing this éample througch a series of sie&es, graded
according to decreasing particle diameter; down to the clay

sized particles. The samples were placed on a mechanical
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Figure 5.
Im — - - - - L] Y
The particle~size distribution curve (Fig. 5)

percent of the sample falls in the fine to coarse gravel or
larger. Forty-eight percent of the sample is in the
category of sand and only twe percent clay. The average

particle size is 6.1 millimeters. The uniformity

“coefficient "is ‘approximately 25, ‘indicating a fairly well— - ——

sorted soil.

Thus, from the results of the particle-size
.~ -.distribution -analysis it is evident that the guestion of

~experimental scale will be important, since the majority of

fEhefsampIé?isébbmposédwcfmboarSE'particlesr:mAlﬁhoughmthéélff:;
sample is fairly well 'graded, heterogeneities in packing may
also arise during the course of the experiment.
Consolidation of the larger grains as a result of leaching

may also be a problem.
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Total weight of sample and bucket = 3072.81 g

weight of bucket = 571.35 g

weight of sample = 2501.46 g.

Sieve Size Weight of Subsample Percent Ccarser

1/4" 1267.1 g. 50.65
8 470.2 g. 69.45
10 78.9 g. 72.61
16 192.1 g. 80.29
20 113.8 g. 84.80
30 95.9 g. 88.67
490 67.4 g. 91.36
60 , 75.6 g. 94,39
100 soess 42,3 g. 96,08
140 . ' 19.8 g. 96.87
200 L oo 13.2 g. 27.39
<200 : 20.2 g. 98.20

29
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N N S - - 7= T+ = T -
relative pcre volume within a scll is termed

e . . — . - - e .
percsity, and it ig usually mezsured on a volumeitric basis.
mi. - 1 s 2 =11 5o = + - g = 4

Lag porosiiy i1s generally deflined as the ratio of vwvoid

voiume to total velume and 1s expressed ag a percentage—“.
The porosity may also be determined from the bulk mass and

particle mass densities of a given sample.

s
[
44
.
<
ot
I

1 - pn/pg (11)

= porosity o , i
void volume T T ' '
total volume

bulk mass density
particle mass density

The procedure for determining these quantities is outlined

in Freeze and Cherry (1979, pg. 327} .

~;Themresu1ts$of:themporosity5determipatioé$féanQbé seen -
in Table 2. The porosity of the dgravel fraction is 56%,
while that of the sand fraction 1is 39.8%. While these
values seem to indicate a highly permeable system, the
pore-size distribution is the major factor defining the

primary avenues for infiltration in an unsaturated soil.
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SUTRFACEZ 2RZX DETERMINATICN -WATER VAPQOR 2

|,_..

izni —— LR =g - - — . ' -
Ine speciliic surface area of a soil is def 2s the total

guriace =zarez of particles per unit mass or volume. The
measurement ¢f this parameter was necessary to determine the
total available amcunt of surface area for adsorpticn since
the column study utilized adsorbing tracers. Fine-grained
soils have a much larger surface area than large-grained

goils, and thus would be more likely to contact and adsorb

greater quantities of tracer.

The - method. for._ determining surface area involved the
~formation of a monomolecular layer over :the entire available
surface area, generally by‘ailiquid'or inert gas. Orchiston
(1853) developed a method using water as the adsorbing
-liquid and a'rvacuum dessicator. for:creating a moisture free

environment for the so0il. - His method is as follows:

l. Dry samples over pure cbncentrated sto4
within a dessicator.

2, Samples should be placed on aluminum dishes
in very thin layers.

3. Place concentrated sto in the evacuated
dessicator and maintdin temperature constant.
(A water bath at 25 degrees C).

4. After four changes of acid on successive
days samples should be of constant weight.

5. Add a dish of H,S0, /HZO mixture to measure

the relative pré€ssure”at equilibrium. (Analyze
samples by means of titration).

33




8. Aftear ezch
zgid-water
Cressure.
in Z4 hour

7. Prom the wel f of +the acid-wat
at sach sguiiil um, the rel=stiv
prassures can be cbhtained frem D
VapCcr pressure vs. acid concentr
{Internzzional Critical Tables,

The basis for the liquid or gas vapor zadsorption method lies
in the work of Brunauer et al. {1928). He proposed an
index of surface area which defines the area of the

dsorbent completely ccvered by a2 meonclayer of adsorbate.

fu

Water adsorbed increases with increasing relative pressure
== —of- the water.:  Temperature must be. kept relatively constant,
"since the amount of -~adsorption will decrease if temperature

decreases. At relative pressurses belcw 0.05 and above 0.35,

r

. .values for surface area _ &as. determined. by the BET theory fall

below  and above, respectively, experimental results.

. -An_empirical relationship .based on.the learityiof;théL
water molecule was developed by Bradley (1936), which fits

available experimental data for relative pressures up to

0.9. Asguming the first layer of the adsorbed atom is

polarized, subsequent layers attract each other through this

polarization of charge. As the film thickness increases,

however, the strength o©f peolarization as an aid to

adsorption, decreases.....The specific surface area as . .
determined by the Bradley polarization theory 1is obtained

from the following equation:
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pressure-is shown in Figure 7. &

00,333 cmz/g; and S

T — 7 _ fmrreo e m = 4 D rem = dom .- - e et s
WohEnZ: TT/2 = Lnverse QL relailve watser Vvapeor prasgurs
< - oo
X = mass of zdsorbate
T = = 1y Yo,
- - :QE‘C.’.:lC SUrLzce
Tty P I . o L~ maar I An—nwﬁaﬂ .':,.,-., t'l-l T b o mope e o de e = T
w2 CUantTiiy D,/P may 28 OoDtTalinged LIOm e inTeérnacionad
c -
- A m b m
Critical Tables, volume 3, Dpg. 303. Thig refsrence

contains the vapor pressure vs. acld-concentration values.
Figure 6 shows the vapor pressure Vvs. acid cecncentration
S0, by weight. Appropriate

figure and

<
f
-
o
®
n
Hh
o
H
4ol
~
ie)
)‘...
kS
M
"
D
O
o
o
o
[
o
[t
(o}
th
"
Q
4
oF
o
P—l
n

- :substituted in eguation ‘12 - alcng wit the mass of water

.adsorbed. " The trend of adsorbed water with relative

n

-~+he relative pressure

fu
g
g
"
O
W
0
o
13
43}
g
‘.. ot o
rt
!
-
o+
o
[1)]
=]

g Hzo adscrbed per gram levels off,

- due--targely~to-a- lesser.ccncentration -gradient.  The values

- calculated using equation 12 are presented in Table 3. Thus

“the ~average values .in cmz/g. obtained from ~this

determination are: 0.03406 cmz/g;

S S..
cobbles fines

(as.calculated from Hillel, 1980)

clays

400 cmz/g. Accounting for the weight percentage of each
fraction in the total samples; the total specific surface

area available for adsorption is 8.178 cmz/g.

It is interesting to note that the small amount of clay

material in the soil profile. will. . be responsible. for the .

majority of surface area available for adsorption. However,

if strongly sorbing tracers are used, enough tracer should
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Szturzted Hvdraulic Conductivity -Constant

The  hydraulic ceonductivity o©f a soil refers tc the
matsrial's ability to transmit fluid. The coarse texture of
the ccpper ore presents an interesting problem, since the
pregence of such a large amount of coarse materizal tends to
interfere with soil physicist's methods for characterizing
.s0ils. 'Some work has been done on the hydraulic properties
of stony soils: ~Mehuys et al .(1975) determined that the
presence of stones did not affect K - Psi curves at low (-)

. pressures; -while  for the K :- Theta relationship, the bulk
conductivity was higher with stones presentl4. Bouwer and
"Rice - (1984) - determined the . unsaturated and saturated
hydraulic conductivity values for the sand fraction cof a
o-mized .-sample.of cobbles;;anq;_sgnd§§:€f:ﬁeh using Ha.simple
'*ﬂ?*relationship:between“thé voidwratiéé’ofrfgéssand and cobble
=- fractions,” 'a’ .value ~f&r the . unsaturated ‘hydraulic
conductivity of the bulk medium was obtained. This method,
due to its ‘simplicity and ‘reasonable agreement with
experimental results, will be employed to approximate the

unsat K - Psi curves for the <copper ore.

A constant-head permeameter like +the one shown in

Figure 8a was used to determine the saturated hydraulic

~.conductivity of the sand fraction (everything. passing . ..

through sieve 8). The following equation was used to

calculate the hydraulic conductivities of the samples at the

Lo



.. Fig 8.13. The measurement of saturated hydraulic conductivity with a constant head per- .
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- meameter; K= VL/At AH.  From: Hillel, Fundamentals of Soil Physics

pg. 187.

Figure 8b
rmmmmr e T . Faxibie vapor sest

$—= Buchner funnel

|~ Sand-silt mixture

T~ Fritted gisss membrane

3/8” Tygon tubing

Bubble trap

Drip point

Collection and
weighing vial

From: Jaynes & Tyler. "Comparison of One-Step
Outflow ,..'" SSSAJ 44, pg. 904,
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specific waie:r *temperziure of +the permezmeter, then the
viscosity effectsz were gorracted for to azZrrive 2t saturatsd
hvdraulic conduciivitles for tempsrziures of 20 degress.,
=01/ 2, ~ by (13)
where: X = saturated hydrazulic conductivity
Q = volumetric rate of flow
I = length of sampler
A = cross-cectiona1 area of sampler
h, = height of water in sampler
- hr = height of water in reservoir

~The results-of "the permeameter tests -for Koop ve. time are
_shown in Figure 9. Generally, the hyd lic conductivities

w-Stabilized. at. approximately =72 -hours, and the average Koot

the samples was 0.057 cm/sec. Frcm the

value obtained for

f'?

-

"relaticonship developed by.-Bouwer and Rice: .

Ky = Ky (ep/eg) (19

= bulk K of the entire sample

-K_,, of the sand fraction

void ratio of the bulk sample

= void ratio of the sand fraction

where:

® DR =

the void ratio of the boulder/sand mixture was 0.32; while

that for the sand alone was 0.69. The Ksat for the sand

fraction as determined by the permeameter test results was

;édTUgggggﬁygéékafmﬁéi9"ﬁ/déy:::Substltutlng these values in

Equation 14 provides a K ar value for the bulk medium of

22.68 m/day. The raw experimental data are found in

L2
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Scil Mcigturs CharacgcTerigclc Curvye -Dangindg Cclumn
m = = o b} i 2 -
The procedure fcr wehiing the soil zrefile during the celumn

the we

ntailed the wetting ¢f an initially dry sample of
ore. Thus, the relationship between soil wetness and
suction (pressure head) 1is of interest, specifically,

tting curve.

The hanging-column method for determining the
~= o= ermsrsolil-moisturescharacteristic. curve has been described v

= - -—~=Bouma-et—-al—(1974)—and -Hillel—(1980). The apparatus used is

i.To . shown

a porcus ceramic- plate. ~A graduated burette is adjusted

above

in ‘Figure 8b.  -Samples rest in hydraulic contact with

and below the sample to allow for wetting or dryving,

sst= =:as:desired.--The ~suction is measured az the position of the

“wcoo cequilibriumwater-meniscus .in “the ‘burette below the middle

of the
change
of the

dry),

sample. Water-content changes are reflected in the

of water level, measured in ml, from the gradations

burette.m_With.a‘kﬁown starting point (saturated or

coupled Theta -~ Psi measurements are obtained.

Results of the hanging column analysis for two samples are

shown

in Figures 10 and 11. Samples were the same ones used

in the permeameter estimation of saturated Thydraulic

.....conductivity, and .correspond. to sample numbers 12 and.l15. ...

Therefore, saturation was the starting point for the hanging

column

analysis.

Ls
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Szmple 12 (Ticure 10) csheows & slow relszse 0Of watser
upecn weiTingg an indiczticn ¢f very leow hvdrazulic
cocnducktivities iIn the dry recime. But note the high value
for tne residual-molisture content: O = 0.18. This hicgh

r
raciAal— T ey AT e - ~Aattm T a8 L = alasival ich
reeldUlga—nNois are C\“u.....ﬂ..; - bl b DN Wit =4 _e.—h\._Vv—y .._g-.

" The drying curve for sample 15 (Figure 11) shows a

ight increase in suction.

b~

"= . guick release of water -upon.a s
However, cnce psi is greater than -100 c¢m., the moisture
content -remains - fairly constant at 0.18. Since <further - -

. _increases in..suction do not appreciably change the water

=== _content-of-thessoil, ‘it must be assumed that the material is

Hh

¢h clay content. The air

[

3 - -
ine cor has

[}

e
ather

relatively k

4]

is essentiallv - negligible,.zlsc a.ch

ct
]

ntry vaid

: {I$

,;WATOf,clayLsoils._,Also note the hysteresis of the wetting and
~-drying curves. It 1is more>aiffiédi£ltoﬁrewét”fhé”éaﬁplé“*”f“
than to dry it, since the low hydraulic conductivities of

the dry region must be overcome.

The grain size distribution may have been altered by
the prolonged saturation of these samples in the permeameter
tests. In leaching experiments, progression towards finer

sized particles has been documented by Murr (1980) %3, As

icme. MOisture | content increases . and.. water diffuses._.into_ ...
aggregates of particles, the water penetrates further into

the core of the aggregate and may eventually split the

L8
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The relzative unsaturated hydraulic conductivity 1is a
parameter to measure in the fileld or in the
lzboratory, since the range of hydraulic conductivity values
may span many orders of magnitude. Thus, many methods £for
the analytical estimation of relative hydraulic conductivity

(X_) and its relation to pressure head (psi) are available.

Millington-Quirk (1961) developed a method commonly

used for estimation of the K. - Psi relationship. This

“method, - based..on- grain size distribution, 1is not very

-—accurate for ‘inhomogeneous media,-:and:may be rather tedious

to uset®. a simple computer model (included in Appendix 4)

was written to solve the Millington-Quirk equation:

i S 2 ((2j+1-21) w}z)

i -
SN T ((2j-1) wjz) (15)

Results of the Millington-Quirk analysis are shown in Figure

14.

Brooks and Corey (1964) developed a method as accurate
as that of Millington-Quirk, however a discontinuity occurs
at the bubbling pressure. This discontinuity may also cause

convergence problems in numerical models.
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- 3 e - - - H - — -y - = T . -
gscil-moisture chzracisristic curves and saturzted hydrazulic
e Y M » S - - = 1 ! = i 1 2 - w4 = _-
conductivity &Gata. Thiz mcdel l1safd to the desrivaticn of a2
3 = ot - - 4 = . 2 e P - T 2
closed-focrm analytical ecuzticn for relztive nydraul:ic
. 57
ES { M ) - - - 1467 = - -
conductivity~’, Riel van Genuchten (1978) enccedsed the

Mualem mocdel (two cor three parameter £it) and the Burdine
(1853) analytical model to estimate the relaticnship between
Kr and Psi from 801l moisture characteristic curves and

Ksat/@ data. The numerical code for the van Cenuchten model

is presented in Appendix 4.

The van Genuchten model was run with the corresponding

sinput data obtained "from. hanging-coclumnn and
. constant-head-permeameter results. - The Kr - Pgi data are
presented in Figure 15 while the so0il- moisture

characteristic curve obtained from a curve-fitting procedure
was shown in Figure 12. A problem to be considered concerns
the changing particle~size digtribution during prolonged
saturation. Sieve analysis revealed the material to be
largely composed of sands and cobbles, with only a minimal
amount of clays, whereas the residual water content and the
curve~fitting parameters estimated by the model reveal the
characteristics associated more commonly with clay-dominated

materials.
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s were emplecved

. s . .
During the c¢olumn experiment, trace

it

o
ol

ermine the velocity, pore volume, dispersivity, an
extant ¢f material contacted by the leachate. In an effort
tc resolve zll of these parameters during & single test
mulfiple tracers are required of a conservative and
ncn-conservative nature. Conservative tracers move with the

bulk water and closely follow the path of the water

olecules. Non-conservative tracers exhibit some degree of

*

adscrption when in contact with the soil material, and thus,
are retarded in their: velocity:of movement through the

system.

The choice of which combination of tracers to use is a
difficult one. Two standard tracers in use are chloride
(conservative) and. Rhodamine—-B (non-—conservative). Chloride
is a good groundwater tracer for systems with small amounts
of clay, (which would minimize any anion exclusion effects),
since chloride breakthrough coincides with bulk water
breakthrough. Rhodamine-B is a fluorescent dye which
exhibits a high affinity for adsorption on copper ore and
has been extensively documented by hydrometallurgists as a
gocd tracer for determining the extent of solution contact
with ore. Since the copper ore had been exposed to
Rhodamine-B from prior leaching experiments, it was

necessary to conduct a series of batch tests to determine
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The combination cf chloride icn and rhodamine~-B will be
used as "reference" tracers. In addition to the pair of
"reference"™ - tracers, experimental organic acids for
potential use as groundwater tracers were provided by Dr.
Haroldéd Bentley (Hydrogeochem Inc. Consultants). Their
names and structures are shown in Figure 16, while intrinsic.
physical and chemical properties are listed in Table 4. Of
these tracers, parz-fluorchenzoic acid (PFB) and
meta-triflucrchenzoic acid (m-TFMB) are considered to be
conservative in nature, while the rest, classified as
amines, are thought to be potentially non-conservative. All
of these experimental tracers may be measured using
reverse-phase high pressure liguid chromatographic

techniques {reverse-phase HPLC).

Fluorometry is an analytical technique used to measure
the degree of fluorescence of a tracer after contact with a
material of interest. In this case, rhodamine-B 1is the
tracer being used to tag copper ore contacted by the leach
sclution during a column experiment. Since the copper ore

has a history of rhoadmine-B contact, batch tests were
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Figure 16.

CHEMICAL STRUCTURE COF ORGANIC TRACERS

NH, N
Br . //.\\,CH:
0 ~ o
t\\\ k\\wf//
o-Bromoaniline : o-Toluidine
COQ{\ COGH
F f// F 'g (//
' o ; F

F

. Pentafluoro Benzoic Acid

N
i,
SO3
2-amino,l-phenol,4-sulfonic acid l1-amino, 2-napthol,4-sulfonic acid
NO,  NO,
N NO
Noz(//ﬂzggrj:>*ﬁ O 2
NO,  NO,

Hexanitro diphenyl amine (2,4,6,2',4',6")
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canducted +tc affirm tha:t cguificient adsorption of tracer

e measurement of f£lucrescence reguires the use of a
flucrometsr and two filters. The primary filter selects the
wavalength thai czuses the tracer to fluoresce, while the
y filter isolates the emitted (fluorescent) light.

The procedure, has been described by G.K. Turner (1978)18:

1. BSet wavelength to 346 mu.

2. Insert appropriate primary and secondary filters.
1: 110-814 (I-60) and 110-822 (58)
N 2: 110-820 (29%5)

. 2. Load sample in cuvette R
4. Read a sample of distilled water

5. Read a2 sample with maximum amount of tracer,
this will be the sample of known concentration.

6. Read the unknown samples.

7. ~To estimate the quantity of tracer in the unknown
sample:

a. subtract the H,0 reading from the
unknown tracer reading.

b. divide the concentration of tracer in
the blank (a known value) by the water
adjusted reading of the blank sample.

c. multiply the quantity in part b by the
reading of the unknown sample to obtain the
concentration of tracer in the unknown
sample.

The data from the fluorometer analysis for the batch test
and the experimental column are presented in Table 5. The
batch test was designed to provide maximum contact between

the s0il and the tracer. Assuming all of the available
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SLTCE TZST REZSTULTS - ADSCRFETICN CF ERECTD
famzlis I II
Sazmpls wt (g 133.¢%% 124,83
Time (min} 15 33
Recovered (mi} 135 122
Flucrometer 28.5 26.C

- H20 15.5 16.0
Conc. (g/L) 0.048 0.050

E20 BLANK = 10
.l - STOCK SQOLUTICON = (42 - 10)
Analytical Conditions: wWavelength:

PROCEDURE:

Primary Filte

Secondary Filte

346
res:

it

32

mu

110-814 (1I-60)

n

and

110-822 (28)

rs:

1. Weigh samples and place in 250 ml. beaker.

2.

3.

2dd 150 ml. of 0.1g/L tracer stcck solution and

let sit for prescribed time period.

11G6-820 (25)

Filter solution with suction on coarse pre-filter

paper.

Read fluorescence of samples on fluorometer:
obtain readings for original solution and water

blanks.

Take sample of known concentration, divide by its

reading,

then multiply by fluorometer reading of

unknown sample to obtain concentration of the unknown

sample,
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surface area is contacted b
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of adsorpticn is cbtained. The results for each ¢f fzur
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Reverse-phase HPLC is a techniqgue employed by
-analytical chemists to measure trace amounts of a substance.
~ Generally, in —-colunmn chromatography  a liquid phase
containing the material of interest 1s passed through a

.. _column with the result being the adherence of tracer on this
~rrxecolumn. - +(The adherence -being_ due. to ionic, polar,
—-=>=hydrophobic “or - other~- forces) —~The “column is then saturated
with a ligquid that has a higher affinity for the column

material than the tracer, anéd elution of the tracer results.

In HPLC the system is under a great deal of internal
pressure, with the result being faster elution times with
smaller volumes of sample required. The reverse-phase
technique implies a partition system where the mobile phase
is more polar than the stationary phase (being the
chromatographic column material). The mobile phase 1is
generally water-based, with the addition of a water-miscible
organic solvent, The organic solvent tends to modify the
elution characteristics of the sample, with a noticeable
trend towards quicker elution with increased concentration

of organic solvent. Retention is based on the hydrophobic
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charac+teristics of the solute. Polar solutes prefer a polar
mobile phase, and thus they elute befcore the non-polar
components. In the H,0 - acetonitrile mobile phase, very

polar and icnic compounds elute very quickly, with the

[

result being poor pezks and increased tailing. Tc enhance
the resolution, a pH control of the mobile phase is
necessary to suppress ionization in order to increase
.retention. The .. pH control results in better, more
symmetrical peaks. (The pH is maintained via the use of a
phosphate = buffer.) - The stationary phase is generally a
--hydrocarbon column. of specific particle size. Factors
—~----affecting  the  selectivity ‘of the-HPLC technique are the
=.r.-.chemical:-composition .of. the: mobile-phase, the-chemical-——-—
composition of the stationary phase, and the temperature and
nature of the surface support layer. The column capacity is

a function of the available surface and the levels of

stationary phase on the packing.

Applications and advantages of reverse-phase HPLC

includelg:

1. The separation of non-ionic, ionic, and ionizable
compounds on a single column and with a single
mobile phase.

2. The bonded-phase columns are stable and fairly
reproducible. (They are easily replaced and
eliminate the necessity of repacking broken
columns, a procedure which may induce local
heterogeneities.)

3. The mobile phase, water, is inexpensive and

abundant. In addition, aqueous samples may be
injected directly into the mobile phase.
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I means ©of analysis
for crganic or icnic tracers iIn groundwater. Trace
guantities are easily detected, with the sensitivity of the
technigue being in the %enths cof a part per million in many
cases. 3Since several different tracers can be analyzed in
+he same run, the use of HPLC can cut down on the time and

cost of laboratory anlaysis.

..o ... -Results--cf -batch tests conducted 'on the experimental - -

- - organic. tracers are shown in Table 6..- The batch.test was_ .. _....

-~ -degigned to determine the maximum amcunt of a tracer that
can be adsorbed by exposure to a maximum amount of surface
area for 'a particular materiszl. Note that all of the
non-conservative tracers show distribution coefficients 1in
excess of 50%. Thus, use of the non-conservative tracers
during the column test should provide a good estimate of

surface area contacted during the leaching process.



Tracer Xd
Rhodamine-B .50
fPﬁenyl—sulfonic acid .55
. Napthyl-sulfonic acid .43
Chloride .01
Para-fluoro benzoic acid .03
 meta-Trifluoro methyl benzoi acid

65
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LONG COLUMN EXPERIMENT

Based on results of the grain size distribution analysis,

the coarseness of the material raises the gquestion of

appropriate .scale. - Since the laboratory is limited in size

and materials are costly, an attempt was made to approximate

a representative elementary volume (REV) of the leach dump,

. ‘whose size would reflect the nature of actual physical flow

- copper recovered, and a minimal amount of wall channeling

-processes ‘occuring.in. a .field-sized dump. Murr (1980) and
- Roman . (1974)". conducted -column---leaching--tests in an effort—

-to empirically determine.the'appropriate scazle for such a

test. The "medium sized" column (3 m. high and 0.857 m. in

--diameter according to Murr, 1980) seemed to behave similarly

. to the large column in terms of the channelization observed,

20,

Since the primary concerns are the hydraulics of the leach
process and the feasibility of c¢olumn construction, a
"medium sized" column was chosen. A column height of
approximately 3 meters and diameter of 0.5 meters was

selected for the laboratory test.

Empty oil barrels were readily available for the
construction of such a column. When four of these barrels
were welded end to end, the resulting column was 3.0 meters

high and 0.57 meters in diameter. The apparatus thus
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the interception and gravity drainage of the leachate. The
‘samplers were placed in a downward spiraling arrangementmat
the nerth, scuth, e=zgt, and west sectors of the tank. Each
lysimeter was separated from the next by a vertical distance

of 60 cm. within any secter. Twenty samplers in total were

"employed for the column study.

tion to the lysimeters, the column was eguipped

e

- In add
with a bottom drain to collect the composite effluent
representing the total fluid £flow through the c¢olumn.
Piezometers were installed along the. bottom 25% of the
column .in order to monitor the free-surface 2zone. See

Figure 17 for a detail of the column instrumentation.

The introduction of leachate to the column was achieved
by means of a constant flux apparatus. A sponge, cut to the
shape of the tank, was used as a flow spreader for a
sprinkler device emitting leach solution at a constant rate.
The rate was controlled by means of a constant-head
reservoir. Since the sponge was saturated prior to use, it
transmited a uniform flow of fluid to the material. When

tracers were desired, a duplicate sponge (saturated with
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Figure 17,

SCHEMATIC CF LYSIMETER and PIEIOMETER LOCATIONS
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= - ~ - -7 - e m e g v mm = wm m - - =
constant-head reservoir ellowing £for instzniznecus pulss
- £ e g A 7Y 1 = 2 -~ - =
input of tracer intc the coclumn. Once the Zixed velume oI
2
tracer was applied, the water-saturazised sSponge WwWa&eg Cncse

again affixed to the column for cecntinued percolation.

The preparation of the column £for the leaching

th

~:experiment - involved the locading of .the. copper ore and the
- positioning of the.lysimeter_ samplers. .. Since copper wastes
are ~generally piled randomly into waste heaps, the copper
‘ore ‘was simply top-loaded into the column and allowed to
settle naturally. - LysimeterS'were'positioﬁéa pric:'to the

- ractual loading event and held -in:-place by a wire rigging
| aséembly‘desiénedfté‘maintaigm;gghggéition.6f thé“1§simeter
-under the stress of falling copper ore. The column was then
loaded to & height 0of 220 cm. The loaded column was allowed
to settle for two weeks, during which the column height

- declined to 275 cm. The column was then filled to a total

height of 300 cm.

The complete experimental Jlong-column apparatus 1is
shown in Figure 18. Stopcocks and clamps were positioned as
follows: one stopcock was located on the bottom of the
constant head reservoir, another one was located at the
infiltration sponge as a fine control on the amount of flow,
and clamps were located on every lysimeter tubing exit in

order to allow gquick sampling.
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Figure 18,
COLUMN TRACER TEST APPARATUS

— Constant Head
Reservoir

| Zontrol Valve

i gu——

Pump —————5}53 — Constant Flux

f — S 77'» -Sponge Apparatus

Water/Tracer

Reservoir

20 Lysimeters

(15 cm. Spacings on Tank)

10 Piezometers I .
(5 cm. Spacings on Tank) _ i
Outflow
SCALE:
1.5".= 0,75 m,
71 1" = 0,50 m.
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galts and other icns found in tap water was not expected to
interfere with tracer results. The constant-head reservoir
inlet was hocked up to a barrel with a float valve connected
to  the tap. Thtus, an unrestricted water supply was

available for continuous application.

The flushing rate was set at 8 cm/hr, comparable to
that of a moderately heavy precipitation event, while not
exceeding the,%nfiltration capacity (as determined by RKeoap)
of the media. The column._was_flushed with water for a 40 hr
“period in order to-establich a constant flux and achieve a
“unit gradient for the column. (This period zalso produced
further consclidation of the ore, as well as the

establishment of solution channels and preferential flow

paths.)

Once the steady flux was achieved, tracers were added
in pulse foim. The organic tracers were diluted to a
concentration of 1 ppm from stock solutions. (This included
both the conservative and non-conservative organic tracers.)
Chloride and rhodamine-B were added at 10 ppm. The total
velume of tracer~laden water was 25 L. The procedure for

this long column experiment was:
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pump with
Open lysimeter clamps
Place sponge on tank; cpen stopcocks to achieve the

an
desired rate of £flux.

5. .Open_ tank valve (start stopwatch) and let the column

-~ soak.at the specified flux.

Time-arrival of H,O0 to lysimeter collection
-bottles along- thé-length ¢f the column
~{include effluent drain).

7. Check sample collecticn times; analyze for
~... for-presence..0f -chloride ion using the

chloride electrode.

g8.7Check development-of free surface at tank

bottom and adjust to desired level.

Let infiltration continue for several hours.
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lace with clean bottles; open lysimeter
a

4. Replace water reservoir with desired volume of
‘tracer-laden water and "saturate new infiltra-
tion sponge.

Grmoewinigon 5. Adjust flux through-the sponge and:-place the - ——wmoe -
D tews oo .. . Sponge.on.the tank (start stopwatch). -

st s sn 6. -Opent tank bottom valve and adjust free
counowoomroowes - gurface 'position so that the saturated
: ' zone is minimal.

] 7. Collect samples at appropriate intervals along
cen ereno=omme oo orthe “length of the column; note which samplers
Co o ome et - 0o are producing and which are not.
wooao—eo 8. Get-the water-infiltration sponge and reservoir -
: C prepared for infiltration once the tracer volume
is exhausted.

| Sl . 9. Continue flushing the column and collecting
TRt mom e m ot rgamples foroseveralfpore volumes (6) from
o the chloride peak arrival at the bottom
Con . Lowwmrsuzn oo drain. (Measure the volume of f£luid under
AR the chloride pezk.)

Note: The procedure for the tracer test was conducted for
a chloride pulse test prior to loading with the
suite of organic and reference tracers in an effort
to estimate pore volume; elution times; and
effective velocities. The chloride ion calibra-
tion curve is shown in Figure 19.
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_fines, was depcsited in

- -7 T e — - - rt - T
that all lysimeters were not producing sample volumes in
= ankT [ - R E - -
measureabis guantities. This was attributad to caversl

- ~ - . R - . -
prchbable causes., The column packing was a randcom process;

the crushed ore, consisting of 50% cobhles, 48% sand and 2%

the column ~from *op down. As a
~result, the boundary effects ¢f the column walls on rthé
medium-sized cclumn were imposed upon the material, causing
& unigue arrangement of grain sizes at various lengthé of

- the c¢olumn. As the column was allowed to settle, finer

-grains -filled the interstitial spaces between coarse grains.

;-3

hus, the bottom one half of the column was a matrix of
cobbles, sands - and f£ines. The next quarter of the column

had a mounding of ccarse grained particles in the center

(/]

while sand from the upper portion filled the interstitial
-sSpaces as well-as the voids between the mound and the walls
of the column. Finally, the top quartefuof”the coiﬁmﬁlﬁaé
compogsed entirely of cobbles whose pore spaces were filled

with air.

Solution channeling defines the preferential flow of
fluid along a certain path through a porous medium. In this
case, large parts of the porous medium may be effectively
isolated from the major flow paﬁhs. Thus they may not be
hydrated to the extent of producing samples that are

collectable through gravity drainage into a lysimeter as a
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result of this pazcking phencmenon. 25 an infiltratinc Zluid

travels through the column, it will +travel guickly in =
cascading motion throuch the coarse top guartser oI ths
column. Then it will contact a small area of c¢earce
material surrounded by sand. Since water travelsz the path
of lesast resistance, it will generally enter the gravels ang

2
m

I

[

flow downwards quickly; while in the sandg, it will acdh

Ll-f to- the individualigrainS‘untilimoisu:e content buiidsmtc a
significant level, . (where the.  hydration envelcpes
-:gurrounding ‘the "grains overlap .to cause a continuum of
iwater), -and then flow may occur through .the sand. (Samplers
o7 in the. sand area may show -delays ~in flui@ arrival or may
'—<vanéve:,collect ‘enough ~water: ' to .. be :of.:significance in the

tracer analysis.)

In the bottom half of the column, where the sand and
~.....cobble matrix exists, water had to flow through the sands
R < which - £i1l the"inter—cobble spaces, thus the hydraulic
| conéuétivity éf thé-sand was the dominénf factor in this
half of the column. In addition to solution channeling, a
certain amount of infiltration fluid was lost to wall
channeling (cascading flow) on the east side of the column:
this was ascertained from distinct audible evidence of flow
between the walls of the column and the ore, sounding like a
cascade of pebbles. Another factor in lysimeterx
inefficiency may have been the loss of lysimeter orientation
with respect to fluid flow as a result of the top-loading of

the column: the force of the falling copper ore may have
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sampler

packing arrange

ment

above was verified upon destruction of the column.

The approximate grain siz

-.packing, consclidation,

.-. The effective wvelocity

distributions as a result of

of_. the . system was very high:

at the

effluent drain

- the "first appearance of leachate

occurred after 13 5 mlnutes,

rnearly 3 m during. thlS tlmE-'

M_yerv closely,
lysimeter location),

tracer distribution profiles.

for

hav1ng travelled a dlstance of

The sampllng tlmes were spaced

{at least a. sample every two mlnutes for each -

in order to obtain good results for

In addition, the arrival time

the chloride slug _and monitoring. of the pore volumes

passvng through the system ‘was- necessary to determlne the

length of the sampllng tlme.

The copper-ore flushing

parameters that were evaluated

as a result of the long column test are shown in Table 8.

The results of the chloride

flushing of the column ar

slug input during the water

e shown in Figure 21. The

dispersion

coefficient

was

calculated

using

the

concentration

Vs .

time .

curve

for a

conservative tracer.

the dispersion coefficient

78

breakthrough

ie given by the

Assuming a normal tracer distribution,

following

,and:leaChingfafe*shown~in'Figure+20;7rir::



Table Z.

TVOTMETET LMDT D REOANYDE AT
LYEIMETIR SAMPLEZ RZCLOVEZRY DATA

P et

Samplar Ho. Water Tegt Tracer Siug Test
Time ¢f sample (min) Time of sampia (min)

ZAa 33 132

2= : 5% 149

3C 1:42 1:36

52 1:54 1:24

53 - -

7C 2:29 2:01

gD - - i s
92 3:549 i 3:32 T
10B - C - -

1ic 4:36 3:59

12p B t

i3a 4:48 4:18

1438 - -

15¢C - 6:56 6:13

16D £ ot

174 . B £

188 - - -

19c - ©12:06 o ©11:39 - _;Q;
20D . - 13:32 12:45 '
EFF 13:30 13:42
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Figure 20, Packing Heterocesreities obszrved while unlozding.
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Table 3%.
COLUMN TEST PARAMETERS

Ore Characteristics

Porosity

Ksat

SA

ucC

glo
%0

= 0.366

= .57 ¢m./sec.

8.177

24.5

I

0.49 mm.
12.0 mm.

m;s;Column Test Parameters

!
1
(o}

N

by
Coer
O
L@,

v
e

Pore Vol.

tpv

D
(from

o)
ave

LI | | I |

= - 50.

0.

44,
13.5 min.

296.8 cm.
28.4 cm.
10135.5 ¢m.
15.0 cm.

0.00222 ¢cm./sec.

68 L/hr.

37 cm./sec.

97 L

= 0,01091 cm.

pulse

= 0.24

distribution

81
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Txal=ER RESULTS AND DISCUSSION

Tracers were used in an effort to determine the hvdraulics
of the flow process. Organic tracers were analyzed using
reverse-phase HPLC techniques. The analysis took place at
the chemistry laboratory at. Hydrogeochem, Inc., in Tucson,

Arizona '(courtesy ‘of Dr... Harold Bent1ey) Chlorlde7 ioni

concentratlons were. obtalned from"chlorlde electrode

analysis, -

while . the . rhodamine-B was. .. analyzed

"fluorométrically.' Tabulated results from these analyses

appear in Appendix 3.

- It-is- 1nterest1ng to note that a11 of the eXperlmental-mm‘W‘

..organic *race*s applled were no* detecteq in the ef luent

using the HPLC. Problems occurred with the stability of

-several--tracers in -the ‘experimental environment. A

b

common-ion_effect was thought to causé the precipitation of .

one--tracer;y hexanitro-diphenyl ~amine, while high

temperatures during sample transport to Tucson may have
caused a decrease in the concentrations of bromocaniline and
toluidine. Toluidine and bromoaniline were detected in
unquantifiably low concentrations, even by the HPLC.
(Concentrations of 1less than 1 ppm were encountered in
scattered samples.) Hexanitro-diphenyl amine is stable only
at low temperatures, thus, the exposure to warmer conditions
during sample tfansport was théught responsible for the loss

of this tracer.
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-exhibiting strong, narrow-peaks. - Rhodamine-B "(RD), the -

by the media. These threes ‘tracers appeared

phenyl sulfenic racid (PS2), 'and the napthyl sulfonic acid

~(NSA) ,- are -all-adsorbed and-retained on the copper ore in
-varying- degrses- - - (as - predicted - by the distribution
coefficients obtained. from the batch tests). This 1is

-reflected _in. the.. shorter,. (less .than 60% of C/Cojgﬁ*and‘

~broader peaks, arriving later than the conservative tracers,

iue to adsorption. General trends include the decrease in

_~pezk. height and increase -in .peak_breadth with--progressive =~

. movement down through the column.

Figufes 22 to 25 show'>théJwééﬁéént£éti§hﬁ.vs. time
curves for tracer migration through the western sector (A)
cf the column. Samplers are vertically separated by 60 cm
along any sector. Sampler 1 is located 5 cm from the top of
the column, due to the effects of consolidation. In
addition, it is also the sampler nearest to the source of
leachate application. This boundary effect is reflected in
tracer movement with time for -the tracer suite. Since only
5 cm of material are encountered (vertical distance) by

sampler 1, retardation is not in appreciable evidence in
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dependent on time and distznce. In this czs=s, ths
non-conservative and conservtive tracers all arrived within

W

narrow rance oOf time due to the proximity ©f the constant
flux boundary. The non-conservative tracers (RD, PSA, and
NSA) are characterized by their small peak heights. In

Figures 23 to 25, the progressive  downward move- ment of

"tracers .is _shown. = Note-that:-peak heights decrease;_ . the

oo ---arrival of non-conservative tracers shows increasing delays

-~ from that of the conservative tracers and the breadth of all

‘oo opeaksshow an. increase.—-Chloride, “PFB ‘and m~TFMB all break

= -7 = "~through at roughly the same :time, although the m-TFMB peak
“lfﬁ*f1{;ar;ival'isiconsistently behindfthe,chiéfidé and PFijeaks.
Retardation of the non-conservative tracers incféases”with

. downward movement thrcugh the .sector, .and with distance from

oo phe “houndary which ist-a function of - an ‘increase -in - the
amount . of : material . encountered by ‘the tracers. Similar

T mmnem=roragul s to- those*of "the western sector™(A) “are shown “for *the

-eastern sector (C) "in  Figures 26 to 29.

It should be noted that while the relative trends in
any sector are essentially the same, comparison of the two
sectors by means of overlaying the tracer distribution
curves reveals differences between the two sectors in terms
of the effective velocities of travel. Solution flows

~-.. 7 ..-through sector C at a faster rate than it flows through
sector A. Overlays of Figures 25 and 29 (corresponding to

samplers 13A and 15C) reveal that the peak arrivals occur at
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thz gcame +times, while *he czmplers are csepzratzd by a
verticzl distanecs ¢f 20 cn. Thus £flcow velcoccitiss are
slichtly higher for sectocr C than sector A. EHetercgeneity
of the copper-cre particle-size distripbutions within the
column are congidered to be tha main factor for the
differing flow velocities between sectors.
Figure 30 shows the tracer distribution ults for thei
column effluent. One prominent feature of thls g;acer
~distribution is the presence of multiple peaks in several: of””"'
+he conservative and non-consarvative tracer'proflles.

Scliution channeling, coupled with varying flow velocities

among the solution*channelsg

Teeems

'tO'be £oe_moét'likely'

cause of -this pnenomenon.

=—between sectors A-and C (demonztrated by overlays of tracer
distribution profiies) corroborates this hyro_ne51 The
fact that not all lysimeters produced leachate prov1des

additional evidence;for,
In a large waste. heap in _the field, the effluent

breakthrough curve often resembles that of a homogeneous

porous media (i.e., one well-defined peak) 21, Yet

regsearchers document the occurrence of solution within these

waste heaps as the predominant means of leachate travel. 1If

the number

is large,

of solution channels in a field-scale leach heap

and the effluent

901nt

(generally' a topographlc low),

then the

resulting

tracer profile will represent a statistical average of the

95

" The disparity in flow velocities

is collected from one dralnage
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When a large number o¢f sclution channe
statistics dictate that & normal curve should result,
characterized by a single well-defined peak. Such a peak is
thus the result of a large number of individual sclution
channels whose average contributions form a statistically
normal distribut;on, ‘The experimental column, on the ceher

';%pand,leis,arepresentative ‘of--a--small-volume within a field

-fwleach heap.~ Due to 1ts f1n1te SLZe,and surface area, the

. w—-=-- -number of channels contribute to a large amount of leachate
LomIoTTIm collected,vdifferingztravel“timeS“through different channels

R The concept -of -a  representative volume providing

"
n

differin”'samp71ng stat‘ tics may be useful to

hydrometallurglsts attemptlng to maximize the efflclency of.r

hiffber . Gf - solut;on ‘channels- is l‘m‘égé. “When only a smal 1-77

the leach process.'f When“'using" conservatlve and

Aﬂfunon conservatlve tracer pair, one should look “atm the_
'reiative shapes of the effluent peaks. If the peaks.aﬁe
split or very broad, this would indicate the presence of
solution channeling. (Compare the peak breadths and shapes
in the effluent sample, Figure 30, with those of other
samplers, Figures 22 to 29, for illustration of the

potential differences in peak geometries induced by

weo o - channelingi) - Thus, someone in-the business of "field leaching -i——

could observe the peak geometry of effluent samples and

obtain a gquick estimate on the degree of channelization
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—-5ince PSA-was-retarded; yet not held up as much as- the other

‘analysision- the "extent of chanelization ongoing in a“leach

‘heap. In addition, this information may also be helpful in

N
[{i]
fl
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iD
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53
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tt
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e
e
o

el o

para-flucrobenzoic acid and phenyl sulfonic acid may be the

tracer .pair-for use .in-a copper heap_leaching*sit for --

monitoring purposes. mpPFB‘eis a good conservatlve organlc--

tracer that closely mlmlcs +be transpo*t of chlorlde

has ehe lea efardatlon of ehe non—conservat1ve tracers,

and was at least 50% sorbed upon contact with copper ore.

adscrbed .tracers, it should prbve 1deal in monltorlng
ticns, where the number of -camples rquired “should-be

kept to*a*minimuh;*in'an-effort ko' 'keep meni torlng costs -

Clow.. T%e ‘use of- PFE “and PSA in- con]unctlon may prov1de an

evaluating the efficiency of the leach process itself based

on the amount of ore-leachate contact.
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The mcdel

predict

colunn. The =olute transport model TRANS usés i1nput
ws  weoi-generated by -UNSAT. in addition to.the dispersicon and
) ‘retardation - coefficients. The input data for TRANS is

...w-.summarized in Table #... _The moisture-content profile at

.. _.steady.state .waszfairly constant (as -calculated by  UNSAT),

- thus the moisture content was introduced as a constant for

the -system. - The retardation. coefficients were estimated

- --from the non-conservative ~tracer results.

The following .figures compare the simulation results
._ for the analytical step-input solution (the Greene's
- —---*function ‘approximation), and- the-numerical upstream-weighted

~».solution.: Figure::31 shows the :comparison of numerical

- - distribution. ~ At early- time, the-numerical peak precedes
the arrival of the analytical peak, due to numerical
smearing. The numerical peak is also slightly broader, also

a result of smearing.

Figure 32 shows the tracer peak evolution as the solute

moves down the column. ©Note the uniform decreases in peak

.. heights:rand--theincrease - in peak breadths.- A small amount---
of smearing is evident in the tails of the peaks. The first

two peaks are closer together simply as a result of the time

99
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Numeric =

UNSAT

_. Theta-Psi .Relationships - . = Hanging Column Data

Kr - Psi Relationships R van Genuchten model ﬁéfa

T Liale—Ksat . . .0.057-cm/sec -
. - (Permeameter results)

Tolerance 0.01

. TRANS

Parameter’ . - Test Run Tracer
ST Simulation

o e Ve Lo ity T T 0.363 cmy/s

.= ..ot Dispersion Coefficient 0.0109

- :; ::’,--;--'.-_.'_'.'.. = '_%_;,,;.,:’,:--:‘-f:'f M;,_MJ,NodeSﬁ?,;:-V—-,_—_i_%%;':':i;‘;;_-;-ﬁ:f , rrimml T TmTET ‘f',‘f!’vf'jit' Sretimm T 49*,%'-;?'-7:::7*:':-_‘ ST :.‘___.._.8 _'_‘:'E:.7.'?.4;"7:..?.':.'..;:{:";.T';. T

Element Length- - - oooTorme 1,905 0 3,75
Elements 48 80

Total Length 91.44 300.
Weighting Coefficient 0.5 .5

Time step 1 min 60 sec
Total time 100 min. 2400 sec.

Retardation Coefficient 1 - 4 1 -3

ST T oid Volume T T T By 0.4

Moisture Content 0.2 0.2

Upstream Weigting Factor 0.15 0.15
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differences being half that of the times separating the

other six peazaks. It =zshould be ncted that th

time. A time step increment of 40 was utilized, thus the
total travel time for the last peazk (t = 600.) was fifteen
minutes.

o oiRetardation effects a:”ffshown ;in ”t bteakthrougni_

R curveS‘(see Flgure 53)‘fer the tracers w1th dlfferlng

dlstrlbutlon coeff1c1ents.J There 1s a: larger talllng of. the

K-peaks w1th 1ncreased retardatlon whlle the _peak he1ght=

v—decrease_'with .increased retardation. Calculation of

retardatlon coefflclents (from the dlstr1butlon coeff1C1ents .

T obtalned from batch tests) for the non- conservat1ve tracers‘“”

- wosr—reveals a’range froem 1.5 - 3.0.

i e ThUS o=t he = model=—TRANS -is+ -effective "in*generating = .

Lipredicted tracer;breakthrough“curves:for a.one—dimensional

%Lsystem. MmLeach heap”vhelght may - b “varied ;= ralong=with™ “the
.. degree.of saturation,-and the “degree of Tretardation-expected — -

from the use of a non-conservative tracer.

- Surface area contacted may also be calculated from the
model. 1In the case of rhodamine B, which has a retardation
coefficient approaching 2.0, the surface area contacted was

established to be 43.3%. This quantity is calculated from

‘s ze-the  equation:t for'. Ry described in “thHe i-saction i ifor-iioi
modifications to TRANS. Calculations of surface area

contacted are useful in determining the efficiency of copper
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CCMPARISON OF SIMULATICON AND TRACER RESTULTS

The models UNSAT zand TRANS were 2molicoved to simulazes tihs
results obtained from the long-coclumn tracer experlimenc.

The cbserved effective velccity, the actual column length,

~-- . _.-~the_dispersicn-coefficient =calculated from tracer resuits,

*. and other experimentally determined data were used as the

* input parameters .for.._the numerical .models. = Concentration

rn - -VS.- time .data_were obtained..for_each._element and for tracer o

.- retardation coefficients of 1.0 -3.0. Four d&epths

corresponding “to  experimental column tracer data were
) _

.. -~ .~.selected and the concentration vs. ::time curves presented in

: ,:Figﬁres 34 through 37.

Figure 34 represents .a depth of 45-cm from the top of

e wmoswe=the-—column<— When: overlain-with the analagous tracer

o]
h

. ..~ breakthrough..curve (Figure 26)..it. is_.apparent that a gc

e

b

_fzagrééméﬁt#existéﬁbetwéenfthefoveralrirate56f?transpdrtﬁfc
ti:o ..o the actual--tracer —and the - numerical “simultation ~results.-
The chloride, PFB and m-TFMB peak'arrivals coincided with
the simulation peak with a retardation coefficient 1.0. The
non-conservative tracers PSA and Rhodamine B exhibited
transport characteristics of a retardation coefficient equal

to 2.0, and indicated very short peak heights. NSA had a

and represented the latest

all of the tracers.
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Figure 26.  QUADRANT  BREAKTH®T!GH CURVES
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Pigure 35 reflscited the breakthrough curve at a depth

of 72 cm. correspcnéing to Figure 23. In the exeprimental
tracer curve,the conzervative and non-conservative tracer
reaks reflescted an increased spread with respect to arrival

times. Retardation coefficients for the non-conservative
tracers were easily identified from comparison of numerical

and_ tracer - breakthrough . curves.. - .The overlain figures

'J
3
jo]
[
0
fu

ted non-conservative tracers exhibited =movement ...

_corresponding to .a retardation coefficient betweén 2.0 and

e ...3.0. - Curiously.enough..m-TFMB, .a . supposedly..conservative.

_tracer (Kd ;,0.05),,diéplayed:somé,retardétioq (Rd.= 1.5)

effects. Column heterogeneities may be responsible for this

o -zorthrough:matrix diffusion_effects. - The  experimental ~sampling
- depth was located within the -zone of sands with little
== . .- cobbles, whereas the previous sampler was lccated within a

mostly cobble section. - Thus the transition from one soil

region to the next may have. produced this unusual

result.

=== igure=36-shows “the nimerical=simulation résilts for "a"~

~ depth of ‘175 om, which' corresponds to Figure 28. The
chloride, PFB and m-TFMB peaks all coincided with the
numerical conservative tracer peak. Thus, the effect of the
heterogeneity with depth on the m-TFMB peak seemed to
dissipate with continued movement through the column. These

breakthrough curves were valuable in terms of the analysis

of the retardation coefficients for the non-conservative

‘tracers. Enough time had elapsed to show a clear

distinction between tracers rhodamine-B, PSA and NSA. PSA
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Figure 2B, LUADRANT ( BREAKTHROUGH CURVES
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retardation coefficients of 2.5 or greater. This may have

been due to a media-effect. Overall the transport of the

9]
o]
3
n
m
"
<
jat)
rt
’J -
<

e traceregs seems to be in excellent agreement with

the degree of solute transport predicted by the model. Thus

" the model, desplte 1ts assumptions of a homogeneous and

1-1sotroplc medla, was able to predlct tne transBort“of'tﬁe .

. lconservative';and..non—conservative‘ tracers - ‘through the

heterogeneous-column Of COpPPer Ore

- Eﬂédres 37 and 29 were compared for the sampllng depth

"”"“*“““"of“225 cm:c“In th1s case, the conservatlve tracer peaks were" o

.:ff -once agaln. conSLStent w1th the non- retarded peak shown ip

S '"q”*themsimulati n break h ugh curve. -~ Yet, 'it-was interesting

to;observeuthat;t“e-no -conservative tracers - genera‘ly had

retardatlon coefficients of approx1mately 2 O Also ‘the

' non conservatlve tracer peaks never fluctuated ’iﬁ"their

elutlon order.- PSA arrlved flrst, followed by rhodamlne -B,

and finally by NSA.

The comparison of simulation and tracer breakthrough
curves yielded valuable inslcht into the efficiency of the
numerical model. In terms of transport through the system,
comparison of the cocnservative tracer peaks with the

,numerlcally s1mulated peak (correspondlng to Rd

Inwmost ‘Cases the conservatlve

'ShOWEd good agreementfwm“

tracer peak arrivals coincided exactly with numerically
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Figure 9. QL2JRANT ERZAKTHROUGE CURVESR
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system, were effective 1in predicting sciu

: o .. . e
behavicu within this kKnown hstercgenscus system.,

Chloride and PFR seemed to be the most relliable

- .. ~conservative: tracers, while m-TFMB exhibited minor

-

= =-- retardation effects, probably due to column heterogeneities
“and--slight adsorption. .. The .non-conservative. K tracers

rNﬁmmneB,”

_PSAW and__NSA, dlsorayedr,grea errrvarlatrcn, -in

transport than that predlcted bv the numerlcal model. VIn

,rm;:uthis~case'the_retardati0n.coefficients.for non-conservative

rro tracers vary from l 5 3:00 Cenerally, PSA and rhodamlne B

jexhlblted the least varlatlon ine adsorptlon patterns, while

-

oo ==srthe-transport..of NEA "as"subject tc ‘increased variations in

i
=
o
He
',..l
®

R .
d
non-conservative tracer  behaviour, the role of mnedia

‘the model ~--dié - not exactly - predict

heterogenelty and 1ts effects on transport should be notea.

Thekrange ofiretardatlon7coeff1c1ents was falrly tlght, and
should -not affect estimates .of the percentage of surface
area contacted to a great degree. The estimates of surface
-area contacted ranged from 35% to 48%, thus indicating a
relatively inefficient copper recovery Pprocess. These
estimates could be improved by using model input data for a

finer average grain size and increasing the moisture content

'm(under

approxrmately 100%) . Based on comparisons of" the srmulatlon

and tracer breakthrough curves, the models UNSAT and TRANS
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. _copper leaching.industry in terms of determining how best to

The_

“'mmonito:_thewefficiencymofu .waste-heap- 1each _process. ..

Ds

o numerwcql, model_ _offers the potential £f£cr pr ict1ng the

“. . amount of surface area contacted during the leaching

“;process,jmand’can predict the tracer dis grlbutlon through

. heaps of varying. th51 al ‘parameters. "The comblnauvon of an

el
H-

I
3
i

=
w3
0
fo
ot
£
"
fu
pord
O
Hh

-~

low model and a sclute transporit.model _should
© ‘prove effective for a mere accurate prediction of- the

hyrology of leachate flow.

s e T R Summary sof=the confusions ~is+provided=below:-

1. Channeling its the major mechanism of leachate flow
in a large waste heap composed of a coarse
grained material. The degree of channeling
is dependent on the particle size distribution;
loading-induced heterogeneities; heap height;
and the degree of compaction. For ideal re-
covery, the solution channel separation distance
should be minimal; i.e. the movement of a united
leachate front through the porous media.

= CisttoirmheThenefits- dérived-from-the Use Of numerous<I-
i S ~5amp7ers in the sampllng of "a“leach heap ¢an ™
"help determine the degree of solution- channeling -
occurring in a leach heap. Decreasing the amount
of ore contributing to each sampler site aids in
the jidentification of separate solution channels
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when a ktracer is ussd, T
and non-conservative t ca
channels due to differ cc
along any channeil.; & ok
bEreakthrough curves is K

determining the rressn har

3. The use of conservative and non-cconservative
tracers in conijunction is the preferred
means for monitoring a leach heap, since
the degree of leachate-ore contact may be
- aineene—m———to cagtimated from the tracer breakthrough -
o .curves if samp71ng is done along the
- . vert cal axis-of the heap.

Four experimental tracers are effective as
“monitors-of-leachate-flow;, and may- have ~
. -“appllcatlons for 'groundwater flow prob-

. o721 _- “lems. . The ease .of the HPLC analytical
ST technique is a decided advantage.
e - Para-fluorobenzoic -acid and phenyl sul-

B ' .fonic-acid-are the tracers of cholcer
‘among the experlmental _organic acids.

:-PFB -is—a ‘conservative tracer that exhi-

'bits;breakthrough characteristics similar
~to_chloride, while-PSA is a non-conserva-
~tive ‘tfacer that is strongly sorbed and
_exhibits a reascnable amount of retarda-_ .
tion relative to PFB. Reverse-phase HPLC '
“7igs-rapid and able 'to detect minute guanti-

- ‘ties of these tracers.

“THe numerical
_ L ~the hydrology of flow processes during the leach
e %'-“'“'*ﬁ cycle for different types of waste heaps. VarylabTe
.- ..---application rates; flow velocities; tracer charac-
teristics; leach heap physical parameters; and
- ' grain~size effects are easily handled by these
models.

6. Surface area contacted by leachate may be
calculated from the model, providing
an accurate estimation of the efficiency
of the leaching process, and thus, the
recovery of copper ore. As long as a

non-conservative tracer is used, the _ . . . .

retardatlon coefficient-can prov1de an
‘estlmate of surface area contacted.




RECOMMENDATIONS FOR FUTURE RESEARCH

In vwview ©f the results obtained from this combined
experimental and numerical study, 1t becomes obvious that

mer e research is reguired into the hydroclogic

characteristics of‘the leach process. . In terms of

.—fol.row—'1 study,eea_—leachﬁ ..... heap--an ----- thee:fleld ' '7 e

1nstrumented for- m01sture content, preseure head,f”’ K

. ,collectlon_oﬁ chemrcal/samples., Once data 1s obtalnai,wthe

processes.

- rcu““r=Long—coltmn1]exbeqimectsfﬁof?{r larger ”ééaié;r;wi;h"

v—uuweased capa01ty for‘the measurement of'pny51cal S

parame*e (esoec1ally,' m01sttre content - pressure head

relatlonshlps durlng the leach process) should be conducted R

'Wiifor, purposesfwwf dlscernlng the lueﬁfectsiLoffﬁscalemfcp,;wer

usefuls " The concept’ of channel'separation distance, in
terms of leaching eff1c1eny, could bhe examined by 1nten51ve
sampllng efforts. (The problem then becomes 1nterference
with the leaching process by the presence of the sampling

device). The use of a clear material for the column itself

..may be con51dered to determlne “the effects or presence of
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- ! ' 1 LR ] 2 1 N ! o
Thers ig much work left te be done in the numericzl
nodel -'v-lr' C-’: = lesch wmraocezs Tlean moacalz mracantas mars
LR e -4 TRl Fk A~ ] -adD mocel=s ML TSl T - =P —
== ~ AL =3 -1 T e s 1 ET oy A e —
ofZer z cone-dimensional scolutien for the Ifiow and transgpert
S Tasemaies TE +F=hae o L A e PN vranAas - =g~ =mA AT
QL ilzzlnace. 1L These sSCcillTlfnsg are expanded To TWo anda/or

e T N - . 4 =g = - .o —
three dimensicong the effects c¢f sclution channels, channel

separation distances, and transverse disperson may be easily

incorporated. Applications ¢©f these models to larger=-

‘scale

Tle;chwheaps may -also be considered,nalong”ﬁith_éhgfusé:

field studies for tésting the'"predictive accu£a¢§

7 numerical models.
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APPENDIX |

bevelopre=t of Numericzl Mocels UNSAT and TRANS
UNSAT
Hhemt
~ sz - 2 =] Loy o 3 - ;W
SovVerning LiTtterentizl tcustion W = E’ﬁf%%-(w-;‘ - [ (W =0
j v o gz- LT 2 et
Initial Congition: Wz,0) = W(z)
Boundary Conditions: ¥(z, t) = "f’s {(z,t) on s, (Dirichiet)
1
\ ¥
KN ,{B'- -1)n, + ¢ (z,t) =0C on s
az i 52 2

Trial Function: W (z,t) = Z Y (t) N.(2)

Shape Functions : N] = | =~ E
e
= Z
N2 =L
- s
w N
Integral Equations for Domain j‘c\. ¥ Ni dz =0 i=1,2,...n
~Finite:Element Matrix Equation : [aAl{¥} + tS]ii—\P‘_—} = {F}
[N
- _ e _ 2 IN. AN, C
Element Matrices : aij fl“e !E Ng'&;' y2d dz, i,] 1,2
8. = L & NCiN. N, dz
;T NG
e g=1
e _ 2 N
F "fL s MNgazt dz J; N; ag ds
e t=1 2 2
. .o e _ “ =
Elements in B Matrix: bii = ‘(-L s NZCQ- N dz =
e =1
e
ij=0 i #j
Lumping Matrix for Interior Node:
g k+1 k+1
g KR - )] Ny s Lo | Cj/34cy/6 0 ¥,
2L at .
- * Y
eL\K]+K2) (K]+K2) Y, 0 Cx/6 + C5/3) (W,
k
- - 4 k
: F(K]+K2) (K, +K,) ¥, L C¥/3+C5/6 0 Y,
£-1)} + e
2L At %
e L.,(KI+K2) (K +K,) ¥, 0 Ci/6+C5/3 \Pz
= (K +K,) /2
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e

where

f ol » yC .
Governing Differential Eguation:&l(c) = 8F :—: v (83= - vij
tnitiel Condition: C(z,0) = ¢_(z)
Boundary Conditicon : C{z,t) = C_ {z,t} on s,
b.‘ i
— { - o+ - &8f- - { = ;ac-l.\ ~
J, (z,1) = [q(z,t)C(;,L) e(z,0)0(z, 085 a on s,
2
where: = solute flux along Neumann Boundary S,
2
Using Shape and.kerght Functions eRf o N dR - f[v_a_c- ~as 3:32] v dn = 0
the Differential Equation is d Rat i RiL'dz &z i
Shape Functions: N] = | --E—
e
= X
N2 L
e ~
Weight Functions: W] =] -% +°([3X(X-Le)]
Wo o= X Lo [3x(x=t))
) ] 2t ——7
L (L)
Using Greene's ldeatity- : -en{ ¢ dz = ngLW; 2t 4,
3 z2 9z 9z
aW. oC al oC
= . —— — s -+ — =
If Surface Integral 0.0 : ‘{[BDé Y + V3 NJ dz 31 Ni dz 0
F.\_-.__.
Assume Trial Function : € = jgl N_j (z) Cj(t)
Matrix Equation : [AU-J{C] +[M|J‘]{C} =0

A’:j = 2b8D_ 4 _ :—Zig—zijdz - 2bv.ge-i-¥iNj dz
+ §(J-2)2bv + ZbBR; fse W, N, dz

Hfj = ZbGRZ _fs'e WN ) dz

ch = S(x-xi) J(z-zi) v . C

si
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= fahy crricmc = 5] ;“, a EN a__'
Element Matrices: 3 7 .{[- szaz TV W azjj dz
bi: = f N,N.: dz
Substitute for Shape Functicns & lntecrais
e (‘,L:+3d(2x,’ch-I/Le:l) (-1/Le "l]_—c+3°i(2X/'Lc2-l/Le)) (1/Le)
_AJ - 1e” 1 5 | 2 7 dz
( -L—c~3n<(2x/i.e -1/Le)) (-1/Le; -Ec-Be((Zx/Le -1/Le)) (1/Le)
— - " -1 "
(-2 s m@lcledyy (i) 12 a2ltely) )
+ v Le - Le Le
(2 -w@lbelelyy e x -q@xlelelyy (e
. - Le - Le o
e D11 1] v T
A= e
A B 1 -l- 1+e
BC = le 1/3 1/6 -
Li/6 1/3
The Weighted Average Approximation is
- ]
[A] (= {} + (0-8) {e}) + 1 [8) ded,, ol ) =00 where 02 £
t+at
Assembling the Global Matrices: .
1 -1 ... R TS
4 -1 2 ciie ~1-«  J4xX-1+ ]
cee =12 o P P )
DE VE .
Te -1 2 - ¢ T3 Sl 2w 1 [ C
-1 % +at i e STt
1/3 1/6 ]
Le 1/6 2/3 1/6
+ = 1/6 2/3 1/6 C the same matrices multiplied by C
: and the weight function (1-E).
1/6 2/3 1/6 +at
| 1/6 1/3
.

126




A0 0000 00000000 anaOnaaaon

UNSAT .FCR----- WRITIEN BY R. KEHALEEL AND T.C. YEH----- N.M.I.M.T
e
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L‘l\l" ; W% i

Lol
do T s

= ELEMENT PROGRAM

[ERS U SE NN A S S Y

AN S TANATTT AT
L b;;\’ﬂ.«'._"".;'_‘
AT T AATR T TTRTO Y
No LUNAL UNDL

= ITTT TNEOSMATTON

e !
AN e e

REEORE
SoonL
=

(3)

(%)

NQTE! !

(3)

NOTE! !

()

(7)

(8)
(9)

TSI T T T AT e

2T
SANATLYIAL A NUN

— - - - -~ ST TIATTT TN DT AT AN
Wi LN LMl T ICU SECULD CREATE AN

AN LS LD

AT T TR AT T ~Tn g —
{(NCT TO EXCEZD 10 CHARACTERS)

FUNCTICNAL RELATIONS COR TABULAR INpUT

INT--- 0 EFUNCTICNAL R-LATICNSHIPS USED ECR
MOISTURE CHARACTERISTIC CURVES
1 TABULAR INPUT DATA

HYDRAULIC CONDUCTIVITY AND SUCTION RELATIONSHIP
(NP AND KSAT)

NP----NO. OF PSI-K PAIR

KSAT--SATURATED HYDRAULIC CONDUCTIVITY

XP AND XK PAIR

XP--PSI

XK-~RETATIVE HYDRAULIC CONDUCTIVITY
XP SHOULD BE IN A DESCENDING ORDER

SOIL MOISTURE RETENTICN DATA (XPP AND XTHE)
XpPP--PSI
XTHE--MOISTURE CONTENT
XPP SOULD BE IN A DESCENDING CRDER
NODES, DELZ, DELT, T™MAX, TOL, MAXIT, TPRIN
NODES--NO. OF NCDAL POINTS
DELZ--INTERVAL BETWEEN NODAL POINTS
DELT--TIME INTERVAL
TMAX--MAXIMUM SIMULATION TIME
TCL---TCLERANCE
EPS---TIME WEIGHTING FACTCOR
MAXIT-MAXIMUM NC. CE ITERATIONS

TOP BOUNDARY CONDITION (NBC(1), BC (1), Q(1))
NBC (1) --0 FOR CONSTANT HEAD BOUNDARY
1 FOR FLUX BOUNDARY

BC (1) ---HEAD VALUE EFOR THE CONSTANT HEAD BOUNDARY

Q (1) ----FLUX FOR FLUX BOUNDARY

BOTTOM BOUNDARY CONDITION (NBC(2), BC(2). Q(2))
INITIAL CONDITION

ALIL THE INPUT DATA SHOULD BE IN A FREE EFORMAT
UNITS OF PARAMETERS SHOULD BE CONSISTENT WITH KSAT

DOUBLE PRECISION NAME, FILN
REAL KSAT, L
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—

s

—
O
O
o)

ORGP

1002

1003
10
770

1004

1005
20

1015

1006
30

DIMENSION XP (51),XK(31), xc
PPST (51) , PSIH (51), NBC(2)
RES (2, 2,51) R (2,51), x~si(
COMMON A(S1),B(51),C(51),D
COMMON DELT,DELZ, EPS,NODES, T
DWIN, DWOUT, DELMAX, PCR, TMAX, TIME

DATA TWIN, TWOUT, TWEN, “wur,wq WIS/ 0.,0.,0.,0.,0.,0./

WRITE (5,1

FCRMAT (' ' . INPUT FILE NAME IN AlC')

READ (5, 2) FILN

FORMAT (A1C)

WRITE (5, 599)

FORMAT (' DO YOU WANT TO HAVE A HARD COPY? YES=3, NO=5'}
READ (5, *) NPRT

OPEN (UNIT=6,FILE= '"WARRICK.DAT', ACCESS='SEQIN', DEVICE='DSK")
READ (6, 3) NAME

FORMAT (A10)

WRITE (NPRT, 1001) NAME

FORMAT (' ',10X,5('-'),Al0, 'SOIL PROPERTIES ',10('-')//)
READ (6, *) INT

READ SOIL PROPERTIES

READ (6, *) NP, KSAT

IF (INT. EQ. 0) GO TO 770
WRITE (NPRT, 1002)

FORMAT (' ',10X,10('-'),'PSI',13('-"),'KR',10('-").//)
DO 10 I=1,NP

READ (6, *) XP (I) , XK (I)

XP (I)=-XP (1)

WRITE (NPRT, 1003) 32 (I) , XK (T)
FORMAT (' '.10X,2E16.5)
CONTINUE

CONTINUE

READ PSI AND THETA RELATION

READ (6, *) NPT, POR

IF (INT .EQ. 0) GO TO 772

WRITE (NPRT, 1004)

FORMAT (' ', /,10X,10('-"),'PSI',13('-"), 'THETA',13('-")./)
DO 20 I=1,NPT

READ (6, *) XPP (1) , XTHE (I)

XPP (I) =-XPP (I)

WRITE (NPRT, 1005) XPP (I) , XTHE (I)

FORMAT (' ', 10X, 2F16.5)

CONTINUE

DETERMINE PSI AND MOISTURE CAPACITY RELATIONSHIP

WRITE (NPRT, 1015)

FORMAT (' ',/,10X,10('-'),'PSI',10('-"),' € ',10('-")./)
NPC=NPT-1

DO 30 I=1,NPC

XC (I) = (XTHE (I) -XTHE (I+1)) / (XPP (I) -XPP (I+1))

YP (I)=0.5% (XPP (I) +XPP (I+1))

WRITE (NPRT, 1006) XP (1), XC (I)

FORMAT (' ', 10X, 2F16.5)

CONTINUE
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772 CONTINUE
- RIAD PARANMZTEES
TEAD (B, %N Z,DELT, TMAYX, TOL, EPS, MAXIT, DELMAY
T2 (NP LS, DELZ, DELT, TMAX, TCL, EFS, MAXIT, DELMAX

TCTAL NC. OF NCDES= ',14,/,

* 16.5,/,11X," DELT= ',F16.5,/,
= /.11X, 'TOLERANCE= ',F16.5,/,

* FACTOR, EBS = ',F16.5,/,

-~ 11X, MAXIT= ', I4,/,11X,' MAXIMUM DELT=',F16.5,/,
=~ //11X,' BOUNDARY CONDITIONS ------- v,

* 2X,' MCDE',' TYPE',' psI ‘', Q M)

NODE1=NCDES-1
NELEM=NODEL
L=DELZ
NELEMI=NELEM-1

[

INITIAL CONDITION AND BOUNDARY CONDITICN

1

DO 35 I=1,2
N=1
IF (I.EQ.2)N=NODES
READ (6, *)NBC (I),BC(I),Q(I)
WRITE (NPRT,11) N,NBC(I).BC(I),Q(I)
11 FORMAT (' ', 10X, 2I5,2E10.2)
PSI (N)=BC (I)
PPSI (N) =PSI (N)
TPSI (N) =PPSI (N)
35 CONTINUE
WRITE (NPRT, 1008)
1008 FORMAT (' ',/,10X,10('='),' INITIAL CONDITION',10('-'),/)
Z=0.
IF (INT .EQ. 1) GO TO 96
DO 402 I=2,NODE1
Z=Z+DELZ
CALL ENCZT (Z,THETA)
CALL ENCTP (THETA,PSI (I))

402 CONTINUE

GO TO 404
96 READ (6, *) (PSI (I),I=2,NODEL)
404 CONTINUE

DO 40 I=2,NODEl
PPSI (I)=PSI (I)
TPSI (I)=PPST (1)
40 CONTINUE
WRITE (NPRT, 1009) (I,PSI (I),I=1,NODES)

1009 FORMAT (5 (I4,F10.3))

c SIMULATION STARTS HERE
TIME=0.0
LA=0

C

c TIME LOCP

C

1000 CONTINUE

LA=LA+1
TIME=TIME+DELT
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Werarcl

(1Y Q)

780

785

OO0

WRITE (NPRT, 1030) TIME
FCRMAT (' ',/,10('-'), 'SIMULATION TIME = ',E13.5,10('-"),
/7

ITERATICN LOCP

CONTINUE
ITER=ITER*L

SET UP ELEMENT STIEFNESS MATRIX

DO 200 K=1,NELEM

XK1=1.0

XK2=1.0

C1=0.0

C2=0.0

IF (INT .EQ. 0) GO TO 780

1F (PSIH(K) .LT.0.0) CALL INTERP (XP,XK,PSIH(K) , XK1,NP)

IF (PSIH(K-1).LT.0.0)CALL INTERP (XP,XK,PSIH(K+1),6XK2,NP)
IF (PSIH(X) .LT.0.0)CALL INTERP (YP,XC,PSIH(X), Cl, NPC)

IF (PSIH(K+1) .LT.0.0)CALL INTERP (YP,XC,PSIH(K+1),6C2, NPC)
GO TO 785

CONTINUE

IF (PSIH(K).LT.0.0)CALL ENCPK (PSIH(K) 6 XK1)

IF (PSIH(K+1) .LT.0.0)CALL ENCPK (PSIH (K+1),XK2)

IF (PSIH(K) .LT.0.0)CALL ENCPC (PSIH(K),C1)

IF (PSIH(K+1).LT.0.0)CALL ENCPC (PSIH (K+1),C2)

CONTINUE

XK1=XK1*KSAT

XK2=XK2*KSAT
DETERMINE INDIVIDUAL ELEMENTS IN EACH ELEMENT MATRIX

All= (XK1+XK2) *0.5/L
Al2=-All

A21=A12

A22=A11

B11=L* (C1/3.0+C2/6.0) /DELT
B12=0.0

B21=B12

B22=L* (C1/6.0+C2/3.0) /DELT
SE (1,1,K)=EPS*A11+B11

SF (1, 2,K) =EPS*A12+B12

SF (2,1.K)=EPS*A21+B21

SE (2, 2,K) =EPS*A22+B22
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QOO aO0O0a0aam

ISHONON®!

220

QOO0 O0OaN

ONONY!

RES(L,1,K)=(EPS-1.)~Al1+B11l
RES(L,2,KY=(EPS-1.)*AlZ+RBiZ
WS (2 1 KV=(EZPS-1 ) *A21+-R2:
Tu(;_-,-,‘-} (_.S L./*‘..__ _,2_
RES (2,2, X)=(EPS-1.)*A22-222
RE(1,1,X);=Bi1
RE(1,2,K)=212

PH{Z2,1.X) 2L

RE(Z, 2,3 2

R{1.K)=-0 (L +X

R{Z,K‘)i C.57 (XH1+XXZ2)
CONTINUZ

ASSEMELE TEE ELEMENT STIEENZSS MATRICES INTO A GLOBAL MATEIX

TOP ROUNDARY CONDITION
IF (NBC (1) .EQ.0)GOTO 210
CONSTANT FLUX BOUNDARY CONDITION

A(1)=SF(1,1,1)

B(1)=SF (1,2, 1)

D(1)=RHS (1,1, 1) *PPSI (1) +RHS (1, 2, 1) *PPSI (2) +R (1, 1) +Q (1)
GOTO 220

CONSTANT HEAD BOUNDARY CONDITION

A(1)=0.0
B(1)=1.0
C(1)=0.0
D (1) =BC (1)
CONTINUE

INTERIOR NODES

DO 250 K=1,NELEM1
K1=K+1

A(K1)=SF (2,1,K)

B (K1)=SF (2, 2,K) +SF (1, 1,K1)

C(K1)=SF (1, 2,K1)

AA=RHS (2, 1,K)

BB=RHS (2, 2, K) +RHS (1, 1,K1)

CC=RHS (1, 2, K1)

D (K1) =AA*PPSI (K) +BB*PPSI (K+1) +CC*PPSI (K+2) +R (2,K) +R (1, K1)
CONTINUE

LOWER BOUNDARY

IF (NBC(2) .EQ.0) GOTO 260

CONSTANT FLUX BOUNDARY CONDITION

A (NODES) =SF (2, 1, NELEM)

B (NODES) =SF (2, 2, NELEM)

D (NODES) =RHS (2, 1, NELEM) *PPST (NODES) +RHS (2, 2, NELEM)
*PPST (NODES) +R (2, NELEM) -Q (2)

GOTO 270

CONSTANT HEAD BOUNDARY CONDITION
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300

L110

el

50

W)

1610
500

1120

605

610

1011

600
620

A(NODES):O 0
B (NODES)=1.0
C (NODES) =0.0
D (NODES) =BC (2)

CONTINUE

CALL TRIDIA

CALL TRIDIA (NODES,PSI)
TEST OF CONVERGENCE

EPSLON=0.0

DO 300 I=2,NODEL

CHG=ARS ( (PSI (I) -PP (I)) /PSI (1))

IF (CHG.LT.EPSLON)GOTO 300

EPSLON=CHG

NMAX=1I

CONTINUE

WRITE (NPRT, 1110) ITER, EPSLON, NMAX

FORMAT (1X, ' MAX. RELATIVE CHANGE IN PRESSURE HEAD DURING '
,' ITERATION'

,I3,' WAS ',LE13.5,' AT NODE ',I4)

IF (EPSLON.LE.TOL.AND.ITER.NE.1l) GOTO 500

IMPROVE THE PSIH VALUE FOR NEXT ITERATION

DO 350 I=1,NODES
PSIH(I)=0.5* (PPSI (I)+PSI(I))

PP (I)=PSI (1)

CONTINUE

IF (ITER.LT.MAXIT) GOTO 900

WRITE (NPRT, 1010) ITER

EORMAT (' ',/,'******* MAX. NO. OF ITERATION EXCEEDED AT ',
14/)

CONTINUE

WRITE (NPRT, 1120)

FORMAT (' ',/,13X,'Z',13X, 'PSI',€X, 'THETA', /)
Z=0.0

IF (INT.EQ.1l) GOTO 610

DO 605 I=1,NODES

CALL ENCPT (PSI (I),THETA)

IF (PSI(I).GE.0.0) THETA=POR

WRITE (NPRT,1011) Z,PSI(I),THETA
Z=Z+DELZ

CONTINUE

GOTO 620

DO 600 I=1,NODES

CALL INTERP (XPP,XTHE,PSI (I),THETA,6 NPT)
psi(I)=-psi (I)

IF (PSI (1) .GE.0.0) THETA=PCR

WRITE (NPRT,1011)Z,PSI (1), THETA
FORMAT (' ',10X,F6.2,F16.4,2X,E7.4)
Z=Z+DELZ

CONTINUE

CONTINUE

CALL MATBAL (NPRT,PPSI,R,RH,Q.NBC)
DETERMINE A TIME STEP SIZE FOR NEXT TIME STEP
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DT1=DELT
IF (NEC (1) .EQ.
O(1)=(PSI (1) -PS
& (5551 (1)-B5SI(z
.= AT m=aMINT (DELT
17 (IT== .GT. 5) D
T SETMAT)
- STCRET THT PST VALUE
1O 700 I=1 NCDES
TPSI (1) =PPSI (1)
BPST (I)=PSI (I)
700 CONTINUE
IT (TIME .GE . TMAX) STOR
GOTO 1060
END
SUBROUTINE INTERP (X,Y,XX,YY,N)
DIMENSION X (N),Y (N)
= LINEAR INTERPOLATION
DO 10 I=2,N
IF (XX.GT.X (I) .AND.I.LT.N)GOTO 10
RASY (1-1) + (RX-X(I-1)) * (Y(T) ~¥ (I-1)) / (X (T) "X (I-1))
YY=AA
GOTO 20
10 CONTINUE
20 RETURN
END
c
S
c
SUBROUTINE TRIDIA (NN,ANS)
COMMON A (51),B(51),C(51),D(51) ,PSI (51)
DIMENSION BB(51),GG (51),ANS (51)
c
c SET UP BB AND GG ARRAYS
c
BB (1) =B (1)
GG (1) =D (1) /3 (1
DO 10 I=2,
I1=I-1
BB (1) =B (I) -A (L) *C (I1) /BB (I1)
GG () = (D (1) -A (1) *GG (11)) /BB (1)
10 CONTINUE
C
c PERFORM BACK SUBSTITUTION
c
ANS (NN) =GG (NN)
N1=NN-1
DO 15 J=1,N1
T=NN-J
ANS (1) =GG (1) -C (I) *ANS (I+1) /BB (I)
15 CONTINUE
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SUBROUTINE ENCPT (XX, YY)
IF (XX.LE.-29.484) YY=0.6825-0.09524*AL0G (ABS (XX))
IF (XX.GT.-29.484.AND.XX.LE.-14.495) YY=0.4531-

& 0.02732*ALOG (ABS (XX))
RETURN

SUBROUTINE ENCZT (XX, YY)

IF (XX.GT.60.0) YY=0.20

IF (XX.LE.60.0) YY=0.15+0.0008333*XX
“RETURN

SUBROUTINE ENCPK (XX, YY)
IF (XX.LE.-29.484) YY=19.34E05/37.8* (ABS (XX)) ** (-3.4095)
IF (XX.GT.-29.484.AND.XX.LE.-14.495)YY=516.8/
& 37.8* (ABS (XX)) ** (-0.97814)
RETURN

SUBROUTINE ENCPC (XX, YY)

IF (XX.LE.-29.484) YY=0.09524/ABS (XX)

IF (XX.GT.-29.484.AND.XX.LE.-14.495) YY=
& 0.02732/(ABS (XX))

RETURN

SUBROUTINE MATBAL (NPRT,PPSI,R,RH,Q,NBC)

DIMENSION PPSI (51),R(2,51),RH(2,2,51),Q(2) NBC(2)

COMMON A (51),B(51),C(51),D(31),PSI (51)

COMMON DELT, DELZ, EPS, NODES, TWIN, TWOUT, TWEN, TWUT, WS, WS1, WIS,
& DWIN,DWOUT, DELMAX, POR, TMAX, TIME

TWIN=TWEN

TWOUT=TWUT

COMPUTES WATER INFLOW OR OUTELOW THROUGH THE UPPER BOUNDARY
IF (NBC(1) .EQ. 1) GO TO 1

0 (1)=(PSI (1) -PST (2) +DELZ) *EPS*R (2, 1) /DELZ*DELT
& + (PPSI (1)-PPSI (2)+DELZ)* (1.-EPS)*R(2,1) /DELZ*DELT
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140
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471
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475

CONTINUE

IF (Q(1) .GT. 0.0) &0
DWOUT=DWOUT-Q (1)

GO TO 12
DWIN=DWIN-Q (1)
CONTINUE

1
O
'_.I
'_.l

COMPUTES WATZR INELOW CR OUIELOW THROUGH LCWER BOUNDARY

(

IF (NBC(2) .EQ. 1) GO TO 2

0 (2)=- (PSI (NODES-1) ~PSI (NODES) ~DELZ) *EPS*R (2, NODES-1) /DELZ*DELT
= (PPSI (NODES-1) -PPSI (NODES) +DELZ) * (1. -EPS) *R (2, NODES-1) /DELZ
*DELT

CONTINUE

IF (Q(2) .GT. 0.) GO TO 13
DWOUT=DWOUT-Q (2)

GO TO 14

DWIN=DWIN-Q (2)

CONTINUE

COMPUTES CHANGE IN WATER STORAGE

DWS=0.

NODE1=NODES-1

DO 140 K=2,NODE1

DWS=DWS+ (RH (2, 2, K-1) +RH (1, 1,K) ) * (PSI (K) -PPSI (K) ) *DELT
CONTINUE

WS=WS+DWS

WS2=WS+WIS

TWIN=TWIN+DWIN

TWOUT=TWOUT+DWOUT

DWDIFF=DWIN-DWOUT

TWDIFE=TWIN-TWOUT

DERRW=ABS (DWS-DWDIFE)

RERRW=ABS (WS-TWDIEE)

WRITE (NPRT,475)

WRITE (NPRT,471)

WRITE (NPRT,473) DWIN, DWOUT,DWDIEE,DWS, TWIN, TWOUT, TWDIEE,
WS, WIS, WS2, DERRW, RERRW

FORMAT (/31X,'* * = » MATERTAL BALANCE ERROR ANALYSIS * * * * ')
FORMAT (/,1X,'INC. WATER IN =',6E11l.4,6T30,'INC. WATER OUT =',
E11.4,T60, 'INC. WATER IN & OUT =' E11.4 T95,'INC. WATER STRG.
CHANGE =',EL1.4,/1X,'CUM. WATER IN =' ,E11.4,T30, 'CUM. WATER
OUT =',E11.4,T60, 'CUM. WATER IN & OUT =',E11.4,T95,'CUM,

WATER STRG. CHANGE =',E11.4,/,' INTL. WATER STRG. =',E11.4,T30,
'CUM. WATER STRG. =',E11.4,T60,'INC. WATER ERROR, % =',E11.4,
T95, 'CUM. WATER ERROR, % =',E11.4)

FORMAT (26 ('====="))

RETURN

END
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Trans.for is a finite element program designed to solve
the differential eguation for convective-dispersgsive solute
transport. It uses an upstream-weighting technigue to
minimize oscillations and overshoot. The code prompts

the user for input at the terminal.

DIMENSION GLBL(99,99) ,RHS(99),C(99) ,AA(99),BB(99)
DIMENSION CC(99),CA(99)
DIMENSION Z(200),X(200)
REAL LE
INTEGER STEP

C ***READ IN DATA***
WRITE(5,*) '"ENTER OUTPUT CODE: PRINTER=3, TERMINAL=5"
READ (5, *) IP :
WRITE(5,*) "ENTER NUMBER OF NODES'
READ(5, *) NODES
WRITE(5,*) 'ENTER ELEMENT LENGTH IN CM.' -
READ (5, *) DELZ
WRITE(5,%*) 'ENTER NUMBER OF ELEMENTS'
READ (5, *) NE :
WRITE(5,*) 'ENTER TOTAL DEPTH OF MODEL IN CM.'
READ(5,*)TL , ,
WRITE(5,*) 'ENTER WEIGHT FOR WEIGHTED AVERAGE APPROXIMATION'®
READ(5,*)E
WRITE(5,*) '"ENTER RETARDATION COEFFICIENT '
READ (5, *)RD
WRITE(5,*) "ENTER VELOCITY IN Z DIRECTION IN CM/SEC.'
READ (5, *)VZ
WRITE(5,*) "ENTER MOISTURE CONTENT'
READ (5, *) TH
WRITE(5,*) "ENTER DISPERSION COEFFICIENT'
READ(5, *) DL
WRITE(S5,*) "ENTER BULK DENSITY'
READ (5, *)BP
WRITE(S,*) '"ENTER VOID VOLUME'
READ (5, *)VV
WRITE(5,*) '"ENTER TIME STEP SIZE IN SECONDS'
READ (5, *) DELT
WRITE(5;*) "ENTER TOTAL SIMULATION TIME IN SECONDS'
READ (5, *) TMAX
NNE=2
WRITE(5,*) 'ENTER UPSTREAM WEIGHTING FACTOR ALPHA'
READ (5, *)ALPHA
WRITE(IP,24)NODES

24 FORMAT(1¥, '"NUMBER OF NODES =',I3)
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Z5 FC TEIEIMINT LENGTE =',710.4,'cm. ")
WER

2€ ¥C I35
WK ¢ 3

24 T {2¥,'7T =',7i2.2,'cn')
WRITE{IZ,Z7)E

7 FCRMAT!1X, 'WEIGHTED AVERAGE WEIGET =',F3.1)
JRITZ{I?,Z8}RD

Z8 FORMAT(1X, '2RETARDATION COEFFICIENT =',F7.3)
WRITE(I?,29)VZ

29 FORMAT({1X, 'VELOCITY =',F10.5,'cm/sec’')
WRITE(IP,41)TH .

41 FORMAT(1X, '"MOISTURE CONTENT =',F5.3)
WRITE(IP,42)DL

42 FORMAT(1X, 'DISPERSION COEFFICIENT =',F5.3)
WRITE(IP,43)BP ,

43 FORMAT(1X, 'BULK DENSITY =',F5.3)
WRITE(IP,44)VV

44 FORMAT(1X,'VOID VOLUME =',F5.3)
WRITE(I2,30)DELT

30 FORMAT({1¥,'"TIMESTEP =',F5.1,'sec')
WRITE(IP,31) TMAX

31 FORMAT({1X,'TOTAL SIMULATION TIME =',F6.1,"'sec')

WRITE(IP,32)
WRITE(IP,133)ALPHEA
133 FORMAT(1X, 'ALFEA =',F5.2)
32 FORMAT(lX,'*******************************************')
WRITE(IP,32)
C**************************************************************
C*******INITIALIZE C MATRIX ***********************************
Cc(l)=1.
DO 9 I=2,NODES
C(I)=0.
9 CONTINUE _
C**************************************************************
Q*k***x*x%**PORM THE GLOBAL MATRIX*********************************
A=DELZ/(6.*DELT) ~DL*E/ (RD*DELZ) +VZ*E* (~1.-ALPHA) / (2. *RD)
B=2.*DELZ/(3.*DELT) +2. *DL*E/ (RD*DELZ) +VZ*E*ALPHA/RD
C2=DELZ/ (6.*DELT) -DL*E/ (RD*DELZ) +VZ*E* (1.-ALPHA) /(2. *RD)
BB (1) =DELZ/ (3. *DELT) +DL*E/ (RD*DELZ) -VZ*E* (1. +ALPHA) / (2. *RD)

Ccc(l)=c2
DO 1 I=2,NODES-1
AA(I)=A
BB(I)=B
CC(I)=C2
1 CONTINUE

BB (NODES) =DELZ/ (3. *DELT) +DL*E/ (RD*DELZ) +VZ*E* (1. +ALPHA) / (2. *RD)

AA (NODES) =A
Chrkhkikhhhhkkhhdhhhhhkhhhkhhkhrhhrhhhhkhkhhhdhrehrkdhdhbhhhdkhrdrs

Ck*kk** TIME STEDP LOQPD ***kxkkkkkkkhkkkhkkhrdkrhhhdrdhhdrbhkdhrs
NTSTEP=IFIX (TMAX/DELT)
TSTEP=0
T=0.
DO 14 NT=1,NTSTEP
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TST
T=T4
C*** FORM MAMID ™Y Rk dFTrrxdAx T Earardadrrierd
DO
RES RD*DELL)=VZF{1l=-E} *{~1.~-
AP 2LFDELT)-2.%DL* (1-E} /(RE*
_DEL LZ/{%.*DELT) +DL* (1-Z) / (RD*
_DELZ}-VZ ) *C(I+1)
2 CONTINTE
RES{NCDES, ={DELZ/(8.*DELT) +DL*(1-E} /(RD*DELZ) ~-VZ* (1-%) *
(-1.-ALPHA)/{(2.*RD) ) *C(NCDES-1) +(DELZ/(3,*DELT)-DL*(1-E) /(RD*
_DELZ)-VZ*(1-E) *(1.+ALPHR) /(2.%*RD)) *C (NODES)
C*************r+*x*****x*************************** *hkEkkxEEkkhkkikkx

C**** INC“QPORAWH THE BOUNDARY CONDITIOND EEEREEE R SR EEETE LR EEE SRR S

BB(l)=BB(1l)*(10.**15.)

IF(T LT.60)RHES{1)=0.

IF(T.EQ.60)RHS (1) =BB (1)

IF (T.GT.60)RHES(1)=0.
C******************************************************************
C**** SOLVE FOR UNKNOWNE USING TRIDAG I Z SRR R ER R EE RS ESE RS L L LRSS &SN

IF=1

CALL TRIDAG(IF,NODES,AA,BB,CC,RHS,C)
C********************************************************************
C*%**x* DPULSE INPUT ANALYTICAL SOLUTICON kkkkkkkkhkhkhkkkkhkhdhkhkkkhdhhhk

DO 17 I=1,NODES

J=I-1

Z(I)=FLOAT(J)*DELZ

X(I)=Z{I)-VZ*T

S1=56./(SQRT(12.566*DL*T))

S2 4.*DL*T

S3=-((X(I))**2)

CA(I)=S1*EXP(S3/S2)

17 CONTINUE

C**********************************************************************
SA=VV* (RD-1)

C**** PRINT RESULTS

I A E SRR R R RS EEEL AL RS EL SRR S AR AR S S LR EREEE RS S S SR EE

IF(T.EQ.1)GO TO 33

IF(T.EQ.3) GO TO 33

IF(T.EQ.5)GO TO 33

IF(T.EQ.7)GO TO 33

IF(T.EQ.10)GO TO 33

IF(T.EQ.12)YGO TO 33

IF(T.EQ.15) GO TO 33

IF(T.EQ.50) GO TO 33

IF(T.EQ.120)G0O TO 33

IF(T.EQ.240) GO TO 33

IF(T.EQ.360) GO T0O 33

IF(T.EQ.480) GO TO 33

IF(T.EQ.600) GO TO 33

IF(T.EQ.720) GO TO 33

IF(T.EQ.840) GO TO 33

IF(T.EQ.%60) GO TO 33

IF(T.EQ.1080) GO TO 33

IF(T.EQ.1200) GO TO 33
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IF(T.EQ.1320) GO 70 33
IFT(T.EQ.1440) GO TO 33
IF(T.EQ.1560) GO TO 22
IF(T.EQ.1580) GO TO 33
IF(T.E0.1800) &C TO 33
IF(T.EQC.1820) GO TO 22
IF(T.EQ.2040) cO TO 33
IF(T.EQ.2160) GO TO 33
IF(T.EQ.2280) GO TO 33
IF(T.EQ.2400) GO TO 323
GO TO 14

33 CONTINUE

WRITE (ID, *) 'S r ko k kA kA ok ke kR kAR AR KR KRR IR AR TR TR IR
WRITE(IP,49)RD

49 FORMAT(1X, '"RETARDATION COEFFICIENT =',F5.3)
WRITE(IP,48)SA
48 FORMAT (1X, 'SURFACE AREA CONTACTED =',F5.3)
WRITE(IP,11) TSTEP,T
11 FORMAT(1X,'TIMESTEP ',¥5.1,3X,'TIME =',F7.1)
WRITE(IP,18)
18 FORMAT (1X," I pA NUMERICAL ANALYTICAL ERROR')

DO 12 I=1,NODES
ERROR=CA(I)-C(I)
WRITE(IP,13)I,Z(I),C(I),CA(I),ERROR

13 FORMAT(1X,3X,I13,3X,F8.4,3%X,F12.4,3%,F12.4,3%,F8.4)
12 CONTINUE
14 CONTINUE

STCP

END

R R Z T S L E T T TR
c :
C**%*% SUBROUTINE TRIDAG **hkkdkkkhkhkhhkhkhkk Ak kAR A R AR hhh A I A AR XX XK AR

SUBROUTINE TRIDAG(if,NODES,Aa,Bb,Cc,RHS,C)
dimension A2(99),Bb{99),Cc(99) ,RHS(99),C(99) ,beta(99),gamma (29)

(9]

compute the intermediate arrays beta and gamma

beta (if)=Bb (if)

gamma {if)=RHS(if) /beta (if)

ifpl=if+l

do 1 i=ifpl,NODES
beta(i)=Bb(i)-Aa(i)*Cc(i-1) /beta(i-1)
gamma (i) =(RHS(i)—~Aa (i) *gamma (i—-1) ) /beta (i)

compute the final solution vector v

000

C (NODES) =gamma (NODES)
last=NODES-if
do 2 k=1,last
i=NODES-k

2 C({i)=gamma (i)-Cc (i) *C(i+l) /beta (i)
return
end

139



NP
ISR SN °

22

23
23
24
24
24

24

o
m ¢
LYYy

Er 2
Hs 9

APPENDIX 11,

D i
Ul o

[UN BN VN
(Ve )

o

W JWwworr
3 - - * .
B Ut 00 O = W

)

nn
= L
- L)
[ VY]
U o

e
Wl W
(e

Area
Length
vVol.

[T

n ry
'
39}
i
W W

o
H
|_l
)
noH
w
[V
v

19.63 cm2
3.9 cm
10 cm3 collected

Sampler No. 9

0.7813
0.9615
1.1110
0.3650
0.7407
0.7576
0.7299
0.7353
0.7634

Kt

0.2822
0.4245
0.4905
0.1e61l
0.3270
0.3345
0.1934
0.1948
0.2022

140

Hr 15
Hs 15

15
(sec)

63.2
51.0
54,6
38.0
55.0
75.2
80.2

Hr 15
Hs 15

79.3
83.1
78.4

Ko

0.2689
0.4045
0.4565
0.1499
0.2973
0.3041
0.1759
0.1771
0.1839

nn

i H



+1

[ NS I LS TN ST 0% T SN B 0O I 05 T SO T O T o )
TSN SR S AN S Y I PR IR VS I (N T O ]

22
22
23
23
23
24
24
24
24

X

=2

O

~J O DO
1o O

[l o8 I VT N S RN I | B,

- - . - L]
[l 0 I el A B S U T B o W o S )

W L)~ WD D

QOO OO
RN WO O

[

0.1582
0.1961
0.1832
0.2632
0.1818
0.1330
0.1247
0.1261
0.1203
0.1275

14)]

3]

3]
§!

(=

n

LA

3
o}

]
)

r
I
I-

o
o

PV B
£ O

=) m
PRV I |

PR e g

OO OO MDD
. « .
-0 Ly <)

LI N . .

~1 00 O H ]~ n
SO W on U -

OO O
wwoyvow

Sampler No. 15

0.036%88
0.04584
0.04282
0.06152
0.04249
0.03109
0.02915
0.02947
0.02812
0.02¢80

141

23]
O

>
il
yol
0
v}

PSS e g

-

OOOFOOR WER

W oy oo
J oo Oy

A
fo N

O =1k QW

[is)
[l
[\

733

-

QOO OOOO WO
. e

L LY

~J
o
[T%

0.03524
0.04368
0.03985
0.05725
0.03854
0.02827
0.02651
0.02680
0.02557
0.0270%



Volume
Ws
Wwet

Porosgity

Date

9/8

9/10
9/11
9/12
9/13
9/14
9/15

8/22
8/22
8/23
8/26
8/29
9/2
9/3
9/5
9/7
9/8
9/10
9/11
9/12
9/13

Water Level

35.4
35.9
36.5
37.2
38.7
38.8
42.3

39.5
38.0
35.0
33.7
32.0
30.4
28.1
26.6
27.0
27.5
28.5
29.4
31.0
33.0

CCLUMN RIESULTS
PSI CALCULATICHS
Volume =
Ws =
Wiry =
Porosity
Water Vol.
Sample 1
6.9
6.4
5.8
5.1
3.6
3.5
0.0
Sample 2
-6.5
~-5.0
-2.0
-0.7
1.0
2,6
4,9
6.4
6.0
5.5
4.5
3.6
2.0
0.0
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.181
.189
.198
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.231
.232
.285

.335
.317
.280
.265
.244
.224
.196
.178
.183
.189
.201
.212
.232
.256

Psi

-93.0
-54.0
-34.2
-23.2
-12.4
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I. ANALVSIS
Parafluonroc be
Mol. Wt. =

PK =

A. Reagents

APPENDIX .

\\\\\
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(W e

[ S
b O

and Standards:

meta-Trifluoro methyl benzoic acid
Mcl. Wt. 190.12
pK 9.6

non

or better grade)

1. Phosphoric acid (Reagent

2. pH 4.0 buffer

3. H20 - HPLC grade (Omnisolve)

4., CE3CEN - Acetonitrile (HPLC grade)
5. PFB, m-TFMB

6. Blank

(ex. pre-injection well water)

B. Eguipment:

1. HPLC pump w/ pulse dampening: Altex Model 110A;
Valco 6-port, 7000 psi injector (230 ul/loop).

2. Variable wavelength U-V detector, HPLC flow cell

tor: Hitachi 100-10 w/ Altex HPLC flow cell

detec

adapt
3. Integ
4

7. PpPH meter:

or.

rator/Recorder: Spectra-Physics SP4100
. 5 ml. glass syringe w/ 0.3 um filter of Nylon-66
affixed. (Rainin 38-101)
5. Graduated cylinders and volumetric flasks.
6. Millipore filters for buffer filtration.
(Rainin 38-100)

C. Analytical Conditions:

Column:
Mobile:

Flow:

Temp:
Detector:
Inject Vol:

Altex Model 71.

Hamilton PRP-1; 25cm x 4.lmm w/10um particles

35% CH3CN / pH 2.0,
{isocratic)

1.6 ml1/min

ambient (25 C)

200 nm

230 ul (large loop

.005M phosphoric acid

and overfill)
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tzndéard Prscearzation:

I. 10Cprm steck of each compound in distillesd,
Geicnized wats.

2. Etcre In refrigerator batween uses.

Mcbile Phacs=e:

1. 1800 ml HPLC water in 2000 ml beaker (prerinse
with DDE20 and HPLC-HZC).

2. Calibrate pH meter to 4.0.

3. Adjust pH of solution w/ phosphoric acid to 2.0.

4. Recalibrate pH meter to 4.0.

5. Recheck pH of buffer and adjust as necessary.

6. Add 350 ml CH3CN to 1000 ml volumetric; £fill to

mark with phosphate buffer.
7. Filter thru 0.2 um Nylon-66 filter and transfer
to appropriate bottle.

Notes:

l. Buffer needs tc be pH 2.0 or less for good
resolution.

2. Avoic recesgive back pressures by pumping with
water, then 50% CH3CN.

hnalytical Procedure:

1. Set degired U~V wavelength (200 nm).

2. Pre-rinse with buffer (35% CH3CN - phosphoric
acid).

3. Load column with sample (filtered through the
Nylon-66 affixed filter).

4. Let sample run until elution is complete.

5. Repeat for successive samples steps 3 and 4
with rinsing of syringe between trials.
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T TIT. IT~ ~ T o~ - = 7 - = o2 < —
ANALYSIS COF SULFCNIC ACIDS: (Icnic pairing of zwlitter:ions

2-Amino,l-Phencl,;4-5. A. l-2ninc,2-Napthol,4-5. 2
Mol.Wt. = 188.2 Mol.Wt. = Z48,3
DK = 10.77 oK = 10.77

Reagents and Standards:

1. Phosphoric Acid (dibasic - Reagent or better grade).
2. pH 10.0 buffer.

3. H20 - HPLC grade (Omnisolve).

4., CH3CN - Acetonitrile (HPLC grade).

5.  Octylamine (ion pairing reagent or better grade).

6. PSA, NSA.

7. Blank.

Equipment: see section IB

Analytical Conditions:

Column: Hamilton PRP-1; 1l5cm x 4.lmm w/ 10 um particle
gize.
Mobile: 22% CH3CN / .005M, pH 8 phosphate w/ .02M octylamine
Flow: 2.2 ml/min
Temp: ambient (25 C)

Detector: 250 nm

Inject Vol: 230 ul (large loop and overfill)

D.

Standard Preparation: see section ID

Mobile Phase;:

1. Dissolve .005M phosphte (dibasic) in 1000 ml HPLC-H20
in a 2000 ml beaker (pre-rinsed with DDH20 and HPLC-H20).

2. Calibrate pH meter to 10.0.

3. Adjust pH of buffer with NaOH to 8.0.

4. Recalibrate pH meter and check buffer pH - adjust if
necessary.

5. Add 220 ml. CH3CN to 1000 ml volumetric; £ill to mark
with buffer.

6. Filter through 0.2 um Nylon-66 filter.

7. Add n-Octylamine (.02M) to buffer and check pH.
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1 2vcid e2xcesssive back pressures by pumping with wate
firzt, then 50% CHICN.
G. Analyitical Procedures
1 Szt desired U-V wavelength (250 nm).
2. DPre-rinse with buffer (22% CH3CN-Phosphate with
Octylamine) .
3. Load column with sample.
4. Let sample run until elution is complete.
5. Repeat for successive samples rinsing syringe
before executing steps 3 and 4.
III. ANALYSIS OF BROMOANILINE AND TOLUIDINE:
o-Bromoaniline o~Toluidine
Mol. Wt. = 172.03 Mol. Wt. = 107.16
pK = 11,5 pK = 9.6
A. Reagents and Standrads:
1. Phosphate - monobasic (Reagent or better grade).
2. pH 7.0 buffer.
3. H20 - HPLC grade (Omnisolve).
4. CH3CN - Acetonitrile (HPLC grade).
5. o-Bromoaniline, o-Toluidine.
6. Blank.
B. Equipment: see section IB
C. Analytical Conditions:

Column: Hamilton PRP-1; 1l5cm x 4.1lmm w/ 10 um particle
size.
Mobile: 40% CH3CN / .005M, pE 7.5 phosphate buffer.
Flow: 2.2 ml/min
Temp: ambient (25 C)

Detector: 254 nm

Inject Vol: 230 ul (large loop and overfill)

Dl

Standard Prep: see section ID
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2. Dizsclilve .00SM phoszhate in 1000 ml EPLC-H2Z0 in a
2000 mI bezker {gre-rinsed with DC-220 and ZFLC-EZC) .

2. Czlibrzats TE mster to 7.0.

3. Ad-uvst pH of D gr to 7.E.

4. Recalibrate pH ter and check pE of buffer sciution.

=. AZE 400 ml CHI{ to 1000 ml velumerric:; £ill +o mark
with buiffez.

6. Filter through 0.2 um Nylon-56 filter.

Notes: see Eection IIF

Analytical Procedure:

Set desired U-V wavelength (254 nm).

Pre~rinse with buffsr (40% CH3CN / .005M, pH 7.5
phosphate) .

3. Locad column with sample.

4. Let sample run until elution is complete.

5. Repeat for successive samples rinsing syringe before
executing steps 3 and 4.

[\ S
-
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STD
STD 1:5
sTD 1:

1al 1:
ia2 "
laz "
1A4 "

10

531 1:10
532 "
5a3 "
534 "
545 "
5A6

547 "

9Al
9n2 "
9a3 "
9A4
9A5
9A6 "
9a7 "
9A8 "
9A9 "

1:10

13A1 1:
13a2 "
13a3 "
1324 "
13a5 "
13a6 "
1347 "
13a8 "
13a9 "

10

3cl 1:
3C2 3]
3C3 "
3c4 "

1024
512
512

and m-TFME Cclumn
PEFB
R.T Area
5.00 23,692,812
3.55 3,188,086
3.57 2,079,792
3.58 1,941,279
4.02 263,643
3.59  ————————e
4,04 215,692
4.00 671,133
3.59 1,485,879
3.59 431,393
4.01 191,702
4,02 e
4,01 119,833
4,02 838,807
4,02 1,965,244
4.02 503,288
4.04 95,864
4.03 47,799
4.02  mmmm—mm————
4.05 ————eemmm—-
4.0 ——-—————ne
4.03 95,903
4.03 1,366,091
4.07 1,485,903
4,05 484,123
4.05 167,769
4.06 73,817
4,07 emmmmem————
5.05 2,113,270
5.04 113,833
5.03 —mememmeeme——

———— ————
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50.01
10.02
5.01

4.05
0.11

——

0.45
1.41
3.10
0.89
0.40

o ——

0.25

1.74
4.11
1.06
0.21
0.09

7.10
4.56
4.58

f:

7.13
7.10
7.09
7.11

7.08
7.10
7.13
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7.10
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7.08
7.10
7.11
7.11
7.07

7.19
7.13
7.17
7.14

403,843
948,183
451,489

1,991,833
5,014,330
127,385

—————————
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2,489,799
4,551,117
1,667,580

220,032

—— - - inn

69,483
701,121
3,254,112
3,636,255
1,192,777
358,987
130,037

149,579
1,412,817
4,203,663
2,373,892

416,899

106,540

2,716,774
4,362,819
162,458
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4,33
0.11
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0.34
2.15
3.93
1.44
0.19
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0.61
2.81
3.14
1.03
0.31
0.11

0.13
1.22
3.63
2.05
0.36
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2.35
3.76
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SAMPLE att. R.T Area () R.7T. Area { )
7¢1 1:10 512 4,98 144,087 0.30 5.82 63,2283 0.06
7C2 " " 5.02 1,296,775 2.71 5.97 632,497 0.53
7C3 " " 5.03 1,512,908 3.16 6.04 4,635,830 3.77
7C4 " " 5.03 288,173 0.60 6.06 758,751 0.66
7C5 " " 5.01 143,798 0.30 6.08 127,385 0.11
7C6 " " 5.01 24,014 0.05 6.05 —-memm———— ———
7C7 " " 5.00 ——mwom———- _——— ———— s ————
1lcl 1:10 512 5.00 72,043 0.15 6.09 ———m—mmm——— —_——
l11c2 ™ " 5.02 216,130 0.45 6.10 ~——=m——e———n ————
lic3y " " 5.02 984,592 2.05 6.11 379,376 0.33
lic4a " " 5.01 1,488,895 3.11 6.13 1,643,961 1.42
1ics " " 5.02 504,303 1.05 6.08 3,920,214 3.38
lice ™ " 5.01 384,231 0.81 6.11 1,201,356 1.04
lic7 " " 5.01 192,115 0.40 6.12 316,146 0.27
llcg ™~ . " 5,03 71,899 0.15 6.11 189,688 0.16
iice " " 5.08 ——mmmee——— -—— 6.11 181,813 0.16
licio v " ———— e _— 6.10 ——eem————o —_———
15Cc1 1:10 512 5.03  commme———- —-—— 6.11 ———mm————— ——
i5cz2 " " 5.0 ———eemee—- ———— .13 mmm——————— ————
1s¢c3 v " . 5.04 .. 23,991 0.05 6.14 ————memmem—e -——
i5c4 " " 5.04 120,072 0.25 6.14 196,882 0.17
1s5¢c5 ¢ " 5.03 816,491 1.70 6.12 1,889,929 1.63
15¢c6 " " 5.05 1,608,967 3.36 6.15 3,856,985 3.33
15¢7 " " 5.03 504,317 1.05 6.11 1,011,668 0.87
15¢c8 " 5.04 264,159 0.55 6.11 505,844 0.44
isce " " 5.04 96,058 0.21 6.13 316,133 0.27
15c1i0 " " 5.04 48,029 0.09 6.12 254,454 0.22
15cl1 - " 5.06 —————————o ————— 6.11 252,454 0.22
i5¢c1i2 " n ———— e —— 6.10 251,875 0.22
15¢13 " ———— | e — e —_—— .12 ———mm———— -————
Note:

PFB Area/ppm = 479,330/1 ppm m-TFMB Area/ppm = 1,158,045/1 ppm
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SAMFLE

15Cl
15C2
15C3
15C4
13Cs
15C6
1s5c7
15C8
15cs
15C9
15C10
15cl1l
15¢12
15Cc13
15C14
15C15

Note:

PSA Area/ppm

480,042/1ppm
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NSA Area/ppm = 38,639/lppm

—— e —
- ————

.31
2.223
4.39
1.37
0.58
0.31
0.27



L
YO~ 0

- - * - - . - *
in\)U‘lC)\D:DtL&J O\l\)Ul\]Ul\.ONC)

s e e vas WA

nT O

[
!""N(.A)\]OO‘\I“'
L] . - - - * .
NN OO b
QO > D s 0 O o

0.32
3.84
10.88
11.84
6.72
3.52
1.92
.96

N T

U

C

11lc

15¢

153

(x2

oo gy po

14
15
18
20
22
24
26

14
16
18
20
22
24
26
28
30

16
18
20
22
24
26
28
30

~J L

el .
O W

LY . . -

Lo T we T SNEEN Y Y

-
o
W

11.2

11.2
16.1
21.5
15.4
13.5
12.2
12.0
11.9

2.20

6.40
2.88
0.64

0.32
3.52
5.76
9.28
4.48
1.92
0.96
0.64

1.28
4.16
9.92
8.64
5.76
3.20
2.24
1.28
1.28

1.92
6.08
11.52
5.44
3.52
2.24
1.92
1.92



50

200

300

400

AFPPENDIX 1V,

i
M T T TN TN -0 TTR Y TS AT T TF T = = MTAN TN Sl Tsl
DLLLENGOUN-G Ui X Mo o =00 R DETZEMINING Kr ve., Psi
AT W oS nT
REAY, K, ¥=27T
TATATC T AT T f - s 2 ol el — g
DIMENSICN K{Z3),T(Z3),7(253)
i A i S A, -
Ofﬂi\"\u;\:: =22, EiLE="QUJIRK.DAT)

DO 100 I=1,M
A=0.
DO 200 J=1,M
A=A+ (2. *FLOAT (J) +1~2. *ELOAT (I) ) *2 (J) **-2.
CONTINUE
B=0.
DO 200 J=1,M
B=B+ (2. *FLOAT (J) -1.) *P (J) **-2.
CONTINUE
K (I)=KSAT=* ((T(I)/TSAT) **4./3.) *A/B
WRITE (5,400)I,T(I),P(I),K(I)

FORMAT (1X, 'I=',I3,3X, '"TEE=",F5.3,3X, 'PSI=',F7.2,3X%, 'K=",E15.

CONTINUE
END
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x koK ok

*
*
k3
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*
*
*
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*

13

11

fan Ganudhtean Modal

KRR R AR R A R A AR R R R A A A A R X T T R A T R T A AT AT T AN AT T XATAAXAAKRRA X XX S0 oww oo =

SOIL EYDRAULIC PRCPERTIES: "
NON-LINEAR LEAST-SQUARES ANALYSIS =

K1

——————————————— INPUT INEFORMATION =---------------
CARDS 1,2,3: THREEL INFORMATION CARDS x
CARD 4: MODEL NUMBER (MCDE}, NUMBER OF COEEFICIENTS (N2), ™
MAXTMUM NUMBER OF ITERATIONS (MIT), RATIO CF *
COEETICIENTS CRITERION (STOPCR}, RESIDUAL MOISTU-*
RE CONTENT (IF MCDE=2) (WCR), SATURATED MOISTURE *
CONTENT (WCS), CONDUCTIVITY AT SATURATION (SATK) *
(3I110,4F10.0) *
CARD S5: INITIAL ESTIMATES OF THE COEFEFICIENTS (3F10.0) *
CARD 6: NAMES OF THE COEFFICIENTS; 3(A4,A2,4X) *
CARD 7, ETC: EXPERIMENTAL DATA: MOISTURE CONTENT AND *
. PRESSURE HEAD, RESPECTIVELY; (2F10.0) *
LAST CARD IS BLANK =
*
*
*
*

THIS SLIGHILY MODIFIED VERSION WILL PROMPT THEE USER
FOR NAMES OF THE "REL. X VS PRESSURE" AND

"ABS. K VS PRESSURE" AND "REL. K VS THETA" AND
"PRESSURE VS THETA" FILES THAT THIS PROGRAM GENERATES
FOR EASY PLOTTING. RICH R.

DOUBLE PRECISICN FLNI, FLNO, FINM, flnf, FLNZ
DIMENSICN X(300),Y(300),R(300),F (300),DELZ (300,4) ,LSORT (300),
1B(3) ,BI (6),E(3),P(3),PHI (3),Q(3),TB(3).A(3,3),D(3,3),
1TITLE (20) , TH(3)

TYPE 13

FORMAT (1X, 'INPUT FILE NAME: ',8)

READ (5, 9) f1nf

open (unit=1l,access='seqgin', file=flnf)

TYPE 5

FORMAT (1X, 'REL. K VS PRESSURE FILE NAME: ', %)
READ (5, 9) FLNI

FORMAT (A10)

OPEN (UNIT=21, DEVICE='DSK', FILE=FLNI, ACCESS='SEQOUT')
TYPE 11

FORMAT (1X, 'ABS. K VS PRESSURE FILE NAME: ', %)
READ (5, 9) FLNM

OPEN (UNIT=23, DEVICE='DSK', FILE=FLNM, ACCESS='SEQOUT')
TYPE 3

FCRMAT (1X, 'REL. K VS THETA FILE NAME: ',$)

READ (5, 9) FLNZ
OPEN(UNIT=24,DEVICE:'DSK',EILE=ELNZ,ACCESS=’SEQOUT')
TYPE 7

FORMAT (1X, 'PRESSURE VS THETA FILE NAME: ', %)
READ (5, 9) FLNO

OPEN (UNIT=22, DEVICE='DSK', FILE=FLNO, ACCESS='SEQOUT')
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WRITZ{3,1000

DC 2 1=, 3

RE2D(1,2001) TITLE

write (3,1002) TITLE

write{3,1003)

————— =EAD INPUT PARAMETERS -—---—-

rsad{l *) MODE,NP,MIT,STCPCR,WCR, WCS, SATK
write(3,1008) MCODE,NP,MIT, STOPCR,WCR,WCS, SATK

————— READ INITIAL ESTIMATES -~~--
READ (1, 1006) (B(T) I=1,NP)
READ (1, *) (B(I),I=1,NP

----- READ COEFFICIENTS NAMES -----
NBI=2*NP
READ(1,1007) (BI(I),I=1,NBI)

----- READ AND WRITE EXPERIMENTAL DATA ~----
write(3,1008)

. *,END=6) Y(I),X(I)
3,1011) I,X(I).Y(I)

.EQ.0.) GO TO 6

*(NP-3)) 12,14,12

+e(3 1016)

GO TO 142

GA=0.02

CALL MODEL (TH, F,NOB, X, WCS, MODE, NP, WCR)

SSQ=0.

DO 32 I=1,NCB

R(I)=Y(I)-E(I)

SSQ=SSQ+R (I) *R (I)

NIT=0

write (3, 1030)

IF (MODE.EQ.2) write(3,1026) NIT,WCR,B(1),B(2).SSQ,MODE
IF (MODE.NE.2) write(3,1026) NIT,B(1),B(2),B(3),SSQ,MODE

————— BEGIN OF ITERATION -----

NIT=NIT+1

GA=0.1*GA

DO 38 J=1,NP

TEMP=TH (J)

TH (J) =1.01*TH (J)

Q(J)=0

CALL MODEL (TH, DELZ (1, J) ,NOB, X, WCS, MODE, NP, WCR)
DO 36 I=1,NOB
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54

64
66

68

72

74
76

o COFTTT T T M e e ey

TN = - —_—— -

DO 40 K=1,NOB
SUM=SUM+DELZ (X, I) *DELZ (K, J)
D(I,J)=10000.*SUM/ (TE(I)*TE(J))
D(J,I)=D(I,J)

----- D = MOMENT MATRIX -----
E(I)=SQRT (D(I,I))

DO 52 I=1,NP

DO 52 J=1,NP
A(1,3)=D(I,3)/(E(I) *E(J))

————— A IS THE SCALED MOMENT MATRIX -----
DO 54 I=1,NP

P (I)=Q(I) /E(I)

PHI (I)=P(I)

A(I,I)=A(I,I1)+GA

CALL MATINV (A,NP,P)

----- P/E IS THE CORRECTION VECTOR -----
STEP=1.0

DO 58 I=1,NP

TB(I)=P (I) *STEP/E (1) +TH (I)

DO 62 I=1,NP

IEF (TH(I) *TB(I))66,66,62

CONTINUE

SUMB=0. 0

CALL MODEL (TB, E,NOB, X, WCS, MODE, NP, WCR)
DO 64 I=1,NOB

R (I)=Y (I)-F (I)

SUMB=SUMB+R (I) *R (I)

SUM1=0.0

SUM2=0.0

SUM3=0.0

DO 68 I=1,NP

SUM1=SUML+P (I) *PHI (I)
SUM2=SUM2+P (I) *P (I)
SUM3=SUM3+PHI (I) *PHI (I)

ANGLE=57 . 29578*ACOS (SUML /SQRT (SUM2*SUM3) )

DO 72 I=1,NP

IF (TH(I) *TB(I)) 74,74, 72
CONTINUE

IF (SUMB/SSQ-1.0)80,80, 74
IF (ANGLE-30.0) 76,76, 78
STEP=STEP/2.0
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78 GA=10.*GA
GO TO 590

————— PRINT COETFICIENTS AFTER EACH ITERATION -----
80 CONTINUE
DO 82 I=1,NP
82 TH(I)=TB(I)
IF (MODE. EQ 2) write(3,1026) NIT,WCR,TH(1),TH(2),SUMB,MODE
IF (MODE .NE 4) write(3,1026) NIT,TE(1),TH(2),TH(3),SUMB, MODE

DO 92 I=1,N
. IE(ABS(P(I ) EP/E (I))/(1.0E-20+ABS (TH(I))) -STOPCR} 92,92,94
92 CONTINUE

GO TO 96
94 SSQ=SUMB

IF (NIT-MIT) 34, 34,96

L mmme- END CF ITERATION LOCP -----
96 IDE=NOB-NP
CALL MATINV (D,NP,P)

————— WRITE CORRELATION MATRIX -----
DO 98 I=1,NP
$8 E(I)=SQRT (D(I,I))
write (2,1044) (I,I=1,NP)
DO 102 I=1,NP
DO 100 J=1,I
100 A(J.I)=D(J,I)/(E(I)*E(J))
102 write(3,1048) I, (A(J,I),J=1,1)

————— CALCULATE 95y CONFIDENCE INTERVAL -~---
RMS=SUMB,/ELOAT (IDE)
SDEV=SQRT (RMS)
write(3,1052)
TVAR=TTEST (IDF)
DO 108 I=1,NP
SECCEF= E(I)*SDEV
TVALUE= TH(I) /SECOEE
TSEC=TVAR*SECOEF
TMCOE=TH (I) -TSEC
TPCOE=TH (I) +TSEC
K=2*1
J=K-1
108 write(3,1058) BI(J),BI (K),TH(I),SECOEF, TVALUE, TMCOE, TPCOE

~~~~~ PREPARE FINAL QUTPUT -----
LSORT (1) =
DO 116 J=2,NOB
TEMP=R (J)
K=J-1
DO 111 L=1,K
LL=LSORT (L)
IF (TEMP-R (LL)) 112,112,111
111 CONTINUE
LSORT (J) =J
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1068)
=1,NOB
OB+1-1I)
118 1088) I,X(I),Y(I),F(I),R(I).J,X(J).¥(J),FJ),R(J)
C
cC  m--—- WRITE SCIL HYDRAULIC PROPERTIES -----

write(2,1069)
PRESS=1.18850

RN1=0.0

RIIN=1.0

write (3,1072) RNL,WCS,RXIN, SATK
WRITE{Z1,1073)RN1, RKLN
WRITZ (22,1074)WCS, RN1

WRITE (23,1073)RN1, SATK
WRITE (24,1073)WCS, RKIN

DO 140 I=1,75

IZ (RKIN.LT. (-16.)) GO TC 142
PRESS=1.18850*PRESS

IF (MCDE-2) 120,122,120

120 WCR=TH (1)
ALDHA=TH (2)
RN=TH (3)
GO TO 124
122 ALPHA=TH (1)
RN=TH (2)
124 RM=1.-1./RN
IF (MODE.EQ.3) RM=1.-2./RN
RN1=RM*RN
RWC=1./(1.+ (ALPHA*PRESS) **RN) * *RM
WC=WCR+ (WCS-WCR) *RWC
TERM=1.-RWC* (ALPHA*PRESS) * #*RN1
IF (RWC.LT.0.06) TERM=RM*RWC** (1./RM)
IF (MODE.EQ.3) RK=RWC*RWC*TERM
IF (MODE.NE.3) RK=SQRT (RWC) *TERM*TERM
TERM=ALPHA*RNL* (WCS-WCR) *RWC*RWC** (1. /RM) * (ALPHA*PRESS) ** (RN-1.)
AK=SATK*RK
DIFFUS=AK/TERM
PRLN=ALOG10 (PRESS)
AKLN=ALOG10 (AK)
RKLN=ALOG10 (RK)
DIFLN=ALOG10 (DIEEUS)
WRITE (21,1073) PRESS, RK
WRITE (22,1074)WC, PRESS
WRITE (23,1073) PRESS, AK
WRITE (24,1073)WC,RK
140 write(3,1070) PRESS,PRLN,WC,RK,RKLN, AK, AKLN, DIFFUS, DIFLN
142 CONTINUE
c END OF PROBLEM
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OEMET (2357 10 S2(3I=)y /11 <% QAW 1w /01y nTIe Y OUNON T TNELD
AT (1m0 S (lEF) /11N, 2ER, B0, 2o L1k SX, TNON-LINZAZ

v,13/
11 13/
111X, IMUM NUMEER OF ITERATIONS. .. ovvvnannn .. v, 13/
511X, 'RATIO OF COEFTFICIENTS CRITERION.......oovovn... ' F10.4
611X, '"RESIDUAL MOISTURE CONTENT (ECR MCDEL 2)....... ',F10.4
711X, ' SATURATED MOISTURE CONTENT. o e vvveensmnnnnn., ', F10.4
811X, 'SATURATED HYDRAULIC CONDUCTIVITY.............. ' ,F10.4)

1006 EORMAT (4F10.0)
1007 EORMAT (4 (A2,A2, 4X))
1008 EORMAT (//11X, 'OBSERVED DATA', /11X, 13 (1E=) /11X, 'O3S.
NO.',4X, 'PRESS
1URE HEAD', 2X, 'MOISTURE CONTENT')
1011 FORMAT(11X,I5,5X,F12.2,4%,512.4)
1016 FORMAT(//5X,10 (1F*),' ERROR: INCORRECT NUMBER OF COEEFICIENTS')
1026 FORMAT (15X,12,10X, F8.4,3X,F10.6,2X,F10.4,5X,F12.7, 4X, 14)
1030 FORMAT (1H1, 10X, 'ITERATION
NO',8X, 'WCR',8X, 'ALPHA', 10X, 'N', 613X, 'SSQ
1',8X, "MODEL')
1044 ECRMAT(//11X, 'CORIEL
1048 ECRMAT (11X, 13,10
1052 ECRMAT (//11X, 'NO
111X, 48 (1H=) /64X,
LIMITS'/11X, 'VARIABLE', 8X, ,
27X, 'S.E.COEFF.', 3X, 'T-VALUE',6X, 'LOWER', 10X, 'UPPER ')
1058 EORMAT (13X,A4,A2,4X,F10.5,5%,F9.4,5X,F6.2,4X,F9.4, 5X,E9. 4)
1066 EORMAT (//10X,8(1H-), 'ORDERED BY COMPUTER INPUT', 8(1H-).
7X,10 (1H-
1) , "ORDERED BY RESIDUALS', 10 (1H-) /26X, 'MOISTURE
CONTENT', 3X, 'RESI-"
1, 24X, 'MOISTURE
CONTENT', 3X, 'RESI-'/10X, 'NO', 3X, 'PRESSURE ', 5X, 'OBS'
2,4X, 'FITTED',4X, 'DUAL",
SX, 'NO', 3X, 'PRESSURE ', 5X, 'OBS', 4X, 'FITTED'
3,4X, 'DUAL")
1068 EORMAT (10X,12,F10.2,1X,3F9.4,8%X,12,F10.2,1X, 39.4)
1069 EFORMAT (1H1, 10X, 'PRESSURE', 4X, 'LOG P',6X, 'WC',7X, 'REL K',5X, 'LOG
RK

(2
N-

1',6X, 'ABS K', 4X, 'LOG KA',SX, 'DIFFUS',5X, 'LOG D')
1070 EORMAT (10X,E10.3,E8.3,F10.4,3(E13.3,F8.3))
1072 FORMAT (10X,E10.3,8X,F10.4,E13.3,8X,E13.3)
1073 FORMAT (1X,E10.3,1X,E10.3)
1074 FORMAT (1X,F6.4,1X,E10.3)
STOP
END
SUBROUTINE MODEL (B,EY, NOB, X, WCS, MODE, NP, WCR)
DIMENSION B(3),FY (40),X (40)
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aO0an

12.

12

20

22

30

32

MODE=L1 @ MUALEM TEZORY WITk TERIZ COZZEZICIZENTE

MCODE=2 : MUALIM THEECRY WITHE T COEFEICIENTS
MODE=3 : BURDINE THECRY WITH TI=EZz COZETICIENTS

IF (MODE-2) 10,20, 30

CONTINUE

DG 12 J=1,NOB

EY(J)=B(1L)+(WCS-B(L)) /(L. +(B(2)*X{(J)) **B(3))** (1L.-1./B(3))
RETURN

CONTINUE

DC 22 J=1,NOB

FY (J) =WCR+ (WCS-WCR) / (L. + (B (1) *X (J)) **B(2)) ** (1.-1./5(2))
RETURN

CONTINUE

DO 32 J=1,NOB

FY (J) =B (1) + (WCS-B (1)) / (1. + (B(2) *X (J)) **B(3) ) ** (1.-2. /B (3))
RETURN

END
FUNCTION TTEST (IDE)

DIMENSION TA (30)

DATA TA/12.706,4.303,3.182,2.776,2.571,2.447,2.365,2.306,2.262,

228,2.201,2.179,2.160,2.145,2.131,2.120,2.110,2.101,2.0%3,2.086,

10

11
13

12
14

15
16

17

22.080,2.074,2.069,2.064,2.060,2.056,2.052,2.048,2.045,2.042/
IF (IDF-320) 10,10, 11

TTEST=TA (IDF)
RETURN

IF (IDF-120)12,12,13
TTEST=1.96

RETURN

IE (IDE-40)14,14,15

TTEST=2.042-0.021*FLOAT (IDE-30) /10.0
RETURN

IF (IDE-60)16,16,17
TTEST=2.021-0.021*FLOAT (IDE-40) /20.0
RETURN
TTEST=2.000-0.002*FLOAT (IDE-60) /60.0
RETURN

END

SUBROUTINE MATINV (A, NP, B)
DIMENSION A(3,3),B(3), INDEX (3, 2)
DO 2 J=1,4

INDEX (J, 1) =0

I=0

AMAX=-1.0

DO 10 J=1,NP

IF (INDEX (J,1)) 10,6,1C
DO 10 K=1,NP

IF (INDEX (X, 1)) 10,8,10
P=ABS (A (J,K) )

IF (P.LE.AMAX) GO TO 10
IR=J

IC=K

AMAX=P
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