Analytical_PLISM-An Excel workbook for simulating
water balance of a pit lake

Pit Lake Iterative Simulation Model or PLISM is an Excel workbook for simulating
pit lake formation. Open-pit mines that extend below the water table create pit
lakes. Assessing post-mining, pit-lake recovery and geochemistry requires a
model that simulates time-dependent inflow and outflow components. The
transient pit-lake model PLISM is a water-balance model that simulates
groundwater exchange with the Jacob-Lohman equation (Lohman, 1972; Fontaine
and others, 2003). Precipitation, highwall runoff, evaporation from the pit lake
(ET), and external flows from pumping or injection also are flow components of
the water budget in addition to groundwater exchange. Lake stage is related to
surface area and volume of pit lake with lookup tables of pit geometry.

Lake stage is simulated with a water balance approach that iteratively solves for
lake volume and stage. Lake volume at the end of a time step is estimated initially
with the surface area at the beginning of the time step. Surface area of the pit lake
affects estimated precipitation, highwall runoff, ET, and groundwater exchange
volumes during a time step. Lake stage at the end of a time step is interpolated
from the user-defined stage-area-volume relation. A revised lake volume at the
end of the time step is estimated with a revised surface area from estimated lake
stage at the middle of a time step. This process is repeated until estimated lake
stages converge on a single value.

Lake stages estimated with PLISM are relatively insensitive to duration of time
steps. Time steps for simulating lake stages are independent of times when
precipitation and ET are tabulated. Precipitation and ET are specified as lengths
(volume per unit area) during tabulated periods. These periods could be a month,
a year, or 10 years, which would be lengths of 1, 12, and 120 inches, respectively,
for rates of 12 in/yr. Monthly precipitation and ET are integrated if simulation
periods are annual and interpolated if simulation periods are less than data
tabulation periods. For example, lake stages were simulated for the pit lake
characterized in the workbook Analytical_PLISM.v4.xIsm. Simulated lake stages
differed little regardless of using monthly, yearly, and 5-year time steps (Figure 1).
The maximum difference between solutions was less than 1 ft and errors did not
propagate.
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Figure 1.— Pit-lake stage computed at monthly, yearly, and five-year time steps.

Data tabulation, pit-lake representation, and solution method in PLISM differs from
traditional water balance models such as CRYPTIC (Fontaine and others, 2003).
Data tabulation and lake-stage simulation times can differ in PLISM. Surface area
and volume of pit lake are tabulated with lake stage. Stage-area-volume relation in
PLISM is interpreted as a continuous function rather than as a limited series of
discrete cylinders. Pit-lake stages and volumes are solved iteratively with PLISM
rather than with forward differences. PLISM simulates highwall runoff as a function
of pit-lake stage, which decreases potential runoff as lake stage increases.

The workbook consists of two pages, DATA and PLISM, and one hidden page,
CONTROL (Figure 2). The hidden CONTROL page contains lookup tables, unit
conversions, and charting utilities, which users should not need to edit. Pit-lake
characteristics, simulated stage, and simulated flow components are reported on
the PLISM page. Transmissivity, storage coefficient, percentage of highwall runoff,
catchment area, pre-mining water level, and initial, pit-lake water level are
specified on the PLISM page (Figure 2). Stage-area-volume relations, time series
of precipitation and evaporation (ET) rates, and time series of volumetric pumping
or injection rates are entered on the DATA page.
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- ——STAGE Fest
O  Groundwater, GPM
14 163 GPM 0.0
15
4,620
16 2020 2070 2120 2170 220 2270 2320
17 Transmissivity = 4 fifd
18| Storage coefficient = 0.0025 d'less €
19| Highwall Runoff = 10% percentage Refresh Components - s . s . e
20| Catchment Area = 9,301,200 i
21 Pre-mining WL 4800 Feet UNITS: Feet ft? ft? GPM
STAGE, Groundwater, Precipitation,  Highwall Pumping,
22 Initial WL = 4624 Feet DATE Feet  Surfaceares, f’  Volume, ft’ GPM GPM  runof,GPM  ET,GPM GPM
3 01/01/2048  4,624.0 158,200.0 311,268.3 0.0 0.0 0.0 00 0.0
2 01/01/2049  4,628.1 3299847 16859612 163 29 10.7 104 0.0
2 DATE Groundwater, GPM 01/01/2050  4,630.8 3612661 2,569,363.1 123 40 106 143 0.0
26 01/01/2049 16.3 01/01/2051 4,633.0 350,989.3 3,330,495.7 10.9 4.1 10.6 -14.8 0.0
27 01/01/2052  4,635.0 359,712.2 40135494 10.1 4.2 106 -15.2 0.0
28 01/01/2053  4,636.7 3674560 4,640,938.4 a5 43 106 -155 0.0
2 01/01/2054  4,638.2 3746068 5220,307.2 9.1 1.4 106 -158 0.0
30 01/01/2055  4,639.6 3812758 5760,644.6 8.8 4.5 10.6 -161 0.0
PLISM | DATA G .

Figure 2.—Site information, pit-lake stage, surface area, and volume, and water-budget
components on PLISM page in the in Analytical_PLISM.v4.xIsm.

Analytical_PLISM.v4.xlsm and explanatory PDF can be downloaded with the
following link.
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Analytical_PLISM.v4.xIsm Workbook

The workbook consists of two pages, DATA and PLISM, and one hidden page,
CONTROL. The hidden CONTROL page contains lookup tables, unit conversions,
and charting utilities, which users should not need to edit. Pit-lake characteristics,
simulated stage, and simulated flow components are reported on the PLISM page.
Transmissivity, storage coefficient, percentage of highwall runoff, catchment area,
pre-mining water level, and initial, pit-lake water level are specified on the PLISM
page. Stage-area-volume relations, time series of precipitation and evaporation
(ET) rates, and time series of volumetric pumping or injection rates are entered on
the DATA page.

DATA page

Relation between stage, surface area, and volume of pit lake are specified relative
to stage altitudes in columns B-D from row 20 down (Figure 3). Stage, surface
area, and volume are specified from lowest to highest altitudes. Precipitation and
ET are specified as accumulated as lengths (volume per unit area) between dates
in columns F-H from row 20 down (Figure 3). Removing or adding water from pit
lake by pumping or injection is specified as volumetric rates in columns K-L from
row 20 down.

A B C D E F G H 1 |J K L M

1 Volume, in Feet®
2 0 500,000,000 1,000,000,000 1,500,000,000 2,000,000,000
3 5,200 5,200
4
5 5,100 A 5,100
6 5,000 4 5,000
? L
8 E 4,300 4,900
9 )
10 © 4,300 4,800

wy
11 4,700 4,700
12 —— Surface area. in Feet®
13 4600 1 Volume, in Feet® 4,600
14
15 4,500 + t t t + t t 4,500

0 1,000,000 2,000,000 3,000,000 4,000,000 5,000,000 6,000,000 7,000000 8,000,000
Uz Surface area. in Feet?
17
18 Feet
Surface area. Volume, in Pumping or

19 Stage, Feet in Feet? Feet? DATE Precipitation. ET Inch DATE Injection. GPM
20 4,623 0 0 01/01/2048 10 -36 06/25/2020 0
21 4,625 316,400 622,537 01/01/2049 10 -36 01/01/2092 0
22 4,635 359,600 4,004,309 01/01/2050 10 -36 01/01/2492 0

23 4,645 406,800 7,828,668 01/01/2051 10 -36
PLISM | DATA @ s

A

Figure 3.—DATA page in the Analytical_PLISM.v4.xlIsm workbook where stage-area-volume
relation, time series of precipitation and ET lengths, and time series of pumping or injection rates
are specified.
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Data Page

Clear existing data between columns
B and D from row 20 to the last entry.

A B C D
18 Feet
Surface area.  Volume, in

19 Stage, Feet in Feet? Feet?

20 4,623 0 0
21 4,625 316,400 622,537
22 4,635 359,600 4,004,309
23 4,645 406,300 7,828,668
24 4,655 450,800 12,108,928
25 4,665 501,600 16,875,197
26 4,675 540,000 22,088,403
27 4,685 585,600 27,708,767
28 4,695 633,200 33,793,740

PLISM | DATA )

Empty cells before adding your data.

A B C D
18 Feet
Surface area.  Volume, in
19 Stage, Feet in Feet? Feet®
20 | |
21
22
23
24
25
26
27
28
PLISM | DATA <+>
D
Volume, in
. . . Feet?
Specify units for length in cell B18.
PLISM | DATA )

.y
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A B C D
18 Feet
Surface area.  Volume, in
19 Stage, Feet in Feet? Feet®
20 4,609 0 0
21 4,625 316,400 622,537
Paste stage, surface area, and = L BBl alliels
volume data in cell B20. = 4,645 406,800 7,828,668
24 4,655 450,800 12,108,928
25 4,665 501,600 16,875,197
26 4,675 540,000 22,088,403
27 4,685 585,600 27,708,767
28 4,695 633,200 33,793,740
' PLSM | DATA | (@
A B C D E F G H [ K
1 Volume, in Feet®
: 5,100 5,100
6 5,000 5,000
! 1]
8 & 4900 4,900
Verify stage-area-volume relation in "
chart above data. R P

Feet

Surface area. in Feet?

Surface area.  Volume, in Pum
19 | Stage, Feet in Feet? Feet? DATE Precipitation. ET Inch DATE Inje
20 4,623 0 0 01/01/2048 10 -36 06/25/2020
21 4,625 316,400 622,537 01/01/2049 10 -36 01/01/2092
PLISM | DATA @ T T
F G H [
19 DATE Precipitation. ET  Inch
20 | 01/01/2048 10.00 -36.00
21| 01/01/2049 10.00 -36.00
Paste date, precipitation, and ET data | 22 01/01/2050 10.00 -36.00
in cell F20, where precipitation and 23 01/01/2051 10.00 -36.00
ET are lengths between dates in ;‘5‘ Olﬁmimf‘? 10.00, -36.00
01/01/2053 10.00 -36.00
column F.
26 | 01/01/2054 10.00 -36.00
27|o1m1;zo55 10.00 -36.00
28 | 01/01/2056 10.00 -36.00
29 | 01/01/2057 10.00 -36.00
. [PUSM |DATA [ @
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G

H |

19 DATE Precipitation. ET Inch
20 | 01/01/2048 0.85 -3.06
Precipitation and ET rates in the 2102/01/2048 0.79|-2.86
ding table and this one are 22 |05/01/2098 0.851-3.06
prec_:e g . 23 | 04/01/2048 0.82 -2.96
monthly precipitation and ET volumes | | 25 os/01/2048 0.82 -2.96
were specified. 26 | 07/01/2048 0.85 -3.06
27 | 08/01/2048 0.85 -3.06
28 | 09/01/2048 0.82 -2.96
29 | 10/01/2048 0.85 -3.06
.. |PusM | DATA [ @&
F G H 1)
19 DATE Precipitation. ET |[Inch|~ D
20 | 01/01/2048 10.00 -3
Specify units for length in cell 119. 21 01/01/2049 10.00 -3
22 | 01/01/2050 10.00 -3
23 | 01/01/2051 10.00 -3
24 | 01/01/2052 10.00 -36.
PLSM | DATA | @
Paste dates and pumping or injection € L M
. I K20 Pumping or
rates in ce ' 19 DATE Injection. GPM
Negative values are pumping that 20 | 06/25/2020 0
removes water from pit lake. 2101/01/2092 0
22 | 01/01/2492 0
Positive values are injection that adds | | 23
1 24
water to pit lake. PLISM | DATA [ @)
K L M N
Pumping or
19 DATE Injection. GPM -
Specify volumetric rates of pumping ;? gfﬁ?ﬁg;g g e
.. . . ft¥/s
or injection in cell M19. 22| 01/01/2492 o| s
m/s
Ei liters/s
liters/min
PLISM | DA]_°,
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PLISM page—Site Information

Construction, depths, material, and site information are specified on the OUTPUT
page (Figure 4). Most of this information is descriptive and does not affect
estimated hydraulic conductivities, except for well construction. Aquifer material
defines broad ranges of permissible hydraulic conductivities, which users should
expand or replace with site specific limits. Hydraulic conductivity estimates are
affected by casing diameter (cell C30) and screen length as specified by depths to
top and bottom of screen (cells B34:B35).

A B C C
17 Transmissivity = 4 ft?/d
18 | Storage coefficient = 0.0025 d'less
19 Highwall Runoff = 10% percentage
20 Catchment Area = 9,301,200 ft?
21 | Pre-mining WL = 4800 Feet
22 Initial WL = 4624 Feet

PLISM | DATA )

Figure 4.—Site information on PLISM page in the Analytical PLISM.v4.xIsm workbook.

Site Information
Enter gross hydraulic property A
estimates, 17 Transmissivity =
Transmissivity in cells B17, 18 | Storage coefficient =
Storage coefficient in cell B18. 19 Highwall Runoff =
20 Catchment Area =
Specify units of transmissivity 21 Pre-mining WL =
in cell C17. PLISM [ DATA @
Highwall runoff is a percentage (B19) A B C
times cumulative precipitation during 19 Highwall Runoff = 10% percentage
a period times catchment area minus | |20  Catchment Area = 9,301,200 ft?
surface area of pit lake. PLISM | DATA ®
, e A B L. ¢ D
Catchment area is specified in 19| Highwall Runoff =
cell B20. 20 Catchment Area =
Specify units of catchment area 21 Pre-mining WL =
in cell C20. PLISM | DATA @
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A B C D
Pre-mining groundwater level is = Pre-mining WL = =il Feet
SpeC|f|ed in cell B21. 22 Initial WL = 4624 Feet
23
Unit of altitude is specified in cell F21. . : T i
1fi H H N 21 Pre-mining WL =| 4800 | Feet UNITS:  Feet
Specified unit is applied to pre-mining | ew-l saoo] —
groundwater level, initial pit-lake, 2 Initial WL = 4624 Feet ?mfs Feet S
. 23 01/01/2048 4,624.0
water level, and stage of pit lake.
A B C D
Initial pit-lake, water level is specified | | 2] Pre-mining WL = RERE Foct
in cell B22. 22 Initial WL = 4624 Feet
PLISM [ DATA @
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PLISM page—Analysis

Pit-lake stages and water-budget components are computed and graphed on the
PLISM page (Figure 5). Pit-lake evaluation times are specified in column E from
row 23 and greater. Equations are paired with newly specified evaluation times
with the “Refresh Components” button at cell F19 (Figure 5). Pit-lake stage is
computed dynamically as site information, such as transmissivity, is changed. Pit-
lake surface areas, pit-lake volumes, and flow components must be revised
manually with the “Refresh Components” button at cell F19 (Figure 5). These
values in columns G-M are computed with a macro written as values to a table on
the CONTROL page. A single flow component at a user-specified time is
computed dynamically and posted with corresponding pit-lake stage for limited
calibration (Figure 5). Unit conversions are dynamic and will be revised
automatically after new units are selected in cells F21:121 (Figure 5).

A 8 c o E 3 G H ' ) K L M N o 3
0 4,680 0.0
A
3 DYNAMIC STATIC
4 300
5
Z L 200
8 I =
] o} E 100
10 2 " L

% 3
1 4640 &
E ——STAGE, Fest ]
B © Groundwater, GPM
L] 16.3 GPM 100
L 4620
15 2020 2070 2120 2170 2220 2210 2320
17| Transmissivity = 4 fed v
13 | Storage coefficient = 0.0025 d'less - £
19| Highwall Runoff= 10% percentage Refresn Componerts 0 p . g . o
20| CatchmentArea= 9,301,200 ft*
21| pre-miningWi= 4800 Feet UNITS:  Feet it it GPM

STAGE, Groundwater, Precipitation, Highwall Pumping,
22 Initial WL = 4624 Feet DATE Feet  Surfacearea,ft’  Volume, ft* GPM GPM  munof,GPM  ET,GPM GPM
2 01/01/2048  4,624.0 158,200.0 311,268.3 0.0 00 0.0 00 0.0
2 01/01/2049  4,628.1 3299887 1,685,961 163 29 107 -104 0.0
2 DATE Groundwater, GPM 01/01/2050  4,630.8 3412660 2,569,363.1 123 40 106 143 0.4 1
2 01/01/2029 163 01/01/2051  4,633.0 3509898 3,230495.7 109 a1 106 148 0.0
z 01/01/2052  4,635.0 39,7122 4,013,5094 101 42 106 152 0.0
A1 INS3 ARIRT 2RTASAN ARAN Q22 A as ANA.
PLISM [DATA | & :

Figure 5.—Pit-lake stage and water-budget components on PLISM page in the
Analytical_PLISM.v4.xIsm workbook.

Page 10| 14



Estimate Pit-Lake Stage

E F G H
Evaluation times are specified in 21 UNITS:  Feet ft* f
column E from row 23. S
22 DATE Feet Surface area, ft* Volume, ft3
Irregular periods can be defined 23| 01/01/2048| 4,624.0 158,200.0 311,268.3
between evaluation times’ which are 24 01/01/2049| 4,628.1 329,984.7 1,685,961.2
inde endent Of timeS in the 25 01/01/2050| 4,630.8 341,266.1 2,569,363.1
precippitation-ET and pumplng tables 26 01/01/2051| 4,633.0 350,989.8 3,330,495.7
the DATA 27 USER 2| .COMPUTED —ssg7177—4,013,549.4
onthe page. 28| SPECIFIED 31 4 636.7 367,456.0 4,640,938.4
29 01/01/2054| 4,638.2 374,606.8 5,220,307.2
. 30 01/01/2055| 4,639.6 381,275.8 5,760,644.6
All values in columns F-M are 31| o01/01/2056| 4,640.9 387,525.0 6,266,971.6
computed and should not be edited. 32| 01/01/2057| 4,642.2 393,420.1 6,744,606.8
PLISM | DATA @
A B C D E F G
1 4,680
2
P
5
6 4,660
7 ]
8 &
9 Y
10 £
Pit-lake stage can be reported in .
. . . ——STAGE, Feet
other units, which are selected incell | = o Groundvater, P
F21 1: 16.3 GPM
' 16 4‘6202020 2070 2120 2170 2220 2270
17 Transmissivity = 4 fi2fd
18 | Storage coefficient = 0.0025 d'less
19 Highwall Runoff = 10% percentage Refresh Components
20 Catchment Area = 9,301,200 ft2
21 Pre-mining WL = 4800 Feet ft2
22 Initial WL = 4624 Feet urface area, ft?
23 158,200.0
> PLISM | DATA :.B ranen
A B C D E F G
; 1,580
3 1,560
4
5 1,540
Changing units for stage in cell F21 ;g™
also changes units for pre-mining . =10
e el . O 1,
groundwater level (C21) and initial pit- | » 5§
|a'ke Stage (C22)' B 1‘440 16413 GPM =—STAGE, Meters
B ‘ ©  Groundwater, GPM
Values of pre-mining groundwater -
level (B21) and initial pit-lake stage i mm e e
. . Transmissivity = 4
(B22) must be revised for consiStency | i sorge costicient- 0.0025 dless
H H 19 ighwall Runoff = % percentage Refresh Components
Wlth neW unItS- 20 :;I:fchme:tmea: 9,301,12000 Ztl ’

21|

22
23
24

Pre-mining WL =

Initial WL =

PLISM | DATA

4800 Meters

4624 Meters

2D
®

2

urface area, ft?
158,200.0

290004 7
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Units of pit-lake surface areas and

E F G H
volumes in collumns G and H can be 21 onits: e 2 [ acert |7
reported in units other than ft* and ft3, STAGE, ft |
respectiVEly. 22 DATE Feet Surface area, m

23 01/01/2048 4,624.0 158,200] gallons
Alternative units of area and volume 24| 01/01/2049 46281 329,984.7 38.7
ifi i 25 01/01/2050 4,630.8 341,266.1 59.0
are spti.cm:ad in cells G21 and H21, pLSM | DATA | @
respectively. | Pusu | =
J K L M N
8=
A
10 ;
1| &
2|3
13
14 -10.0
Flow components are reported and 15
charted in a user-defined rate, as 16| o] were
. e . 17 Highwall runoff, GPM
specified in cell 121. . Pumpig GPM
-30.0
All flow components are reported and | ? 2098
charted in the same units.
k recipitation,  Highwall Pumping,
GPM runoff, GPM ET, GPM GPM
0.0 0.0 0.0 0.0
2.9 10.7 -10.4 0.0
4.0 10.6 -14.3 0.0
4.1 10.6 -14.8 0.0
4.2 10.6 -15.2 0.0

PLISM | DATA | &

Pressing “Refresh Components” P —— . < p ¢ mmm d L1«
button at cell F19, ;

1.) Pairs evaluation times in column E | ..

with computed values in columns F-M. | © . _
Rows of paired computed values are | @ : -

reduced or expanded to match AR B 7 |

number of rows with user-specified g g

evaluation times. i

2.) Revises static values in columns | i—mpee=sm=ey, oo nmommon o
G-M using current site information and | e

data tables.

PLISM | DATA
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A B c D E F G
1 4,680
2
3
4
5
6 4,660
7 ]
s| <
9 o}
. . 10 %
A single flow component is computed | | son0 1
dynamically and posted with Z ——STAGE Fec
. . O  Groundwater, GPM
corresponding pit-lake stage for 1 163 GPM
|im|ted Calibration- j\z 4]6202020 20.70 21‘20 21‘70 22‘20 22‘70 2320
. 17 Transmissivity = 4 ft2/d
FlOW Component and Computatlon 18 | Storage coefficient = 0.0025 d'less
- o H . 19 Highwall Runoff = 10% percentage Refresh Components
time are specified in range A25:B26. | |2 e o o [
21 Pre-mining WL = 4800 Feet UNITS: Feet ft2
STAGE,
22 Initial WL = 4624 Feet DATE Feet Surface area, ft?
23 01/01/2048  4,624.0 158,200.0
24 01/01/2049  4,628.1 329,984.7
25 DATE d [l 01/01/2050  4,630.8 341,266.1
26| 01/01/2049 o 16.3| 01/01/2051  4,633.0 350,989.8
27 01/01/2052  4,635.0 359,712.2
28 01/01/2053  4,636.7 367,456.0
PLISM [DATA | &
A B C
25 DATE Groundwater, GPM
Computation time for single-flow 26 01/01/2043) - 16.3
component is specified in cell A26. 01/01/2050
28 01/01,/2051
29 |o1/01/2052
30 01/01/2053
1 1 1 01/01/2054
Times are user defined in column E. 31 | 0110173058
37 |01/01/2056 v
PLISM DATA € 'j.
A B C
25 DATE Groundwater, GPM I -
26 01;’01”2049 Groundwater, GPM
Precipitation, GPM
. - 27 Highwall runoff, GPM k
Flow component is specified 28 ET, GPM
in cell B25. 29 Pumping, GPM
30
31
32
PLISM DATA € .i.j.
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Changes in flow component and
computation time are reflected in the
chart of pit-lake stage.

0~ o W W N

LT [ [ P O S Oy g A B B S
S S |® ®|(N oy B W0 2O

22
23
24
25
26
27

A C ) E F G
4,680
4,660 1 20.7 GPM
@
]
w
"
Q
E
o
4,640 T
——STAGE, Feet
O ET, GPM
4,620
2020 2070 2120 2170 2220 2270 2320
Transmissivity = 4 ft¥/d
Storage coefficient = 0.0025 d'less
Highwall Runoff = 10% percentage Refresh Components
Catchment Area = 9,301,200 ft2
Pre-mining WL = 4800 Feet UNITS: Feet ft?
STAGE,
Initial WL = 4624 Feet DATE Feet Surface area, ft
01/01/2048  4,624.0 158,200.
01/01/2049  4,628.1 329,984,
DATE ET, GPM 01/01/2050  4,630.8 341,266.
01/{)11210:)[ - -20.7 01/01/2051  4,633.0 350,989.
+ 4,635.0 359,712.

01/01/2052
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