NEW METHOD TO ESTIMATE SIZE AND LONGEVITY OF ANOXIC
LIMESTONE DRAINS'

C. A. Cravotta III?

Extended Abstract

A new method is proposed using first-order decay equations with data from short-term
closed-container (cubitainer) tests previously described by Watzlaf and Hedin (1993) to
estimate the mass of a limestone bed for anoxic treatment of acidic mine drainage (AMD)
and the expected alkalinity concentration at the outflow or intermediate points within the
limestone bed. The longevity of an anoxic limestone drain (ALD) or the remaining mass
of limestone (M) at any time (t) is determined as a function of the initial mass of
limestone (My) and decay constant (k), with units of 1/year:
M, = My-exp{-k-t}.

Detention time (tq) within the limestone bed is estimated as a function of the
estimated mass of limestone and associated estimates of flow rate (Q), porosity
(¢), and limestone density (ps):

ta = My/[ps-Q-(1-0)/¢].

The concentration of alkalinity at the outflow or intermediate points within
the limestone bed is determined as a function of the detention time, the influent
alkalinity (Cy), the maximum or steady-state alkalinity (Cy), and the rate constant
(k"), with units of 1/hour:

Ci = Cu-[(Cm-Co)-exp{-k'ta}].

The cubitainer tests, which used an initial mass of 4 kg crushed limestone and
solution volume of 2.8 liter, provided estimates for the rate constants, k' and k,
and the initial and maximum alkalinities, Cy and Cy (Cravotta and Watzlaf, in
press). Application of the above equations using these estimates, and assuming
limestone density of 2.65 g/cm’ and porosity of 0.49, provided accurate estimates
for the long-term (5- to 11-yr) trends of declining alkalinity in effluent at the
Howe Bridge, Morrison, and Buck Mtn. limestone drains, which effectively treat
AMD in Pennsylvania (e.g. Hedin et al., 1994; Cravotta and Weitzel, 2001). The
equations and rate constants also can be used to estimate the initial mass of
limestone required to achieve a future mass, detention time, and associated
alkalinity. This application avoids the assumptions of Hedin and Watzlaf (1994)
of constant alkalinity and CaCO3 mass flux over the lifetime of the ALD.

! Poster was presented at the 2002 National Meeting of the American Society of Mining and
Reclamation, Lexington KY, June 9-13, 2002. Published by ASMR, 3134 Montavesta Rd.,
Lexington, KY 40502.
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NEW METHOD TO ESTIMATE SIZE AND LONGEVITY OF ANOXIC LIMESTONE DRAINS

CharlesA. Cravottalll (U.S. Geological Survey, New Cumberland, PA 17070)

Extended Abstract
Acidic Mine Drainage (AMD) commonly has elevated
concentrations of sulfate (SO,%), iron (Fe?*, Fe**), manganese
(Mn2*), aluminum (AI%*), and other metals that result from the
oxidation of pyrite (FeS,) and the dissolution of oxide, carbonate,
and aluminosilicate minerals by acidic water. Dissolution of

A new method is proposed using first-order decay equations with data from short-term closed-container

(cubitainer) tests previously described by Watzlaf and Hedin (1993) to estimate the mass of a limestone bed

for anoxic treatment of acidic mine drainage (AMD) and the expected akalinity concentration at the outflow

or intermediate points within the limestone bed. The longevity of an anoxic limestone drain (ALD) or the

remaining mass of limestone (M,) at any time (t) is determined as a function of theinitial mass of limestone calcite (CaCQ,), the principal component of limestone, can

(My) and decay constant (k), with units of year: neutralize acidity, increase pH, alkalinity, and Ca?*, and promote
M, =Mgexp{-kt}. o) the precipitation and adsorption of metals.

Detention time (t,) within the limestone bed is estimated as a function of the estimated mass of limestone and
associated estimates of flow rate (Q), porosity (f ), and limestone density (r o):

ty=MY[r sQ-(1-F)/f]. @
The concentration of akalinity at the outflow or intermediate points within the limestone bed is determined as

afunction of the detention time, the influent alkalinity (C,), the maximum or steady-state akalinity (Cy,), and
the rate constant (k'), with units of 1/hour:

C, = Cy-[(Cy-Co)-exp{-K't}]. ®
The cubitainer tests, which used an initial mass of 4 kg crushed limestone and solution volume of 2.8 liter,
provided estimates for the rate constants, k' and k, and the initial and maximum alkalinities, C; and Cy,
(Cravottaand Watzlaf, in press). Application of the above equations using these estimates, and assuming
limestone density of 2.65 g/cm? and porosity of 0.49, provided accurate estimates for the long-term (5- to 11-
yr) trends of declining alkalinity in effluent at the Howe Bridge, Morrison, and Buck Mtn. limestone drains,
which effectively treat AMD in Pennsylvania (e.g. Hedin et al., 1994; Cravotta and Weitzel, 2001). The
equations and rate constants also can be used to estimate the initial mass of limestone required to achieve a
future mass, detention time, and associated alkalinity. This application avoids the assumptions of Hedin and
Watzlaf (1994) of constant alkalinity and CaCO, mass flux over the lifetime of the drain.

Anoxic Limestone Drains (AL Ds) can generate akalinity and
neutralize AMD. Typically, crushed limestone of uniform sizeis
placed in a buried bed(s) that intercepts net acidic (acidity >
alkalinity) AMD before its exposure to amospheric oxygen
(O,). Excluding O, from contact with the water in an ALD
minimizes the potential for oxidation of Fe?* to Fe®* and the
conseguent precipitation of Fe(OH), and related solids within
the limestone bed.

Selected References

Cravotta, C. A., lll, and Watzlaf, G. R., in press, Design and performance of limestone drains to increase pH
and remove dissolved metal's from acidic mine drainage. In “Groundwater Remediation of Metals,
Radionuclides, and Nutrients with Permeable Reactive Barriers” (D.L. Naftz, S.J. Morrison, C.C. Fuller, and
JA. Davis, Eds.), Academic Press.

Cravotta, C.A., 11, and Weitzel, J.B., 2001, Detecting change in water quality from implementation of Cubitainer Tests can be used to indicate qualitative and

limestone treatment systems in a coal-mined watershed, Pennsylvania, in 8th National Nonpoint Source quantitative effects of varieble influent compositions, detention
Monitoring Program Workshop, Proceedings: U.S. Environmental Protection Agency EPA/905-R-01- 008, p, | imes: and limestone purity on limestone drain performance. The
101-110. collapsible, “1-gallon” polyethylene containers, were loaded with 4

kg of 1.3-by-3.5-cm limestone fragments (2/3 total volume), filled
Hedin, R.S,, and Watzlaf, G.R., 1994, The effects of anoxic limestone drains on mine water chemistry: U.S. with the untreated mine water and then maintained at field water
Bureau of Mines Special Publication SP 06A, pp. 185-194. temperature to evaluate the generation of alkalinity.

Hedin, R.S.,, Watzlaf, G.R., and Nairn, R.W. 1994, Passive treatment of acid mine drainage with limestone:
Journal of Environmental Quality 23, 1338-1345.

FIELD OBSERVATIONSAT HOWE BRIDGE, MORRISON, AND BUCK MTN. ALDsINDICATED ASYMPTOTIC INCREASE IN ALKALINITY WITH DETENTION TIME

Teble 1 Average quality of influent and effluent at HoweBridge, Marrison, and Budk Mtn. AL Dsin Pennsyivania Although numerous case studies have been reported, published criteria for the construction of
limestone drains generally are imprecise and inadequate owing to (1) the wide ranges in flow

Mas Cddte . — . . rates and compositions of mine drainage and (2) nonlinear and variable dissolution of
Limestore | veer|Lime| 7Y P R0 | sardion NaAadV| Alkdlinty | Cadum | Sifae | fron | Magene | Aluminm limestone and production of alkalinity as functions of water chemistry, detention time, and
DranSté | Bult|sone| | units | logfam) | loglAPK) gl ssCa00, mgl limestone characteristics. This paper introduces a new method using first-order decay

e "™n B[ n Bf[ n B[ ] Bf| I B n B n & n & in & equations and data from short-term closed-container (cubitainer) tests to evaluate long-term
HoneBridgg 1991 45| 117 58 63| -12 -11 21 07| 37 13| 3 158| 371 48| 120 20| 255 24| 40 40| <02 <02 performance (longevity, alkalinity production) or to estimate the mass of limestone needed
Manison  [1990| 66| 50| 53 64| -08 -10| 29 -04| 3B -28| D 21| 25 543|120 1010| 20 16| 4 D] 5 <2 for anoxic limestone treatment. Data for previously published and recently completed
[BukMin |1997) 30| 460| 49 64| -16 -15| 59 -17| 0 80| 2 8| 8 94 5 %[ 10 0] 1 1 5 <2 cubitainer tests and for the chemical compositions of influent and effluent of the Howe

Bridge, Morrison, and Buck Mtn. ALDs that were constructed to treat discharges from

T abandoned coal minesin Pennsylvania, U.SA., areintroduced to demonstrate this method.
1 Grand averagedf amudl averagesfor pariod of reord. inesi sylvania, i U i

2 Daafor influent and effluent quelity & Howe Bridgeand Momison ALDsfrom U.S Department of Energy and @ Buck Min from U.S Gedlogical Survey. Influent

. N Over the 5 to 11-yr monitoring period, the average flow rates were 117, 50, and 460 I/min

3‘*Eh;ga.'v“’"_5’“.a" - .for 0 by s . " " through the Howe Bridge, Morrison, and Buck Mtn. ALDs, respectively (Table 1). The
adidity = addty - elkalinity; negetive valuesindicete net elkaline conditions: " . " -

4 CAdum conoentation as G200, computed 2525 imesthe corpertraion as Ca annual average flow rate and computed detention time (void volume divided by flow rate)

varied by about afactor of two over the monitoring period at each site (Table 2). The influent

and effluent at the Howe Bridge and Morrison ALDs contained greater concentrations of

300 Downgradiont vydrochemieal Tromds T ALDS akalinity, acidity, SO,, Fe, and Ca than those at the Buck Mtn. site (Table 1). Effluent from

0 N A N EE each ALD had higher pH, akalinity, and Ca, and lower acidity and Al concentrations than

— influent. In contrast, concentrations of SO, Fe?*, and Mn?* were largely unaffected by

dissolution of the limestone bed. Despite substantial alkainity production, efluent from the
Howe Bridge ALD was net acidic owing to the elevated concentrations of Fe2* and Mn?*.

250

8

Generally, chemical processes within a limestone drain can be characterized as functions of
distance and time as water flows downgradient through the limestone bed. Immediately near
the inflow, the pH of the treated water begins to increase as limestone dissolves, ultimately

Alkalinity, mg/L as CaCO ,
e
&

100 approaching neutrality and calcite saturation, provided that detention time within the drain is
& Howe Bridge sufficient. Typicaly, the pH, akalinity, and Ca increase asymptotically with increased

50 —m=— Morrison detention time or downflow distance within an ALD owing to rapid dissolution of limestone
—e— Buck Min near the inflow and declining dissolution rates as the water approaches calcite equilibrium

o (Fig. 1, Table 1). More complex trends, such as that exhibited at the Buck Mtn. site (Fig. 1),
o 5 10 15 20 25 30 35 40 45 50 can arise because of multiple inflows of untreated AMD along the length of the ALD. At pH

Detention Time, t, (f =.49), hr greater than 4.5, the rate of increase in alkalinity or Cais directly proportional to the rate of

limestone dissolution. Generally, the rate of limestone dissolution decreases as pH increases,
Pco, decreases, and calcite equilibrium is approached. Despite significant production of
alkalinity in all three ALDs and prolonged detention within the Morrison ALD, the effluent
from each was undersaturated with respect to calcite (Table 2).

Figure 1. Changes in alkalinity concentration with detention time (downflow distance) of mine drainage within
limestone drains at Howe Bridge, Morrison, and Buck Mtn. sites. Detention time computed as product of porosity
(f), downflow distance (L), and cross-sectional area (A) divided by flow rate (Q): t, = f -L-A/Q, assuming f =0.49.
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FIELD OBSERVATIONSAT HOWE BRIDGE, MORRISON, AND BUCK MTN. ALDsINDICATED EXPONENTIAL DECLINE IN LIMESTONE MASS

Table2 Annud averageflow rateand conoantrationsof alkalinity and caldum, and corresponding eimates of limestone mass dissdlved,
massremaining, and detention timeat HonveBridge Marrison, and Budk Mtn. AL Dsin Penng/ivania

Ap | FouRae Alkdirity LimsioreMess | Detartion Cddum LimeioreMass | Delertion
gl &Ca00, | Diswived | Remeining | Time gl &Ca00, | Disoived Time
W Umin_| Irfluet | Efivet | tomeyr | tore r Ifluet | yr Umin | Influet | Efluet
HoweBridge
0 117] EJ EJ 000 =3 236 371 371 000 =3 236
1 @) 31 167 800 47 24 31 514 7% 47 24
2) | k<] e 78 49 218 418 51 812 49 218
3 101 2 12 7 41 =7 a0 =8 8 421 =7
4 87| -3 151 700 24 24 k<<l 25 743 2 23
5 14 B 160 888 415 20 ¥ ® 845 415 20
6 108, %5 m 868 a7 27 30 Fre] 7% a7 27
7 112 3 167 888 3B 215 k=3 43 70 40 216
8 17| 20 150 823 k<o) 202 K3 a3 954 k<o) 202
9 17| 37 15 1@ 3% 129 3w a3 14m 35 129
10 164 k] 4 1 B 134 B 43 105 k3 134
Ag’® 117, *» 158 906 na 26 31 Fce] 901 na 26
Marison
0 68| D D 000 3 577 % % 000 3 577
1 80| 13 27 107 [ 482| 20 572 130 [ 480
2) 44| 2 n 061 <] 877 b7 %5 068 <] 873
3 77| % 281 113 @ 487, 21 56 117 @ 484
4 86| % ;14 124 [} 429 26 541 15 [} 426
5| 62| 2 23 o 5] 583 m 517 087 5] 580
6 94| 2 28 13 =] 380 28 531 141 =8 377
7 86| k<] B 130 57 08| =3 54 128 57 403
8 81| 2 310 123 % 422, 21 516 104 % 221
9 54 2 315 088 %5 616 n 50 0% %5 612
10 38| 31 9 064 %5 874 ) 56 068 =% 869
1] 48 <] m o7 =% 673 7 Fee] 068 =% 670
Ag 68| D P21} 100 na %6 n 8 108 na %4
Buk Mt
0 260 2 2 000 20 42| 8 8 000 20 42
1 42 2 ® 165 B 43 8 B 1648 m 43|
2) 537 2 ® 4% n 31 8 B 70 2% 31
3 5 2 1n7 B/ 241 25 8 ™ As m 25|
4 53 2 & 264 2u 23 8 108 3181 22 23
5 18 2 % 617 a8 63 8 &% 865 o 62
Ag 40 2 2 23 na 37 8 <] na 37

1 Messdissolved isprodudt of flow rete and difference between effluent and influent concentration of alkalinity or calcium divided by limestone purity (DM =
QG-C)/X o). Massremeining isdifference between thet dissoived in the yeer and thet remeining for prior year (M=M,,-DM).
2Deentiontimefor anue averagefiow rateand limestone mess computed ast, = MY[r Q1 f )], assuming porcsity (f ) of 0.49 and limestone density (1 )

of 2680kg/ni.

2 Grad averageof anud averages for period of record. Fow reteat time of congtrudtion (age= 0) assumed eqe tothegrand average:

Exponential decay (curves): M, = Mg.exp{-k t} —— HoweBridge
Linear decay (lines): M, = M, - (Q DC/XCaCO5 Dt) A HBobserved
—— Morrison

= MOobserved
—— BuckMtn
4 BMobserved

Elapsed Time or Age, yr

Figure 2. Decline in mass of limestone with age of limestone drain. Solid curves indicate continuous

dissolution on the basis of Eq. (1) and rate constants (k) derived from field data (Table 2, Fig. 3).
Dashed linesindicate decay trends for constant alkalinity flux. Measured data points from Table 2.
0.0E+00 0.0E+00
Howe Bridge ALD Morrison ALD
-5.0E-02 Alk: -5.0E-02 Alk:
y =-0.022t + 0.009 ¥ =10.018t + 0.005
g _1.0E-01 1 =0.987 g _1.0E-01 ? = 0.995
3 :
= -15E-01 < -15E-01
- Ca Ca:
-2.0E-01 ¥ =-0.021¢ + 0.008 20E-01 ¥ =-0.018t + 0.002
7 =0,985 » ©=0.996
-2.5E-01 -2.5E-01
o 2 4 6 8 10 12 0 2 4 6 8 10 12
Elapsed Time or Age (t), yr Elapsed Time or Age (t), yr
1.0E-01
Buck Mtn ALD . N L
0.0E+00 Ak Figure 3. Natural logarithm of remaining
 10E0L y/= 0,095t + 0.021 limestone mass (M,) divided by initial mass (M)
g ?=0972 versus elapsed time since installation of Howe
£ 20801 Bridge, Morrison, and Buck Mtn. ALDs. Data
< s0e01 from Table 2. Negative value of slope indicates
limestone dissolution rate constant (k) for
HOE0L exponential decline in limestone mass with age
-5.0E-01 of the ALD in accordance with Eq. (1):
0 1 2 3 4 5 6

Elapsed Time or Age (1), yr

M, =Mgexp{-kt}.

CUBITAINER TESTSINDICATED RATESOF ALKALINITY PRODUCTION AND LIMESTONE DISSOLUTION THAT WERE CONSISTENT WITH FIELD OBSERVATIONS

Rigid Tubing _—
lexible
Tubing

Figure 4. Schematic of polyethylene “ cubitainer” containing 4
kg limestone and filled with mine discharge water to evaluate
alkalinity production rates (after Watzlaf and Hedin, 1993).

Cubitainer Test Methods

Crushed limestone was sieved and rinsed thoroughly with tap
water, and for the Buck Mtn. tests, was rinsed with 5%
hydrochloric acid and deionized water, and then dried prior to
loading it into the empty cubitainers (Fig. 4). For the Howe Bridge
and Morrison tests, duplicates were conducted under static closed
(uncirculated) conditions at ambient water temperature in the field
using several varieties of limestone with reported purity ranging
from 82 to 99% by weight CaCO,. The Buck Mtn. cubitainer tests
were conducted in the laboratory using a single variety of
limestone (92% CaCO,) under static closed, circulated closed, and
circulated open conditions, but otherwise following similar
procedures as those for the Howe Bridge and Morrison tests.

Periodically over 11 to 16 days, samples were withdrawn through
avalve to fill a 60-ml syringe after purging approximately 10-ml
fluid from the sample tubing. Samples were withdrawn at 0.5-hr
intervals during the first 4 hr and then hourly until 6 to 8 hr had
elapsed; samples were withdrawn at 24-hr intervals or less
frequently after the first day. Immediately after its withdrawal
from the cubitainer, the sample was forced through a 0.45-nm
pore-size nylon filter and then analyzed for alkainity (pH 4.5
endpoint). Alkalinity data were then used to determine the
akalinity rate constant, k', and the limestone dissolution rate
constant, k, following methods of Cravotta and Watzlaf (in press).

Cubitainer Alkalinity (Points):
Computed Alkalinity (solid curves): C, =Cy - [(Cu-Co) exp{-K"t}]

Alkalinity, mg/L as CacO 3

o Morrison
Kk'=0.085 hr-1; Cm=340

A HoweBridge
K=0.050 hr-1; Cm=210

uckMn (Closed, Static)
K=0.070 hr-1; Cm=174
BuckMtn (Open, Circ.)
K=0.729 hr-1; Cm=82

120 144
Detention Time (t), hr

192 216 240 264

Figure 5. Alkalinity data for Howe Bridge, Morrison, and Buck Mtn. Cubitainer tests.
Generalized alkalinity points for Howe Bridge and Morrison tests (after Watzlaf and
Hedin, 1993) and curve for alkalinity concentration (C,) as a function of detention time
computed on the basis of Eq. (3) using the rate constant (k'), maximum alkalinity (C,),
and initial alkalinity (C,) derived from cubitainer tests (Fig. 6). Alkalinity points and
computed curves for C, for Buck Mtn. cubitainer tests conducted under static, closed;
circulated, closed; and circulated open conditions.

Cubitainer Data: -Slope = Rate Constant, k'

Howe Bridge:
y=-0.050t - 0.052
=0.998

Morrison
y =-0.055t - 0.084
2 =0.997

0y

In [(Cw-C/(Cr-Co))

In [(C mM-Ct/(Cm-Co)]

Buck Mtn (first 4 hr)

24
Detention Time (t,), hr

® 0 ! 2 $ !
Detention Time (t), hr

Figure 6. Natural logarithm of difference between steady-state maximum alkalinity (C,,)
and measured alkalinity (C,) divided by difference between C,, and initial alkalinity (C,)
versustimefor cubitainer testsfor Howe Bridge, Morrison, and Buck Mtn. Sites. Negative
value of slope indicates rate constant (k') for computation of alkalinity as a function of
detention time (C,) on the basis of Eq. (3): C, = Cy-[(Cy-Cp)-exp{-k't3}].

0.0E+00 2}

Cubitainer Data: -Slope = Rate Constant, k
Howe Bridge, Cubitainer:
y =-0.021t - 2E-05
1 =0.880

Z -1.OE-04
s
3 A
=
£ -1.5E-04
Morrison, Cubitainer.
2.0E-04 y=-0.033t- 4£:05 5]
7 =0.849
25E-04

0E+00 1E-03 2E03 3E03 4E03 5E03 6E
Detention Time (tg), yr

0.0E+00

Closed, Static:
y=-0.058t- 1E-07
2= 0.980

-1.0E-05

-2.0E-05
gi -3.0E-05
% -4.0E-05

Closed, Circulated:
-5.0E-05 y=-0.124t-8E-06
=0.935
-6.0E-05
Buck Mtn. (first 4 hr)
-7.0E-05
0.E+00 1E-04 2.E-04 3.E-04 4.E-04 5.E-04
Detention Time (t), yr

Figure 7. Natural logarithm of remaining

limestone mass (M,) divided by initial mass (M)
versus initial elapsed time of cubitainer tests for
Howe Bridge, Morrison, and Buck Mtn. ALDs.
Remaining mass computed by subtracting
cumulative flux of CaCO; from the initial
limestone mass and dividing by limestone purity.
Negative value of sope indicates first-order rate
constant (k) for exponential decline in limestone
mass with age of the ALD on the basis of Eq. (1).

Exponential, first-order decay of the mass of
limestone (Eq. (1)) in an ALD under field conditions
is indicated by linear slopes for logarithmic plots of
the computed annual remaining mass relative to the
initial mass (M/M) versus age for the Howe Bridge,
Morrison, and Buck Mtn. ALDs, which are 10, 11,
and 5 yr old, respectively. Values for the limestone
dissolution rate constant, k, that were derived on the
basis of the annual CaCO; mass flux from each ALD
were equivalent to those derived on the basis of short-
term cubitainer tests for each site. Only data for the
first 4 to 48 hr of the cubitainer tests were necessary
for computation of the rate constants, k and k'.
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EXPONENTIAL DECAY EQUATIONS ENABLE EVALUATION OF SIZE AND PERFORMANCE OF ANOXIC LIMESTONE DRAINS

Estimation of Limestone Drain Size and Performance

Given the empirically derived constants for limestone dissolution rate, k, and/or alkalinity production rate, k',
the initial alkalinity (C,), and the maximum alkalinity (C,,), which can be determined with cubitainer tests, the
decline in limestone mass through time (age) and any associated decline in akalinity concentration with
decreased mass (detention time) of a limestone drain can be estimated. Figure 8 shows the results of
computations of mass decay and associated akalinity for the Howe Bridge, Morrison, and Buck Mtn. ALDs
using k and k' derived from cubitainer data (Figs. 5, 6, and 7). Observed data for the actual drains are indicated
by individual points (Table 2).

The projected change in mass of limestone with age of the Howe Bridge, Morrison, and Buck Mtn. ALDs is
shown as Figure 8A. The solid projection assumes continuous, exponential decay in accordance with Eq. (1)
and utilizes the initial mass when constructed and the mass-flux decay constant, k, derived from cubitainer data
(Fig. 7). The dashed projection assumes a constant flow rate and porosity and that akalinity concentration is a
function of the detention time for a given mass of limestone per Egs. (2) and (3). Changes in limestone mass
were computed on the basis of the computed akalinity flux for short time intervals (finite difference). The
dashed and solid curves indicate similar trends to about 20 years of age, which is the typical design life for an
ALD (Hedin and Watzlaf, 1994). The estimated decay trends (curves) are similar to actual trends on the basis
of annual average alkalinity flux (points; Fig. 2).

Figure 8B shows the corresponding change in detention time as the mass of limestone declines exponentially
with age, assuming a constant flow rate and porosity, in accordance with Eq. (2) (solid curves). The dashed
projection is based on estimates of remaining mass computed on the basis of alkalinity flux computed per Eq.
(3). The dashed and solid curves indicate similar trends to about 20 years of age. Although porosity was
assumed constant for computation of the “observed” detention time, data points are scattered about the
estimated trend line because the annual average flow rates were not constant, but varied by as much as a factor
of two from year to year at each site (Table 2).

Figure 8C shows long-term trends for computed and observed alkalinity of effluent from the Howe Bridge,
Morrison, and Buck Mtn. limestone drains. The simulated akalinity was computed using Eq. (3) for
progressively declining detention times and used the site-specific cubitainer data for C,, Cy,, k, and k' (Figs. 5,
6, and 7). Solid curves estimated mass decline on the basis of Eqg. (1) using the limestone dissolution rate
constant, k. Dashed curves estimated mass decline on the basis of alkalinity flux per Eq. (3) using only the
akalinity rate constant, k'. Data points for the annual average akalinity of effluent from each of the drains
(Table 2) generaly follow the simulated trends. To provide the same baseline influent akalinity to compare
simulated and observed data, the observed values were normalized as the difference between the annua
averages for effluent and influent added to the grand average influent concentration. A close match between
simulated and observed values for alkalinity is obtained assuming a porosity of 0.49 at the Howe Bridge site.
Although the simulated concentrations are consistent with the range of observed alkalinities for the Morrison
and Buck Mtn. ALDs, the simulated and observed trends are not closely matched. The Howe Bridge ALD
functions as a piston or plug-flow system, with untreated water piped into the limestone drain and detention
time of treated water increasing along the length of the drain. In contrast, the Morrison and Buck Mtn. drains
intercept several seeps along their length and hence the effluent is a mixture of water having various detention
times. Furthermore, the influent samples for the Morrison and Buck Mtn. drains are collected from adjacent
seeps. The sampled seep may not be representative of all the various seeps into the drain.

Figure 8D shows simulated and observed trends for akalinity with detention time computed in accordance with
Eq. (3). For the simulations, the greatest detention time for each of the limestone drains is associated with the
initial condition (age = 0); detention time and corresponding alkalinity values decrease with increased age and
associated decreased limestone mass (Eq. (1)). To extend the simulated curves to small detention times at the
outflow, the remaining mass and corresponding values for detention time and alkalinity were computed over an
elapsed time of 200 yr. The resultant estimates for effluent alkalinity after 200 yr of continuous dissolution
correspond with current conditions near the inflow to the drains. Field data for longitudinal samples from
monitoring wells within the drains, shown previously in Figure 1, are plotted as individual pointsin Figure 8D
for comparison with the simulated curves. Assuming a porosity of 0.49, the simulated trend on the basis of the
cubitainer tests for the Howe Bridge site matches the observed data for this site. The simulated and observed
trends for the Morrison and Buck Mtn. sites are comparable near the outflow of the ALDs; however, for
reasons already given, observed values deviate from simulated alkalinity as a function of detention time.

Management and Design I mplications

The general agreement between field observations and simulated trends based on data from cubitainer tests and
first-order, exponential decay equations indicates that (1) extrapolation from the current conditions at the
existing ALDs may be warranted and (2) the size of future limestone drains may be estimated using the
previously described equations and test methods. The goal isto determine the optimum size of an ALD with an
appropriate longevity to ensure future neutralization of AMD.

For complete neutralization, the effluent alkalinity must exceed the acidity. Rearranging Eq. (3) and taking the
logarithm, the minimum detention time can be determined where C, is equal to the acidity:

ty=In[(Cy-C/(Cy-C] /K. @
Rearranging Eq. (2), the mass of limestone necessary to achieve the minimum detention time can be estimated:
M= Q(tyT s -(1-F)/f). ®)

Substituting Eq. (5) into Eq. (1) and rearranging, the initial mass of limestone required to achieve the minimum
detention time at afuture time, or age (t), can be determined:

Mo = (Qtyt s:(1-f)/f) - exp{ket}, (6)
Substituting Eq. (4) into Eq, (6),
Mo = Q1 s (1-F)/f) - (IN[(Cy-Col/(Cy-CYl / K) - exp{k-t}. )

Equation (7) can be solved for a specified age and minimum alkalinity, for example t = 20 yr and G, = acidity,
to indicate the required initial limestone mass to satisfy the design longevity. Although particle density, r ¢, and
porosity, f, can be assumed constant, site-specific data should be obtained for the flow rate, Q, the rate
constants, k and k', and the initial and maximum concentrations of akalinity or Ca, Cyand Cy,, respectively. If
the computations indicate an ALD size that would be too large for site conditions, smaller systems with shorter
longevity may be considered with the understanding that the ALD may require reconstruction near the end of
its design life. Because actual performance will vary as a function of the influent composition, detention time,
and flow paths, multiple tests should be considered to evaluate variable influent compositions or system
conditions (open/closed). Furthermore, because of variability or uncertainty in critical parameters,
computations should be performed over the range of expected values for flow rate and porosity.
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Figure 8. Simulated (curves) and measured (points) change in limestone mass, detention time, and
alkalinity concentration with age of Howe Bridge, Morrison, and Buck Mtn. limestone drains considering
exponential decay and therate constants, k and k’, derived from cubitainer tests. Computations assumed
constant flow rate (Q), porosity (f= 0.49), and particle density (r = 2,650 kg/m?). A, Limestone mass
versus age; B, Detention time versus age; C, Alkalinity versus age; D, Alkalinity versus detention time.
Dashed curves estimated using only k’; solid curves use only k for A and B, and k and k’ for C and D
(solid and dashed curvesin D overlap). Measured datain C are annual averages for effluent and in D are
typical values along longitudinal profile.

CONCLUSIONS

Longitudinal trends within the Howe Bridge, Morrison, and Buck Mtn. ALDs generally indicated a decline in
the rate of alkalinity production with increased distance, or detention time. Similar trends were obtained for
alkalinity as a function of detention time for empirical cubitainer tests using influent and limestone from each
site. These trends indicate the limestone dissolution rate decreases as the akalinity increases and cacite
equilibrium is approached. Linear slopes for logarithmic plots of [(Cy,-C)/(Cy-Cy)] versus detention time for
the cubitainer tests yielded estimates of the akalinity rate constant, k', and for logarithmic plots of [M/M]
versus detention time yielded estimates of the limestone dissolution rate constant, k. The initial and maximum
alkalinities were determined for the first sample and after 48 hr of the tests.

On the basis of first-order, exponential decay expressions introduced in this paper using data derived from the
cubitainer tests, trends were projected from initial conditions, through the current monitoring record, and into
the future to simulate the performance of the Howe Bridge, Morrison, and Buck Mtn. ALDs. For the period of
monitoring, assuming constant flow rate and porosity, the computed trends for the exponential decline in
limestone mass and corresponding concentrations of akalinity at the outflow and intermediate points within
each of the ALDs generally reflected observed conditions. Thus, the exponential decay expressions and data for
maximum akalinity and the rate constants, k' and k, obtained from cubitainer tests may be applicable to
estimate the initial mass of limestone required for construction of an ALD. The application of these equations to
evaluate new construction requires site-specific information for flow rate(s) and available land area.
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