A COMPUTER STMULATION PROBABILITY MODEL FOR GEOCHEMICAL PARAMETERS

ASSOCIATED WITH COAL MINING OPERATIONS

Thomas E, Rymer II, John J. Renton, and Alfred H. Stiller?

Abstract.—-There have been many attempts to empirically
model the envirommental effects of various geochemical parame-
ters associated with mining. Each of these attempts has en-—
countered the single greatest barrier of any empirical approach
the randomness of data. Randomness manifests itself in many
forms from the degree of variability within a specific dataset
to the degree of intrinsic error associated with the measure-
ment of certain variables. There are simply too many random
processes, variables, and Iinterrelations assoclated with a eoal
mine site to allow the depiction of any environmmental response
within reasonable certainty using only basic scilentific princi-
ples, equations, and empirical formulae, Computer simulation
modeling provides an effective mode of evaluating the intrin-
sics of such a random system. In order to generate a random
probability simulation model, it is necessary to isolate perti-
nent elements of the system, which in thls case are sulfate con-
centrtation, effluent flow, and kinetic tock properties. Some
logistical set of formulated interactive governing rules must
be then devised whereby the model can be limited to those as-
pects of the system which are deemed to be pertinent to the
analysis and types of solutions for which answers are sought,
which in this case 1s simultaneous pyrite oxidation-sulfate
elimination. Within the context of this logic, a quantifiable
ratic between the rate of acid genmeration within a mining
system and the rate of acid elimination from the system has
been derived. With this information in hand it is now possible
to project the longevity of acid effluent from a mining opera-
tion, develop better treatment or ameiloration strategies, and
determine the chemical impact of these mining operations on the
lmmediate localized watershed.
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INTRODUCTION

A mathematical model is an attempt to quanti-
fy a specific parameter associated with a system on
the basis of other measurable variables. The ma-
jority of such models deal with limited aspects of
mining such as hydrological predictions, level of
acid generation, or acid amelioration., Most of the
models can be classified as being empirical; that
is, a model dealing with variables simplified to
standard regression formulae which usually have a
basis in some standard chemical or engineering prin-
ciple. A macromodel on the other hand, is a model
which draws conclusions or predictions based on the
entire mine operation with all of its interrela-
tions and interactiomns.

Two important criteria exist concerning error
and randomness and how these factors can effect the
success of an empirical model:

1) THE MODEL MUST BE ABLE TO ABSORB THE INTRINSIC
AND INHERENT ERROR OF THE SYSTEM

The model cannot be so filled with variables,
constants, and complexities that the sum total of
intrinsic error encountered in the measurement of
the individual component variables and the error
inherent in any subsequently predicted parameters
becomes disguised in the form of high uncertainty.
The inclusion into the model of any single variable
or group of variables for which there exists a po-
tentially high intrimsic error of measurement for
the sake of higher statistical significance
cannot be justified.

2) IT MUST BE ABLE TO MINIMIZE RANDOMNESS

The model may be highly dependent on variables
which are random by their own nature. This random-
ness must be absorbed into the model and thus be
reduced rather than subtly concealed in a region of
high uncertainty brought about by the randomness.

A large-scale macromodel for mining operatioms
seems to have eluded empirical modeling attempts.
One need look no further than the two model quali-
fiers previously listed to discover the reasons;
namely randomness and variable error.

Randomness and Mining Operations

Sources of randomness in an acid producing
mining system can be found everywhere. Some of the
sources show high levels of randomness while others
will show low levels of randomness. A few of the
highly variable parameters are summarized below:

1) THE VARIABILITY FOUND IN THE PERCENT TOTAL SUL-~
FUR OF INDIVIDUAL OVERBURDEN LITHOTYPES

2) EFFLUENT FLOW MEASUREMENT

3) CHEMICAL CONCENTRATION VS EFFLUENT FLOW The
plot shown in figure 1 illustrates a mathe—
matically random relationship between efflu-
ent sulfate concentration and flow

4} CLIMATIC FACTORS

5) TURBIDIMETRIC SULFATE ANWALYSIS used as the
measure of a acid generated

6) VARIABILITY OF PYRITE AS DETERMINED BY X-RAY
DIFFRACTION ANALYSIS

7) VARIABILITY OF THE KINETIC RATE CONSTANT FOR
PYRITE OXIDATION

8) VARIABILITY IN THE ACTUAL CHEMICAL MODEL
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DESCRIPTION OF RESEARCH
A Random Probability Simulation Model

An zlternative solution to the problems synono-
mous with empirical modeling is to develop aloglcal,
quantifiable model that abserbs both randomness and
error. Such a modeling scheme exists in Probability
Simulation Modeling (PSM). In this type of predic-
tive modeling, the randomness of the data itself
and the error assoclated with individual measure-
ments are both absorbed into the probability dis-
tribution of the data. The difference between the
PSM approach and empirical modeling is that in PSM
modeling the DISTRIBUTION of the data rather than
the magnitude of INDIVIDUAL data points form the
working data set.

One needs then to develop a logical set of
rules to govern the relationship of the data dis-~
tribution and any experimental parameter of inter-
est. It is therefore possible to evaluate the ef-
fects of numerous possible combinations of param-—
eter values (data randomness) that exist in their
respective distributions.

Two important properties of a PSM are:

1) the scientific or mathematical principles gov-
erning the system have been obeyed and,

2) the statistical integrity of the original data
is upheld.

The objective of this work was to develop a
model which would focus on the two basic processes:
1) che production of acid within a minesite and 2)
the elimination of the acid from the system. A
well-established mathematical formulation known as
Simultaneous Species Production-Elimination (SSPE)
exists that logically describes a system. In ess-—
ence, this principle states that the change in the
rate of the appearance and disappearance of any
species from a system is given by the differential.

ds
———— aS(t) - bs(t)
dt

(EQUATION 1)

This mathematical relationship states that the
rate of change with time of any chemical parameter,
(S), is equal to the rate of production of §, (a),
times the amount of S present at some time (t),
minus the rate of elimination of §, (b), times the
amount of $ present at the same time, Et.

This differential equation is then solved to
yield a working mathematical relationm:




0 -at -bt

5(t) = ———————— (e - e ) (EQUATION 2)

This is a member of a series of differential
equations called the "Bateman Equations', after the
man who derived them.

The rate constants a and b will subsequently be
referred to as alpha and beta, Tespectively.

The SSPE model is utilized quite frequently in
the study of natural systems such as the determin-
ation of the abundance of an intermediate radio-
active isotope in a breakdown sequence, biochemical
assimilation of hormones, and in the study of the
potential effects of toxic wastes on biological
systems.

The SSPE equation offere an excellent governing
principle for a systems model that will allow the
monitoring of pyrite oxldation products (including
acid effluent) associated with a mining operation.
The analogies to radioactive decay and bilochemical
production assimilations are parallel. In a mining
operation, acid is formed as pyrite oxidizes to
sulfate at a rate alpha, As a result of ground .
water movements, the sulfate is removed from the
minesite at a rate beta. The overall process can be
written:

alpha -2 beta -2
Fe§ ————oo > 80 (in site) ————= > 850 (effluent)
2 4 4

Once the values of alpha and beta (production
and elimination)} of the sulfate species are known,
questions concerning the products of pyrlte oxida—
tion that can be answered include:

1. How fast are they being formed?
2. How fast are they being eliminated?
3. How long will the acid-producing process last?

4. What will be the effect on the system of a re-
duction in the magnitude of alpha as a result
of the incorporation of an ameliorant?

These are questions that need to be addressed
in order tec solve the problems of acid mine drain-
age (AMD), but are gquestions that cannot be answer-
ed using empirical models without the introduction
of large uncertainties. However, through a prob-
ability simulation analysis, sclutions to such
problems can be found.

The Generalized Concept of AMD as a SSPE System
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Figure 2 shows the percentage of original pyritic

sulfur available in a minring system that through
time exists as either unreacted pyrite, sulfate
built up in the minesite, or discharged from the
minesite as effluent. Note that there is a build-
up of the products of oxidation (sulfate) in the
system from the cutset. The magnitude of alpha
will determine the rate at which these oxidation
products are generated. Conversely, beta is the
prime indicator of the extent to which these pro-
ducts are being flushed from the system. It is,
therefore, the ratio of alpha to beta that provides
a complete insight into the buildup of oxidation
products in the system. The equation tends to show
that the time required for pyrite oxidation is
short compared to the time required tc flush the
oxidation products from the system. The PSM pro-
vides a means to quantify these observations.

The Development of a Simulation Model

The goal of a simulation is to provide a math-
ematical procedure that will:

1) be able to utilize analytical data to predict
parameters of an acid-producing system,

2) beas unaffected as possible by data randomness,

3) adhere to sound scientific principles, and

4) reproduce the statistical distribution observed
in actual field data.

In order to develop such a simulation, it is
necessary to know:

1) mine size and geometry,

2) field sulfate concentration and flow measure-—
ments of the effluents, the date and the dis-—
charge point where these measurements were
made, and

3} geochemical and chemical kinetic rock proper-
ties (Sulfur content and Alpha values associ-
ated with the strata encountered in the mine-
site).

The water quality and flow data used in this
study were obtained from three sources: 1) Data
from samples collected at the actual field sites
and analyzed by the Analytical Section of the West
Virginia Geological Survey. Effluent flow measure-
ments were made at the time of sample collection.
2) Data compiled in the Office of Surface Mining
and the West Virginia Department of Energy, and 3)
Information available on CRIS {Coal Reclamation
Information System) DATABASE. The CRIS DATABASE
includes a suite of water quality, overburden
analyses, and general mine information for more than
300 minesites in the 12 northern ecal producing
counties of West Virginia. In addition, a complete
suite of lithotypes associated with coal represent-
ing five different coal beds over a five~-county
area were collected and analyzed for numerous
chemical properties, among which were the kinetic
rate constant, alpha using a method developed and
reported by the authors, and the total percent
sulfur. These data are contained in a formatted
form identified as the "WRI DATABASE OF CHEMICAL
CHARACTERISTICS OF TOXIC ROCK MATERIALS™. A com-
pilation of the alpha value and the total percent
sulfur ranges for different litholeogies is shown
in Tables 1 and 2 respectively.




Tuble ! Bange of alpha values for specifie lithotypes from WAI

database

TIPE HIGH LoW
RANOE RANGE
ALPHA PHA
BONE COAL 9.003028 0.000274
OVERAURDEN SHALE 0.009978 0.000073
PIT REFUSE 9.016681 0.001020
PRE® REFUSE 8.030556 0.001074
ROOF SHALE ©.026495 0.000165
SANDSTONE - 0.13142k 0.0002T1
SEATEARTH 0.167421 0.081428
SHALE rm':‘:zm 0.105798 0.000616
SILTSTONE 0,028k 0.006730

PABLE 2. Range of sullur valuea For speolfie Iithetypes Crom WRI
databaae

TYPE Loy RIGH
RANGE RANGE
SULFUR SULFUA
BONE COAL 0.195 5.000
OVERSURDEN SHALE 0.221 9.736
PIT REPUSE 0.080 a2
PRAEP REFUSE Q.032 9.572
ROOP SHALE ©.030 T.210
SANDSTONE 4,004 I0.063
2E’ Y 0.037 .13
JHALYE PARTING Q.o =334
SILTSTONE 0.046 0.374

The Simulation

Following 1s a brief description
computer simulation defining what the
doing and what decisions the computer
to make.

1. The computer reads into memory
minesite data:

a. The permit number

b. Dates of active mining

c. Present mine status

d. Type of surface mine

e. The disturbance acreage

2. The computer reads into memory
field data:

a. The date of sampling

b. The location of sampling

c. The sulfate concentration of

d. The effluent flow measurement

of an actual
computer 1s
is expected

the following

the following

the effluent

3. The computer then determines the statistical
relationship between the sulfate concentra-
tion data and the flow data for each samp-
ling location. This is done for each
season of the year. It 1is at this point
that the computer is programmed to decide
whether the sulfate-flow relationship for
each discharge point and each annual season

is:

a. A completely random number (Figure 8)
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b. A statistically significant
curve (Figure 9)
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These are the three relationships that have been
shovm to exist between sulfate concentration in
the effluent and the flow measurement of the
effluent. The criteria on which the computer
makes this decision can be seen in table 3,

Table 3. Detsrmlnation of data diatribution type based on Flow and
aulfate concentration data,

TYPE OF DATA TYPE OF GORRELA' il
DISTRIBUTION CURRELATION CDEPPIC’;%IGI'. REARES
TOTALLY RAHDOA PEARSON a2
SEE PIO.
AaL-50% oF tses £ o
10 RANDON POINTS m—
SHON NEGATIVE SLOPES
IN 1000 TATALI
INVERSE POWER > 0.9% SEI .
TRANSPORHATION $ {see PIG. 9
SULTINOCAL CANGHIGAL ~  ccemam DEPAUL
RANDON GROVP CLUSTER T8 17
DISTRIBUTICHS
FALL
(3EE PIG. 10}

4. The computer will then read available strat-
igraphic information, determine the volume
percent of each significant scratigraphic
layer, and will then determine an operatiomal
alpha value for the minesite based upon the
compllation of alpha values in the "WRIL
DATABASE" and the geologic cross section or
drill ceore log.

When all of the aforementioned information has
been generated, the computer enters "RANDOM SIMULA-
TION MODE", which is the portion of the software
that determines the BETA value associated with the
minesite.

79.




RESULTS AND COKCLUSIONKS
Results of the Simulation

Figure 3 is a histogram of beta values gener-

ated by 1 million computer simulations and beta
Wﬂ:

Flgure 3. nistogram showlng the rllp of bata values for wile DEM 115-78
ol

btained from E3FR/TE
generations for a particular minesite. The field
data for this graph are from the DLM permit 135-78
in Upshur County, WV. This distribution of beta
1s qulte acceptable based on the narrow range of
potential beta values that were generated.

Figura 4. Wikbagrew showing the vemge of ats veluss for sity Bethal Boud

Safuss Pile obtalred from EERL/PEM

Figure 4 shows a histogram for | million com-
puter—generated beta values that correspond to field
data on the Bethel Road gobpile, Monongalia, Co.,
WV. Note that the range of beta values calculated
for the gobpile is smaller than the range of beta
values for the DLM 135~78 site. The reason for the
difference lies mainly in the characteristics of the
materials of which the two sites are constituted.
In a gobpile the material 1s essentially a single,
relatively homogeneous lithology, namely prep plant
refuse, while in a reclaimed surface mine, there is
a diversity of lithologies. As a result, the num-
ber of combinations of possible sulfur and alpha
values associated with the diverse lithologies
found in a reclaimed surface mine are considerably
greater than in the monolithologic gobpile.

This successful simulation was accomplished
with a2 minimum number of empirical formulae. The
simulation has completely absorbed all of the ran-
domness assoclated with the measurement and distri-
butlon of these data. As can be seen in Table 4,
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Table N, DLM 135=78 sulfate and r.‘.nn, actual (rleld} and

sinulatlon statistics.

varranare! neay STANDARD
DEVIATION
pI a1
PIELD SULFATE 1,272, 36,1
SIMULATION SULPATE 1 Z30.8
PIELD FLOV 1.7 9.8
SINULATION FLOW 1.8 9.5
[PRERE.) 7T -3 R S —
FIELD SULPATE 2,589.7 £33-2
SIMULATION SULFATE 2,587.8 538,10
IELD PLOW 7.1
spuLITIon Fiod 17.3 s
DI Mo 2
FIULD SULRATE 2,001 £07.7
SIMULATION SULPATE 7788 foa
PIELD PLOW 1.8 0.5%
SINULATION FLOW 15 0.57
[+) ¢ T = 28
ELD SULFATE 2,633.1 143,5
STNULAZION SULFATE 2,558.9 [TEN]
ELD PLOW 15.3 5.7
ATULATES BroH 5.2 )

1 Sulfats mwajurements in mg/L and [low messjurements in gal/min,

the statistical distribution of the sulfate con-
centration and flow values generated in the random
simulation matches the statistical distribution of
the original data set very closely. In other words,
the mining system has been found to adhere to the
Simultaneous Species Production-Elimination princi-
ple.

With the computer generation of a beta value,
all the data needed to analyze the pyrite oxidation
and oxidation product eliminatlon associated with
the system are avallable. Using EQUATION 2,
sulfate concentrations of effluents were calculated
using a time-series algorithm.

Figure 5 shows the computer-projected sulfate
L]
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Figure 5. Cutve shoving the longevity for aite DLe 138-78,

concentration of the minesite discharge of DIM per-
wit 135~78, The discharge is projected to 250

mg/L sulfate coneentration (drinking water standard),
From this plot it is possible to make an estimate
of the acid-producing lifetime of the minesite.

The computer-generated curve is based on all of the
sulfate and effluent discharging from a single
point. TFigure 6 displays a significant break that
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occurs when alpha no longer plays a significant
Tole in the system. It 1s at this point that the
amount of reactive material has been reduced to a
negligible level. This break point is arrived at
using the laws of chemical kinetics and the mean—
lifetime concept of reactive substances, This
estimation is preliminary and further study is
necessary to ascertaln a more exact break point.
Table 5 gives the beta and longevity information,

Table 5. E:::-::::E! and projected longavities of various studled
NINE SITE BETA ACTIVE LONGEVITY
{1/daya) (years)
BETHEL ROAD GCBFILE 52 1073 30-0¢
OLH 13%-75 WT. TOP AEMQVAL 5 x 10°% k5 .
oY Zi-T6 MT. TOP RENGVAL 2x 10t 5.
DLY 71-T5 MT. TOP REMOVAL 5% 107" ITh
DL 5877 WT. TOP AEMOVAL 5x 10 (TS
EVERETTSVILLE GOBPILE 51 1073 25-30
PIERCE SITE 2x 107t 50+
WALNUT BILL OCBPILE L5z 1073 28 +

the time required before the level of oxidation
products released from the system 1s environmentally
acceptable within the context of existing regula-
tions, for the sites studied. The time (years) axis
corresponds to the elapsed time from the initiation
of mining.

Amelioration and the SSPE/PSM Model

The amelioration production-elimination model
allows the development of an amelioration strategy.
Beta values, being related to physical parameters,
do not change with amelioration. Alpha, on the
other hand being related to chemical parameter
values do change. The purpose of amelioratiom is to
reduce the alpha value (the rate of pyrite oxida-
tion} to a level where the mine system will approach
a condition known as 'secular equilibrium'. When a
system has achieved secular equilibirum, the build-
up of oxidation products is drastically reduced.

At this point, the concentration of oxidation pro-
ducts being generated approaches zero. Figure 7
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shows the theoretical effect on the sulfate coneen-
tration of a mine discharge existing at various
alpha levels. The alpha and beta values chosen to
generate this graph are those associated with the
DLM permit 135-78, The curve is denoted as
'control'. This graph; does NOT show the existing
effect of amelioration on this particular minesite,
but what the effect would have been had proper
amelioration of pyrite oxidation been carried out
as part of ‘the overall mining operation while the
minesite was active, The lowest curve represents
an alpha reduction of 1000 times. The curve

{alpha = 0.000008) is the upper boundary of
"secular equilibrium'. The mathematics dictate
that the sulfate concentration must gradually in-
crease, but i1t can be easily seen that below the
curve corresponding to alpha = 0.000008, in the
region of 'secular equilibrium’, the concentraticn
of pyrite oxidation products in the discharge are
quite manageable. Not only are the concentrations
of oxidation products being generated very low, but
the build up of oxidation products In the system is
also low.

Hydrological Impact Assessment and the SSPE/PSM
Model

The proposed model can also be used to evalu-
ate the hydrological impact assessment potential
of a proposed minesite. Knowing the alpha, beta
and discharge distribution for a particular mining
operation, a discharge simulation is possible.
When this discharge simulation is added to existing
stream quality data and principles of mass balance,
a hydrological Impact simulation (assessment) is
possible.

Data were extracted from the CRIS DATABASE.
Search of the data base located an area where water
quality and flow data existed prior to the 1582
initiation of a proposed downstream mining opera-—
tion. This particular mine site was chosen for
three reasons: 1) the isolated nature of the pro-
posed site provided an excellent proving ground for
the simulation, 2} the proposed site was to be a
mountaintop removal operation; a mine type for
which the beta (chemical elimination) constants
for the pyrite-sulfate system were reasonably well
established during the course of this current re-
gsearch endeavor, and 3) stream quality data for a
downstream area were compiled in 1985. Using the
pre—-1982 water quality data and the available
general mine infermatiom data, a new prototype
model was developed for the purpose of simulating
the mine discharge into the stream from a minesite
exhibiting the chemical patterns reflective of the
pre-~1982 data. The model included the development
of alpha and beta values that could be expected




for species other than sulfate lon. The simulation
was used to project the change in basic water quali-
ty parameters that would result from the mining
operation and predict the water quality that would
be seen by the year 1985, These predicted data
were then compared to the actual 1985 data taken
downstream from the 1982 mining operation. Using
beta values found to be common to mountain top
removal operations for the respective ions in
question, this new prototype computer simulation
package and a system now comprised of the mining
operation and the receiving stream, the results
shown by the 1985 water quality study were accur-
ately projected (See table 6).

Tatle §. CHIA predictive capabilities of PSH modeling tachnlgua
tor a selected aining operaticn.

CHEMICAL 1982 -YEAR 1585
SFECIEI ANALYSIS FROJECTON AUALYSIS
(g/L} (mg/L)
SULPATE 840 slight Lnereage 1,030
to 1,020 og/l
IAOM 58 very alight increasa: ag

¢stinate should be
{atatistieally) about
agual

Atlolty 510 modersts increase {153) 575
MANGANESE «05 ne statliztigal -0b
ehange
CONCLUSTONS

This research has established several imporctant
polnts: 1) the nature of the data associated with a
mining operation is too randomly distributed and
too high in intrinsic error of measurement to be
used in a reliable empirical model. 2) the distri-
bution ¢of this randomness and error can be incorpor-
ated into a viable model provided this model is de-
signed to deal with distributions of data, rather
than discrete data points or statistical averages
agsumed to be Gaussian distributions. Such model-
ing technique is called a "RANDOM PROBABILITY
SIMULATION" or PSM. In order to utilize a PSM one
must first find a logical, scientifically sound
principle that governs the system in question. The
mathematical concept of Simultaneous Species
Production-Elimination meets all logistical and
scientific criteria as a governing principle for
the generation and discharge of geochemical param-
eters associated with pyrite oxidation in a mining
operation. 3) this mathematical principle incor-
porated into a PSM allows the critical evaluation
of the pyrite oxidation~acid elimination relation-
ship that exists in a mine. Knowing this relatlion—
ship allows scientifically sound amelioration
planning and with modification, will allow the
development of a viable hydrological impact
assegssment procedure that will be relatively free
from guesswork and random error. The relationship
between pyrite oxidation and effluent discharge for
a particular mining operation can be quickly
established using existing field data, making the
model quite useful in reclamation planning with
abandoned mine lands.
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