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OPEN-PIT MINING
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Some Practical Aspects of
Open-Pit Dewatering at Pine Point

Richard 1. J, Vogwill, Hydrogeologlst,
Groundwater Divislon,

Alberta Research Councll,
Edmonton, Alberta

Abstract

Open-pit dewatering at Pino Point Mines Limited has
progressed satisfactorily to duts, but it will be o fairly
complex problem and major ezpcnse in the future due to
varying ground-water eonditions and the increase in deeper
dewatering requirements. .

A general description gnd history of all facets of open~
pit dewatering is included, and possible future problems in

. scheduling dewatering, deep dewatering design and mining

are discussed. 3 .

The sconamics of open-pit dewatermg are discussed and
it g concluded that the system now used will continus to
be satisfactory if: (1) groups of prozimal orebodies are
minad and dewatered simultaneously; ond (2) the optional
uge of sump Pumps coniinues. ]

Because of high dewatering costs end limited power
supply, it ia coneluded that, in fulure years, miming sched-
ulés and forecasts may be determined entirely by open-pit
dewatering requirements.

Introduction

LOCATION AND HISTORY

PINE POINT MINES LiMITED is located in the North-
west Territories of Canada, approximately 700 road
miles north of Edmonton, Alberta, 6 miles south of
Great Slave Lake and 60 miles east of Hay River.

Ore production began in 1964 Due to the fact that -

several projected and operating pits had ore occur-
rences baneath the water table, perimeter dewatering
systems were initiated by Pine Point Mines Limited
on the advice of Leggette, Brashears and Graham of
New York. Perimeter dewatering gystems have proved
to be successful at all ore occurrences mined to date.

TOPOGRAPHY

The land is flat and swampy, with a gentle north-
westerly slope toward the southern shorxe of. Great
Slave Lake. The elevation at the townsite is approxim-
ately 700 feet above mean sea level (amsl) and Great
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Slave Lake is =615 feet amsl. This vertical drop takes
place over approximately 6 miles. ’

Swamp, muskeg and low gravel ridges (represent-
ing old lake beaches) are the main topographic fea-
tures.

Geheral Geology and Hydrogeology

GENERAL GEOLOGY
The ore deposits of the Pine Point area are closely

associated with 2 Devonian barrier complex. The main

rock types are medium to coarse-grained recrystallized
dolomites, but they also include limestones, shales,
clays, and mud and sand seams. “Due to a gently
gouthwest-dipping strata, the barrier continues at
depth west of the Buffalo River and can be followed
gouthwestward into northern British Columbia”®.

The barrier complex consists of various facies, re-
presenting the following environments: immediate
forereef; reef core; lagoonal; and tidal flat. In
lithology, the barrier varies from a coarse crystalline
dolomite which transcends the above facies to & me-
dium-grained, sandy-textured dolomite. The occasion-
al limestone “window” permits an environmental in-
terpretation. The associated forereef and basinal facies
vary lithologically from argillaceous, sandy-textured
dolomites, fine-grained limestone and dolomites to
shales. The facies behind the barrier are fine- to
medium-grained dolomites and evaporites.

The main geological structures, other than the gentle
western dip of the strata, are the minor folds and

major amounts of fracturing that have occurred. Fold-

ing iz generally associated with differential compac~
tion, gentle flexing and differences in rates of sub-
sidence in the original sediments. Faulting and frac-
turing in the Devonian are related to tectonic move-
ments in the basement and follow twe main direc-
tions — northeast to southwest and east to west.

Large, sand-filled slump and solution sinkholes are
prominent throughout the area, and are congidered to
be of two distinct ages: Devonian and Pleistocene.
Devonian sinkholes were formed as part of a karstic
environment when the barrier lithologies were exposed.
They are generally filled with a fine, spherical silica
sand. Pleistocene sinkholes are thought to be a result
of solution and erosion of limestones and dolomites by
glacial outwash, and are generally filled with granite,
limestone and dolomite boulders in sand, gravel and
clay. )

A detailed description of the geology of the FPine
Point district is given by Skall (1975)“%.

GENERAL HYDROGEOLOGY
The varied lithology of the Pinme Point complex

makes the distinguighing of separate aquifers very
difficult. It is felt that, in specific areas, most satur-’

ated rock units contribute to ground-water withdraw-
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als. but one or two units can be distinguished as the (8) higher-elevation recharge area (\.el. .aouthern half
rna'jor aquifers. Linked porosity is very low, with the of property). o .
result that ground water flows mainly through frac- Transmissivities (transmissivity, T, 13 defined as
tures, faults and other secondary structures. Fractur- flow in gallons per day through 2 vertical strip of
ing is 80 extensive in most rock units that they re-  aquifer 1 foot wide, extending the full saturated height
epond as isotropic aquifers to ground-water with- of the aquifer, under a hydraulic gradient of 1 foot
drawals. per foot) are generally wiihin thi‘ range otfh 8(:.000«
i it dewateri ound-water movement 70,000 USgpd/ft, but motable exceptionsa are the town-
walsr:;?)rtlr: np(:rtheaat towl;gr'd great Slave lake. Since 8ite (17,000_), the millsite area _(90.000-100.000) and
pumping began, elongated troughs have been formed the K-62 pit (90,000). Coefficients of atn?age (S)
in the water table of the central portion of the ares, (defined as the volume of water an aquifer will release

as shown in Figure 1. . from or take into- storage perdunit su;i_‘acr a&;ea t;f
i mma date. with aquifer per unit change in head perpendicular to e
“E:::: i;;;da,::a] ,ag;f drawdowns to date, aquifer surface) confirm varying aquifer conditions

A : i ' in the areas mentioned above. Ground-water condi-

Precipitation is very low in the area. (13 in. annual-  ¢i5ny “yquifer characteristics, and values of T and S
ly at Fort Smith) and, due to the thick overburden  g;q given for several pits in Table 2.
covering the glacial till, less than 25% of the preei-
pitation is thought to recharge the aquifers“”. Most
of the recharge probably takes place during spring
thaws and summer storms. The presence of numerous RLLL
ginkholes in the southern portion of the property ’-
probably represents one major area of recharge. GREST SLAVE LaxE )

Aquifer conditions range from unconfined (water-
table conditions) to confined (flowing artesian condi-
tions) (Fig. 1). In the central and southern portions,
aquifer coefficients and water-level data indicate the
presence of unconfined conditions. To the north,
ground water becomes confined and many areas of
artesian flow are present. Leaky artesian conditions
also exist in large areas of the northern portion of
the property, mainly because of the presence of inter-
fingering clay, shale and mud upits (Watt Mountain
and Buffslo River shales). Water is contained in and
above these low-permeability units, and when pump-
ing begins water slowly leaks into the main aquifer,
influencing projected drawdowns. Confined conditions
appear to be a result of:

(1) drop in elevation of land surfaces;
(2) confining effect of thick, frozem, clayey over-

burden and increased shale units in the northern half
of the property;

| GENERAL PROPERTY
y ; PLAN

a l

9] ceono i

FIGURE 1 — A reglonal drawdown contour map (ft).

TABLE 1 — Summary of Dewatering Results (December 1975)
Average Maximum
Pumping | Approximate | Drawdown
5 Transmissivity Rate ‘otal Days at Pit
| rie = (USgpd/1t) (USgpm) Pumping Center Remarks
I 60,000 6,280 1370 98 ft Completed
N s R 72,000 3,880 1,370 85 ft Completed
B | R AR 35,000 3,780 1,980 123 1t m?n gﬁvg‘:‘nfgma:" p&e‘s[e_"n:: 27 ft regional
N ET R 41,000 5,300 2190 152 ft Complated
ATOL o SRR 65,000 1,000 5 19fr Regional drawdown from K-62
WAL..... o —— 69,000 14270 1217 176t 27 tt regional drawdown from X-15
K2, e ]l sam0 | 4830 150 15ft | 80 it cegional drawdown from K-57
PR 37,000 1,220 305 &t | 6ftregional drowdown
M-lw, bt e raaeeees S — 1,220 180 65 ft No pumping at present

USgpd = U.S. gallons per dy
USgpm = U.S. gallons per minute

CIM Bulletin. Aopril. 1976



08/01/01

09:00 FAX 514 939 2714 CIM

@004

Open-Pit Dewatering

AQUIFER TEST ANALYSIS

General methods of aquifer test analysis and the
scheduling of the dewatering: of open pits at Pine
Point have previously been described by Calver” and
Brashears and Slayback™. They will be dealt with
very briefly here.

Methods used for analysis have involved the
“gtraight-line method of Cooper and Jacob™" (a modi-
fication of the non-equilibrium formula by Theis®”),
the distance drawdown method originated by Thiem"?,

the method of matching to modified Theis-type
curves®™, and the Leaky Artesian method of Jacob"™,
and Hantush and Jacob“.

(1) Cooper and Jacob

To apply this method, drawdown in specific test
holes is plotted against time (logarithmic scale) om
semi-logarithmic paper (Fig. 2). After a certain time,
the plotted data will form a straight-line trend. This
trend ip classified ag a “storage depletion” trend, and
can be used to predict long-term drawdowns at varying
distances from the pumping well, and thus at pit cen-
ters. The general equations uged are:

TABLE 2 — Summary of General Hydrogeology, Pine Point, Alberta
T Gmund_-water
Pit (USgpd/f0) s Maln Aquifer Conditions
b ) [ R T s SR 35,000 0.006 Fine-med., well-fractured, porous dolomite | Water table to confined locally
' Coarse, well-fractured dolomite (Presqu'ile) | Water Lable
o e 60,000 0.025 Fine-med., porous fractured dolomite
(PFine Point Formation)
11 P I 72,000 0.035 " "
g 5 I 54,000 0.016 " #
L R R T TR T 41,000 0,001 " Semi-confined
Fine to med.-grained, porous fractured Leak artesian (confined)
dolomile (Pine Point Formation) t
BET0 e R R 65,000 0.002
Well-fractured limestone & dolomite
(Prasqu'ile)
T A S F P O~ 69,000 0.05 Fine to med., fratlured dolomite Water table
(Pine Point Formation) )
WKeB2. . . SRR 69,000 0.05 Coarse, well-fractured dolomite (Presqu'ila) | Water table
Fine to med., fractured dolomite
) (Pine Point Formation)
Hinge ZoMe.....v i — 90,000 0.03 = Water table
- 1 VA 37,000 0.001 " Semi-confined
J-T0 s 70,000 0.002 " Semi-confinad
LE T SNT T [ T R — . BMT reou ruwmEl Wil KD e ——
& 16 100 1000 IN]boo 00,000 a a9 _ le_o__ m]no l&i}qo ; 'l_DMD.OOD
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H H | +0.00877 N
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s e - iz i 138820 oaceoseT.
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the K-57 pump test.

™

. FIGURE 2— Values of T end S obtalned for WH3-K57 during FIGURE 3— Valugs of T and S obtained from the distance-

drawdown plot of test holes in the X-15 pump test (after
14 days). (After Calver.)
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T e —== . e (1) K-57 TH=45
&3 LT T T | L Ee— —
o 100 1000 10,
o ﬂ.&}‘.’:&. ,,,,,,, @) oy T 1 T T
T . s
where

‘umqllmf!

T = coefficient of tranemissivity in
U.S. gallons per day per foot.

. O. = total discharge (U.S. gallons/ B s B g ]
2 min.) of pumping well(s). ! Lileuzio o 7. a6 XX Wiyl
As = slope of saight-ling trend over ‘:'["I’ v : UAGXISSXL. 40,700 aro/FT.(vs)
one log cycle of time. - st
s wies. B
S = coefficient of storage, us a decimal R s> Feowr
fraction.

DAIADIW

t, = intersection of straight-line slope

& d o1|-
with zero drawdown axis, in min- !

utes.
r = distance of observation hole to
pumping well in feet.
{2) Thiem

0o

. 40T NIpiXIX 388
* SSroaxoap s © 00"

| 1 . 1

A method used céncurrently with

the cooper and Jacob method is

the distance-drawdown method of " FIGURE 4 — Fleld data from the K-57 pump test (TH45) matched to a modtiad

Thiem. After the beginning of a Thels Typs CUING:

storage depletion trend, simulta.

neous drawdown measurements are

taken in all'test holes available and drawdown versus
distance from pumping well (Jogarithmic scale) is
plotted on semi-logarithmic paper (Fig. 8). If the
aquifer is ideal, these points should form = straight
line and the following equations can be applied:

R N B (3)
s= D .. UETRUUTI R @
°
where*
t = time of simultaneous measrements (after pump started)
in days-
T = ifl;tgseu.iun of ctraight line with zero drawdown axig (in

Al other symbols are as previously described.

{3) Modifled Theis Curve

In this method, drawdown iz plotted against time
for each test hole on log-log paper and is matched to
a theoretical type curve. This is a modification of the
original Theis type curve derived from the Theis
equation of: :

- 9 ® evdu
bt axT J. e R R R e (5)
where-
: ) y
"= ;'?t ............ T R covi (6)

e = base of the Naperian logarithm >
and Wiu) ia the integral expression in equation (5) and is known

as the well function (tables are available).

The original Theis type curve was a plot of W(u)
ve u,

Using time in minutes and U.S. unit notation, equa-
tions (5) and (6) reduce to:

CIM Bulletin, April, 1976

Tut
SRQOEE et PR (8)
where t = time in minutes.

Walton plotted W(u) versus 1/u and obtained a
type curve which was & mirror image of the Theis
type curve. Field values of s and { can be plotted di-
rectly on log-log paper and a match point obtained.
From the match-point values of W(u), 1/u, s and t
can be ingerted in equations' (7) and (8) and values
of T and S obtained. Figure 4 shows values obtained
for a test hole during the K-67 pump test.

(4) Leaky Artesian Conditions

An aquifer test, condueted in pit A-70 in September
of 1970, indicated that, in the confined area of the
property, possible leaky artesian conditions do exist,
probably related to the large number of semi-per-
meable shale, clay and mud units in the north (Fig. 5).

The method consista of plotting drawdown vs time
on logarithmic paper. After a certain time, the field

S =

. data plot will deviate from the type curve. Walton

drew 2 set of curves.indicating varying amounts of
leakage.

Hantush and Jacob derived the following equations
to calculate aquifer constants:

_ 1146Q T
R S w (u. B) ................... 9)
2700 ris
u = . R ER R EE PR R SRR A (10)
_f_ T
;- TR 1
K

=
T
B
o~
~—
q

the well function for leaky aquilers.

B = the leakage factor. .

K _ = \(rtej:tital;lfwzdmuﬁc conductivity of leaky beds
£2).

b = lhimgaaoi) confining strata (ft).

78
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GEOLOGICAL HYDROGEOLOGICAL
OVERPUADEN — GLACIAL  TiLL, OVERBURDEN — MAIN CONFINING LAYER
PERMAFROST LOCALLY
AMCO SMALE — DENSE, ARGILLACEOUS SHALE AMCO SHALE PART OF CONFINING LAYER
ATT MTN. FORMATION = ALTERNATING wATY MTN. FORMATION = MAIN
:mms DF FINE DENSE DOLOWMITE, LAYER IN WHICH VERTICAL
LIMEY DOLOMITE , SHALE AND 100 100 LEAKAGE OCCURS
CLAY SEAMS
PRESQUILE DOWLOMITE = COARSE , vuGGY, PRESOUILE = TOP SECTION OF MAIN
WELL FRACTURED OQOLOMITE AQUIFER
-1 T R 200_‘
soo- .- - - - -1300
= e e '
PINE POINT FORMATION TwO j_ i [PEE PINE POINT FORMATION
MAJOR UNITS [ =-T-T- DOLOMITE UNITS ARE WELL  FRACTURED
' | A I | aND REPRESENT MAIN AQUIFERS
(1) MEDIUM CRYSTALLINE, FRIABLE —] -] =] = OF AREA
VUGGY, WELL FRACTURED e = ]
DOLOMITE T T I i
. 400 L— 1 = | —— 11400
12) DENSE, BITUMINOUS, HOMOGENEOLS o e e |
LMESTONE —
|
500 =] =1=] 500
= W Y
L ==y —
600 |- R K1
E— SMALE MARKERS = DENSE, DOLOMITIC,
ARGILLAGEOUS SHALE BEDS,

VERT.SCALE 1"=100FT.

FIGURE 5— Lithographic log showing geologlcal and hydrogeological descriptions for the A-70 pit area— a leaky artesian
area. Dawatering is required to the 20 level. '

Matching the plotted field data ae closely as possible A brief review will be presented here.

to one of the type curves, a match point is chosen
which will give values of 8 and t (from the field data
coordinates) and W(u, r/B) and 1/u (from the type
curve coordinates). : _

Thesze values are then inserted into equations (9),
(10) and (11) and values for T, S, K' and K'/b*
(leakage coefficient) can be obtained.

Figure 6 shows a typical calculation from the A-T0
pump test. '

SCHEDULING DEWATERING

. A dewatering schedule must be drawn up in close
conjunction with the mining schedule and possible pit
planning changes. Calver, and Brashears and Slayback
have described general methods used at Pine Point

80

At present, all the wells required to dewater a pit
are drilled at one time; this dewaters the top benches
far in advance of their mining. As the rate of draw-
down decreases, due to a greater volume in the conme
of depression in the water table around the pit, the
mining rate increases relative to the dewatering rate
and ideally the bottom pit bench wili be mined shortly
after it is dewatered. Originally, wells were added
every year (i.e. the maximum number required were
not drilled initially) to maintain a dewatering lead
over the mining schedule.

Two basic types of methods can be used for calcu-
lating the number of pumps required to dewater cer-
tain benches of a pit: 4
(a) graphical (using Thiem and Cooper and Jacob);
and
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FIGURE 6 — Fleld data for the TH52-A70 pump test matched to jeaky a_neslan type curves.

(b) by desk computer (using the bagic Jacob modifica-
tion for steady-state conditions).

(a) Graphical Methods

A combination of the Thiem (distance-drawdown)
and the “storage depletion trend” time-drawdown of
Cooper and Jacob is used.

The storage depletion trend graph shows drawdown
versus time; however, a certain length of time is re-
quired after pumping begins to establish a straight-
line relationship. At Pine Point, a steady-state con-
dition is assumed to exist aftex 10-14 days. The dis-
tance drawdown method will therefore give amounts
of drawdown at varying distances from the pumping
well(g) after a given length of time. Rather than cal-
culate the drawdown for each length of time required,
the data are transferred to the drawdown-time graph,
and the drawdown at any time can be read directly,

The first step is to calculate a family of straight
lines representing different values of discharge
(Fig. 7).

By rearranging equations (8) and (4), we see that:

_ 528Q

BB = o= (12)
_ 03T

rd = G s (13)

where t = elapsed time since punaping began in days and 2ll other
symbeols are as previously described.

If we then choose three points in the pit center that
represent the level of deepest dewatering required,
the total drawdown at each point can be caleulated by
totalling the individual drawdowns from each well
after the same length of time (at leasgt 10 days).

Each of the drawdown values (either total or in-
dividual) ¢an then be transferred to & time drawdown
graph, all points being plotted on the same time line.

CIM Bulletin, April, 1976
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FIGURE 7 — Distance-drawdown graph at variable discharge.
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EIGURE 8 — Time-drawdown graph at the pit center for
varlable discharge. ’
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TO UNCONFINED CONDITIONS
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& o - ,Canurslun point ;' ADDrox, COnversion
L - conhinued 1o move oint ofter o
E s outward forther ltgg&s [
e ol 5000 USGPM.
4 .
5 530 FI10 L yycoNFINED CONDITIONS | ONFINED CONDITIONS il
R E ——— CONFINED CONDITIONS
=z T =41,000 USGPDY 1. T=41,000 USGPD.
¢ - g Assume S5=0.05 (Assumed) 5% 0.001 [trom pump tear)
0 =40 20 R 05000 USGPM (ofter first 14 doys) Q= 100 USGPM [ for first 14 doya ) =
N X
. 2 0.3x .000x14 . 2 _ 0324) w4
T § E fo 1 005 == 21960 1t ! [P ———6-5%?-9— .
N §50 _30% Ba= 64 fo = 13.120 11, i
o n .
F 335
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$ T w g There hod deen no octual dewolering
I (% av plt centra wp to this point,
. [+] ul® .o
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L)
q
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FIGURE 9 — Distance-drawdown calculation for estimating theoretical drawdown. in transitlon from confined to uncon-
fined conditions when the unconfined coefficlant of storage is not known. Values are transferred to the time-drawdown

plot for long-term predictions.

From' equation (1):

and therafore the slope of the ﬁm&drswdoWn lines.
can be calculated (it is Y, the slope of the distance-
drawdown lines). Each line representing a different.

Tl 1% pavy

190

18 o
’ T

Fid

0 Y
+ AR RS R
ERaTISG

0

—1 YT T T

T
. 264 ¥ 30

[ 1

| 140

FIGURE 10— Theoretical storage-depletlon trend for
K-57 pit versus actual drawdown at the pit center.

the
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Q is then drawn and values of drawdown after any
given length of time can be read (Fig. 8).
A certain amount of trisl and error is involved

before the correct discharge (i.e. number of pumps)
ig calculated to meet all mining schedule requirements.

(b) Computer Method

A computer program has been developed using the
Jaeob equation:

264Q

5= T ll}xlu -—-r-a'g'— ....................... (15)
where: .
Q = discharge in USgpm.
T = u'a.usmf;ivityin USgpd/It.
t = elapsed pumping time in days.
r = distance from pumping well in feet.

The program has proved invaluable for economic
studies concerning dewatering, and it is used in open-
pit dewatering acheduling where long laborious graph-
ical work has been involved. The method i8 accurate
only for calewlating drawdowns after at least 10-14
days of pumping. ;

THEORETICAL AND ACTUAL RESULTS

In applying aquifer analysie methods, certain a8-
sumptions have to be made concerning the hydraulic
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TABLE 3 — Comparison of Well Drilling Rates and Costs
‘ Average Averaga
Hole Total Footage Cost{ﬂ Drilling Rate
Year Method Used Diameter in Program - (8 (time on bottom)
B e Mud 12" 10,895 ft 19.40 9.5 ft/hr
1969.......... N - Mud, air & 12%" 10,200 ft 19.15 14 ft/hr
ground water )
W0 eiiee| Surface water, bir 125" 2,755 ft 16.80 21 fi/hr
' & ground water
0 o rvesiesmiese Surface water 127% 2910t 17.10 28 f/br
& air 157 935 ft 1750 2 fi/he
Wz . L 15 6,790 ft NA. 17 ft/hr
(17 at top) '
1973, ... R " 15" 5,056 ft NA. 19.5 ft/hr
1T 7 SR - o e Surface water 1% 7,350 ft Approx. 325 12 ft/hr
& air -} foam
= A e - 15 2,165 ft NA. 14 ft/he

NA. = not available.

and geologic properties of the aquifer (i.e. the aquifer
ia of infinite extent, homogeneous, isotropic, etc.).’
These properties do not entirely apply in most cases,
but, as faulting and fracturing are very extensive,
ground-water movement and drawdowns can be es-
timated using the previously described methods. Varia-
tions in these assumptions, together with the more
real problems of power failures, pump failures, blast
damage and general maintenance, have. led to 3 safety
design of one or two additional pumps over normal
requirements.

An example iz shown of the K-57 open pit (an
originally semi-confined aquifer) in Figures 9 and 10.
After pumping for one year, actual drawdowns were
approximately 20 feet less than predicted drawdowns.
This was mainly due to power failures, pump repaira
and general “down” time for pit electrical work, and
also to the variation of the storage coefficient from
the assumed value of 0.1 (the E-57 pump test did not
manage to lower water levels below the confining
layer). Two additional pumps would have increased
drawdowns closer to theoretical values, and thus al-
lowed both for pump “down” time and varijations with-
in the groundwater regime.

Two methods will be mentioned later in this report
which allow a more accurate calculation of a water
table storage coefficient.

GENERAL MONITORING OF PIT DEWATERING

A continuous dewatering record is kept for each
area with pump installations. The record congists of
weekly observation-well water levels, pumping rates
and pump performance data. Evaluation of the records
provides a check on dewatering progress, and a basis
for changes in capacity and design.

Numerous test holes located within and around the
pits can be used to compile water~contour maps in the
immediate area of the pit. The maps zhow the status
of dewatering levels and serve ag guides for planning
and deaign. Regional contour maps, as shown in Fig-
ure 1, are used to predict water levels in areas where
no test holes exist and also show régional effects be-
tween areas that are being dewatered.
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Well Drilling

Two main sizes of wells have been drilled at Pine
Point — 12Y-in. and 16-in. The 16-in. wells have been
drilled as a result of increased problems with pumps
in crooked wells, and also to allow for the installation
of larger-capacity pumps. Table 3 summarizes drilling
costs, rates and methods.

There have been four main methods used in drilling
wells, each being an improvement over the previous
method.

1. Drilling with Mud

This was the original method used at Pine Point,
but it has many disadvantages in water-well drilling.
Drilling mud can penetrate and thus seal many water-
bearing fractures and channels. This type of drilling
can produce wells of poor yields, and damage to the
water-bearing zones of the well may be permanent.
Well development is usually costly in this case.

2. Drilling with Mud, Air and Ground Water

Mud is used to drill the well into the water table.
The mud line is then connected to a source of com-
pressed air, and a mixture of air and ground water is
used to bring up the cuttings.

Drilling rates for this method average the same as
with straight mud, but it has the advantage that the
well ia cleaned as it is drilled.

Originally, three 100-psi, 600-cfra compressors were
used to drill with air. It was found that 100 psi had
limitations to & depth of approximately 400 feet (de-
pending on depth to water table). In the 1970 well
drilling program, a 250-psi, 1200-cfm trailer-mounted
compressor was used and the over-all footage cost was
reduced (Table 3).

3. Drilling with Surface Water (from a drillin sump)
Initially and Then Using Air and Ground Water

Near the end of the 1970 drilling program, it wus
discovered that in most cases (except sinkholes, un-
consolidated formations, ete.), mud was not needed to
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drill the upper section of the well. At most locations,
the overburden will mix with straight water from the
sump and form B very thin mud. In the bedrock part
of the upper section of the well, the cgntra.cto:’a_ pump
(850 gpm) had cnough velocity to lift tho drill cat-
tings from depths below the water table. Compressed
air and ground water were used to complete the well.

The economic advantages of this method are as fol-
lows: no expense for mud materials; and little devel-
opment time i3 required, as the well iz reasonably
¢lean.

4. Drilling with Surface Water and Then Using Sur-
face Water and Air to the Total Depth of the Well

This method was developed in the 1971 well drilling
program. Surface water (from the sump) is used to
drill approximately 150-200 feet, and then air and
surface water are used at the same time. Drilling into
the water table before switching on the air prevents
2 continuous loss of sump water volume. When the
water table is reached, the compressor iz put into
operation.

Generally, faster drilling rates exist with this meth-
od, 2s cuttings are removed from the face of the bit
faster using air and water rather than straight air.
Using conventional air drilling, it iz probable that air
is removing the cuttings with little water to aid in
the lifting until the cuttings are {foreed above the bit.
Using air and surface water, there is always some
water (200 gpm when the pump is idling) mixed with
the air: thie increases the rate and volume of cuttings
vemoved. A further development in this method is the
injection of drilling foam to further enhance cuttings:
removal.

After reaching the chosen depth (usually 160 feet),
the drill-mud pump is reduced to idling (200 gpm)
and the air compressor is operated at full capacity
(250 psi, 1200 c¢fm). The valve connecting the two
lines is left fully open. The mud pump canhot be
operated at full volume (350 gpm), a8 this causes the
compressor to overheat. On completion of the hole,
the pump is turned off and the well is surged until
clean water ig being produced.

WELL HOLE DEVELOPMENT

Other than using primary development methods,
such as airlifting (‘“blowing”) wells after completion,
very little secondary development to incremse well
yields has been attempted. The secondary methods at-
tempted include:

(1) polyphosphate treatment to remove drilling mud;.
(2) explosive development; and
(8) scouring by acidization.

Scouring by acidization has been successaful in one
well in the X-15 pit (increasing the well yield from
50 to 200 USgpm).

Explosive fracturing development increased the yield
from 50 to 400 USgpm in a W-17 pit well. The charge
used involved 100 lbs of alurry explosive and two
strings of detonating cord.

Deep Well Pump Problems

Experimentation with 16-in. well drilling developed
mainly as a result of deep well pump maintenance prob-
Jems. Originally, well surveying was used to determine
the type of pump (submergible or lineshaft) to be
installed in a well. Lineshaft pumps were used in the
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straighter wells; submergible pumps Were used in
wells that were very cxooked.

The initial type of pump used for dewatering was
the 3600-rpm lineshaft. These pumps have had
moderate success and are now being phased out .of
operation. Any migalignment problems are magnified
at this high speed and considerable maintenance prob-
lems have been encountered with bearing, oil-column
and lineshaft components.

In an attempt to overcome these problems, sub-
mergible pumps were used. Submergible pump usage
pas varied greatly since 1969, but it has generally
decreased in the. Jast three years. Applications in
crooked holes have not been entirely guccessful, mainly
because the wells are completed “open hole” and
damage to the electric power cable is frequent. Sub-

_mergible pumps are susceptible to water-level surging

and cavitation, causing leaking seals (because of un-
even thrust conditions) and damaged motors. In wells
where the majority of the flow is entering above the
pump, the motor may not be properly cooled and over-
heating problems can develop. Submergible pump
motors are also sensitive to power fluctuations, and
expensive to repair, At present, 3600-rpm submexgible
pumps are being phased out of operation at Pine Point
because of high maintenance costs.

In 1971-1972, two important events overcame the
majority of the above-mentioned problems. The drill-
ing of 15-in, wells was very successful and 1800-rpm
lineshaft pumps were introduced in the dewatering
gystem. With incressing drilling experience, it has
been possible to drill 15-in, wells at footage rates and
prices nearly comparable to those of the 12}4-in. well
holes (Table 3). In addition, a shoclk-absorbing device
(“shock sub”) installed in the drilling pipe string has
eliminated crooked wells. The 1800-rpm lineshaft
pumps seem very suitable for pit dewatering, a8 they
are heavier duty, slower speed and able to pump larger
volumes of water than a $600-rpm pump of equivalent
horsepower.

The major types of pumps being used in open-pit
dewatering are:

(1) 1800-rpm lineshaft — oil Jubricated (125, 150 and
200 hp) — 63% of total;

(2) 3600-rpm lineshaft — oil lubricated (60 and
100 hp) — 28% of total;

(3) 3600-rpm submergible (75 and 100 hp) — 14%
of total

Reducing the use of 3600-rpm lineshaft pumps has
been an important step in lowering pump maintenance
costs. This, together with successful 1800-rpm line-
shaft use, has reduced pump problems. For deep de-
watering requirements (greater than 160 ft of draw-
down), experimenting with larger-capacity pumps
(200 hp, 2000 USgpm) has been only modexately sue-
ceseful. Pumps of this gize represent such 8 large
proportion of groundwater withdrawals in a pit area
that pump failure csuses a major reduction in de-
watering rates. An optimum pump size for Pine Point
requirements is in the range of 100-125 hp, because
most wells will efficiantly yield 1000-1200 USgpm.

Due to freight costs and high repair costs for sub-
mergible and lineshaft pumps, rebuilding of pump
components and motors has- been attempted at Pine
Point. For lineshaft pumps, a good technology -has
been developed and most repairs (including rewinding
motors) are completed on site. Submergible pumps
which have more specialized components are impossible
to repair on site, and repair costs continue to be ex-
cespive.
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Miscellansous Problems
LOW-YIELD AREAS

Generally, pump size selection for individual wells
hag not posed 2 problem, mainly because 80% of the
wells at Pine Point will yield 800 USgpm or greater.
The remaining 20% of low-yield wells, however, tend
to group together in specific pit areas (e.g. X-16 and
K-62), and thus threaten effective dewatering because
of low withdrawal rates. Figure 11, a caliper and
neutron log of the WH5-W-17 pit, shows an interest-
ing comparison in a region of fairly homogeneous fine-
grained dolomite (where it is particularly difficult to
pick out water-bearing zones while drilling). In areas
of low neutron activity, high amounts of caving are
indicaded on the caliper log and, from a diamond drill
hole nearby, areas of low core recovery are indicated
in these same areas. Ag this caving ia directly related

" to the amount of fracturing and friability, these zones

are probably large-volume flow zones. The neutron log
also indicates increased porosity in these areas. In
order to maintain the most continuous flow to the
intake of the pump (particularly important in the case
of submergible pumps), it can be sited next to one of
these zones. The choice of the zone depends on depth
dewatering requirements.

In low-yield areas, therefore, these logs show areas
of possible yield and favourable intervals for develop-
ment attempts where little geological data is available
because of sinkhole areas, ete. Also, caliper-neutron
logs will show wells with no major aquifer zones and,

therefore, lead to the installation of a small-capacity.

pump. .

AREAS OF DEEP DEWATERING

Open pits that require deep dewatering (as much
as 850 ft of drawdown) pose special problems. It is
especially important in these areas that the dewater-
ing system be aa efficient as possible to keep sub-
stantial operating and maintenance costs within eco-
nomic limits. In g small but very deep pit (carrot-
shaped), for example, an overcrowding of wells around
the pit perimeter may cause excessive drawdown inter-
ference between welly and reduce the effectiveness
of the system.

Two important solutions here are:

(1) the drilling of wells cloger to the pit center; and
(2) the use of sump pumps.

As is obvious from the preceding graphs, the closer
the wells are to the pit center the more drawdown they
produce at that point. Drilling wells on the berms of
either the first or second bench of an open pit will:

(1) slow drilling rates as bedrock is encountered at
surface — in order to install well casing in a reason-
able time, a blagthole drill is used to complete the top
nsection of the well; : ]
(2) require a continuous supply of water (becauae
of lost circulation) until the depressed water table is
reached;
(3) possibly lead to a change in standard pit design
to allow wider bermg for drilling-rig access.

Pumps installed within the pit perimeter require:
(1) extensive protection from blasts;
(2) power from the perimeter power line; and
(3) pump discharge lines which drain quickly in win-
ter.

A sump pump wag used to successfully dewater the
bottom bench of the K-67 open pit. The Jowest ore
level of this pit was becoming wneconomic due to ex-
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cessive dewatering costs, and the use of & sump pump

allowed approximately half of the perimeter pumps
to be removed.

In an area with such severe climate and highly
transmissive rock, a sump pump must be used with
caution. Extensive power outages can be disastrous,
especially in winter, and safety factors such as wall

stability and pit flooding must be considered, These

problems are minimized by:

(1) limiting the dewatering use of a sump pump to the
lowest bench of an open pit: and

(2) operating a few perimeter pumps simultaneously
to reduce recharge rates in the event of power outages.

Assuming that the perimeter of an open pit is not
large enough to accommodate enough wells to efficient-
ly dewater to the depth required, a deep dewatering
gsequence is outlined below: :

(1) drill as many perimeter welly as is feasible;
(2) depending on the amount of dewatering still re-
quired, either drill enough well holes inside the pit

to complete the dewatering or inatall a yump pump to
dewater the bottom bench,

ECONOMICS OF DEWATERING
Three basic methods of dewatering exist,

1. Start dewatering up to a year in advance of mining
requirements. The mining level will gradually gain on
the achieved dewatering and, theoretically, dewatering
and mining levels should coincide for the last bench.

2. Drill new wells each year and keep the dewatering
only one bhench ahead of the mining schedule.

3. Install s relatively large number of pumps (the
puraps should be able to dewater each bem':h i: a éwo-
month period). Turn all pumps on two months before
the bench is required; when dewatered, turn most of
the pumps off and maintain the water-table elevation.

All three methoda have been used at Pine Point, al-

though method (3) has only been partially attempted
at the K-57 pit.

Method (1):

Method (1) offers limited flexibility, high oper-
ating costs and low capital costs. Dewatering is oc-
curring so slowly for the bottom benches (becauge of
the large amount of time involved) that, if mining
rates are increased, limited flexibility iz available to
incrense dewatering rates. To allow for variations
in mining schedules and pump down time, moderate
overdesign and the use of sump pumps is recom-
mended. The method does bave a number of very ime
portant advantages. Initial capital costs are low and
water-level recovery rates are slow because of the well-
developed cone of depression. Regional effectzs are
maximized using this method and produce dewatering
cost savinge in surrounding pits,

Method (2:

'This method was approximated at pit X-16 (where
pumping has now ceased due to favourable regional
dewatering effecta from the W-17 pit), Well ylelds in
this pit were extremely low and six pumps produced
only approximately 2,000 USgpm. Each year, problems
were encountered with well drilling in unconsolidated
formations and dewatering was far behind schedule.
The regional effect from the W-17 pit has lowered
the water table at the X-15 pit an additional 27 feet
and illustrates one advantage of Method (1). Method
(2) is very costly because of the large number of dif-
ferent well drilling sessiona involved. Flexibility is

.
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limited, especially if flow rates in new wells do not
meet withdrawal requirements for the next bench.

Method (3):

This method has the most potential for cost savings
in pit dewatering, but it hag practical limitations. It
utilizes the concept that the pumping rate for a par-
ticular pit should greatly exceed the dewatering rate
required to dewater the benches in the time required
(i.e. according to the mining schedule), plus the inflow
or recharge into the pit area as the cone of depression
develops. When the dewatering of a particular bench
has been completed, pumping rates can be reduced to
match the inflow and, therefore, hold the water-table
elevation. As dewatering proceeds, higher continuous
pumping rates will be needed to maintain dewatered
ground. By keeping the cone of depression in the im-
mediate area of the pit to a minimum sjze, the total
volume of water pumped is less. The procedura applies
to each bench, with more and more pumps being left
operating to maintain the inflow from the larger cone
of depression for the lower benches. Although capital
costs are high, operating costs can be reduced, de-
pendent on power demand.

H. G. Barker, of Cominco Ltd, completed an
economic study of thiz method. An important finding
of this study was the most economical pre-production
length of time to operate all pumps in order to de-
water a particular bench. He concluded that, for many
applications, this pre-production period is approxim-
ately two months. Therefore, the required maximum
pumping capacity is that which can dewater any bench
in two months. In shallower dewatering applications

(less than 100 feet), this method will require only 1%

to 1% times the pumping capacity of Method (1), but
in deeper applications up to twice the number of
pumps could be required.

There are a number of disadvantages associated
with this method.

(a) Fast mining rates in pits are necessary to fully
realize the economic advantages of thig method. If the
mining time is allowed to lag, the economics of Meth-
od (8) will approach those of Method (1), because
the over-all extent of the come of depression is de-
pendent on time, transmiseivity and the coefficient of
storage, and not on withdrawal rates.

Mining at this projected rate in one particular pit is
not often feasible because of ore-grade problems. One
possible solution is to stockpile ore near the pit after
mining in order to keep pumping time to a minimum.

(b) If regional drawdown is kept to a minjmum by
short dewatering times, the dewatering economics of
surrounding pits could be affected. Method (1) more
fully utilizes time to produce regional effects and, in
areas where there iz a large number of projected
pits Method (8) may prove unfavourable.

(¢) It is possible that this method will have disad-
vantages in areas where leaky artesian conditions
exiat. IT the cone of depression iz mot fully developed
in the lesky beds and the head reservoir supplying
this leakage is not drained, problems could exist with
unstable walls, and wet stripping and mining.

Power demand using Method (8) may exceed power
supply. Given two or three open pits dewatering sim-
ultaneously in the artesian area of the property, not
enough power could be supplied from present-day
sources.

In trying to reach a realistic conclusion ms to the
most economical method of dewatering, the practical and
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physical limitations of the area must be considered.
The influence of dewatering on the mining schedule
has been minimal in the past, but costs are now major
and power supply is limited. In extreme cases in the
future, therefore, the mining schedule could be deter-
mined wholly by the amount of dewatering required
in certain areas. Proximal orebodies may have to be
mined and dewatered simultaneously to maximize
regional drawdown effects.

It is concluded that, with slight overdesign and the
optional use of sump pumps, Method (1) will be the
most practical and economical dewatering procedure
in future years.

DEWATERING IN THE SEMI-CONFINED
AND CONFINED WATER TABLE AREAS

These areas present a unique problem for pit de-
watering. Before any actual dewatering takes place in
these aquifers (i.e. the rock becomes unsaturated), a
water or artesian pressure must be releazed. Because
the actual aquifer remaina fully saturated while the
pressure drop is occurring, the volume of water being
released from the aquifer is attributed to a slight
compression of the aquifer skeleton and a corres-
ponding slight expansion of the water. The aquifer
will remain fully saturated until the pressure head is
entirely removed and actual dewatering of the aquifer
(as versus pressure dewatering of the aquifer) will
then take place. The pressure drop is directly related
to the amount of water released from storage per
unit drop in head per unit area, which, in turn, is
indicated by the storage coefficient. For water-table
(unconfined) aquifers, however, the coefficient of
atorage approximates the specifie yield of the rock
type of the aquifer. (Specific yield is the amount of
water, expreased as a percentage of the fully saturated
volume of water, that will drain from the rock under
the influence of gravity.) It ie easy to imagine, then,
that the amount of water released from storage in an
unconfined aquifer Is much larger than that released
from a confined aquifer. Therefore, when the transi-
tion from “pressure dewatering” to actual dewatering
takes place, there will be a change in the coefficient
of storage, within the range of 0.0001 (confined) to
0.8 (unconfined). This is very important, as the
storage coefficient is a measure of the volume of
water that has to be withdrawn to achieve specific
drawdowns. In calculating drawdowns in originally
confined water table areas, it is very important to use
the water-table coefficient of storage, if drawdowns
below the top of the confined aquifer are required
(Fig. 9). The “pressure dewatering” will occur much
faster than the actual desaturation of the aquifer and,
uging the confined coefficient of storage, will Jead to
extreme underdesign.

There are two methods which describe the transi-
tion from confined to unconfined conditions. They
may have limited use during single pump aquifer tests,
because they require that the water level drops below
the bottom of the confining layer, but they ecould per-
haps be applied when the first four or five pumps are
operating.

The first method has been devised by Boulton‘*™
and put into useful type curve form by Prickett®. It
involves matching early and late field-drawdown data
to different type curves. The time from the start of
pumping after which true unconfined conditions exist
can be calenlated, and the data after this time are
nsed to obtain an unconfined value for the coefficient
of storage.
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The second method, by Moench and Prickett'", also
involves matching field data to type curves. Time-
drawdown data from observation wells, which have
already undergone storage-coefficient conversion dur-
ing the period of pumping, may also be analysed if the
pumping well has undergone conversion.

The reader is referred to the above articles for
complete step-by-step detnils.

Separate from the above problem, two other pos-
sible problems may be associated with dewatering
in artegian areas:

(a) the water pressure beneath the pit floor during
initial stripping and mining;

(b) wet stripping and mining conditions caused by
slow ground-water drainage from confining beds.

Confined aquifers have a hydrostatic pressure. This
presgure is equal to the height of the pressure sur-
face (i.e. the height to which the water will rise)
above the top of the aquifer. Unless pit dewatering
commences well before stripping and mining, ground
water at pressure may exist below the pit floor.
Rrealey discusgses the consequences of such condi-
tions.

Slow drainage of confining beds and minor aquifer
zones may result in wet stripping and mining condi-
tions.

If the confining beds have a very slow drainage rate,
the upper section of the main aquifer may be dry
while the confining beds are still draining. The rate
of drain of the confining bed iz a function of its
transmissivity. It will be important, therefore, to start
dewatering considerably in advance of mining in order
to ensure dry confining beds in the pit walls. Test
holes, may have to be drilled in the confining beds to
follow the development of the cone of depression and
also to determine its aquifer coefficients.

Conclusions

As dewatering requirements become deeper and
general ground-water conditions become more com-
plex, pit dewatering will continue o be a major ex-
pense in the mining budget of Pine Point Mines Lim-
ited. As such, the system warrants a continuing study
of methods of improvement and subsequent lowering
of ovar-all unit coats.

Ag mining of orebodies progresses more into the
confined and semi-confined ground-water areas of the
property, more extensive aquifer tests will be needed
to accurately predict long-term drawdowns. This may
nacessitate withdrawals of up to 5000 USgpm over a
30-day period to obtain realistic values of the coef-
ficient of storage.

Method (1) appears to represent the most economic-
al and practical dewatering design, especially if
proximal orebodies are mined and dewatered simultan-
eously to ensure efficient regional drawdown effects.

Because of increasing dewatering costs and lim-
ited power supply, it is entirely possible that future
mining schedules and forecasts will be defermined
entirely by open-pit dewatering requirements.
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