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Discussed are the conditions of application of various methods of protecting
mines which reveal karst aquifer horizons from inundation by river discharge
and ground water; a) organization of river runoff in water-impermeable chan-
nels; b) diversion of rivers beyond ore-enclosing karst rocks; c) use of under-
ground water-impermeable screens to protect mines from inundation; d) use of
drainage systems to protect mines from inundation. A flow chart has been de-
veloped for drainage systems of the cascade type which are based on filtration
inhomogeneity and a decrease in rock permeability with depth.- Determined are
thelr effectiveness and the conditions and region of application in developing
deep horizons of deposits 1n karst rocks.

The main factor complicating the development of ore fields in karst rocks (northern
and southern Ural and northern Onega bauxites, Mirgalimsal and Gorevskii polymetals, Len-
ingrad and Baltic schists, etc.) is their high degree of inundation. For example, in de-
veloping the Blinovo-Kamenskil and XKurgazak deposits (SUBR) the influx of water into the

system of shafts exceed 7000 m3/hr, in developing the Cheremukhovskiil bauxite deposit

(NTIRRY 24 wraa 1212 +#h _3 /hn a
\NUDR) 41U WdAdd Llgc=l1l) ULil. Il /IlL7, 4l

influx reached 50 th. m3/hr.

The main sources of inundation of mines are rivers feeding aquifer horizons, which
form up to 90% of the volume of the drainage of the mines. Modeling and analytical cal-
culations established that in developing northern Ural bauxites at a depth of 500-600 m
without isolation of the Sos'va, Vagran, Kolonga, and Kal'ya Rivers, which are located at
distances of 0.5-2 km from mines the mean annual isolation of the rivers would be 18 th.

m3/hr. In developing the Novo-Toshemka and Perminskii bauxite deposits (Ivdel region) at
a depth to 600 m the water influx into shafts without isolation of the Toshemka, Man-To-

sem'ya, and Ivdel Rivers may reach 50 th. m3/hr. Even more significant water influxes

are expected upon development of the Gorevskii polymetal deposits located along the An-
gara R. Thus, the main problems of developing deep-seated deposits in karst rocks are re-
lated to the protection of the shafts from inundation due to river runoff.

There are four methods of isolating river water: 1) organization of river runoff in
channels with a water-impermeable cover; 2) diversion of rivers beyond the karst aguifer
horizon; 3) construction of water-impermeable screens in the karst aquifer horizon; 4)
construction of drainage systems between source of inundation {(rivers) and mine fields.

The first method is implemented in the SUBR (Kamenka R.) and the NUBR, where the run-
off of the Vagran, Kolonga, Sarlanaya, Kal'ya, and Cheremushka Rivers 1s carried in canals
with a ferroconcrete cover for a total length of 49 km. After inauguration, hydraulic

structures excluded total river runoff with a discharge of ~50 th. m3/hr from the shaft
water diversion. However, due to activation of undermining karst processes under the in-
fluence of the draining of the deposits there is destruction of the ferroconcrete casing

of the canals, accompanied by catastrophic absorption of river water (up to 35 th. 3/hr
in the Vagran R.). The frequency of collapses of ferroconcrete casings depends on the
size of the canals. During 20 years of use there were 30 collapses in canals to 40 m
wide (9.2 collapses in 1 m), 1.1 in 1 «m in thcse to 30 m wide, and 0.56 collapses in 1
km in those to 15 m wide. Collapses were not established in canals up to 8 m wide with

a throughput capacity of up to 12 m3sec. To eliminate hazardous situations in canals

with a high water throughput capacity (more than 200 m®/sec) regular reservoirs and stand-
by canals were constructed on a rocky base, which greatly increased the capital expendi-
tures for the ccnstruction of a water protection system.
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Thus, the first method cam te recommended for small rivers having a drainage basin
s

L D 2 _
area (F) of up to 250 km“~ or medium rivers (F to 2000 km~) 1f they cut throuzgh kar
enclosing rocks for a limited distance. 2

The second method, the diversion of rivers beyond a karst agquifer horizon which in-
undate an ore fleld, 1s partially implemented in the NUBR and 1s discussed in planning
the develorment of the Gorevskii lead-zinc deposit. It excludes the possibility of de-
struction of hydraulic structures under the influence of undermining processes, but its
realization involves significant material expenditures. For example, the cost of divert-
ing the Sos'va and Shegul'tan Rivers from the northern Ural baxulte deposits exceeds 500
million rubles, and the implementation of the project extends for four decades. Expendi-
tures for diverting the runoff of the Ivdel and Ali Rivers (SUBR) are comparable with the
previous estimate. Thus, thlis method ensures more reliable water protection, but may be
realized only under favorable geomorphological conditions.

The third method, creation of subsurface water-impermeable barriers, is proposed for
protecting the Cheremukhovskil and Sos'va bauxite deposits (NUBR) from inundation by the
runoff of the Sos'va and Shegul'tan Rivers. Its essence amounts to the artificial break
in the continuity of the aquifer horizon with the aid of plugging aquifer fracture and
karst systems by cement or clay-cememt solutions. Water-impermeable barriers are placed
between the shafts and sources of their inundation. Most favorable for their construction
are linear geological structures of limited width, thickness, and homogeneous water con-
ductivity. In karst aquifer horizons plugging was applied in construction of the bores
of shafts and foundations of hydraulic structures [1,2,6], where the effectiveness of the
method was determined by the density of the network of plugging boreholes which ensure
completeness of exposure of the aquifer systems.

The effectiveness of application of the method in the NUBR in karst aquifer horizons,
which have a significant width (more than 2-3 km), thickness (more than 300-400 m), high

and inhomogeneous water conductivity (more than 3000-5000 mz/day), depends on successful
solution of the following problems.

1l. The aquifer horizon is penetrated by karst channels filled by loam and clay ma-
terial; their volume reaches 60% of the total karst of the rocks. Karst forms filled by
clay material are inaccessible for plugging solutions. After construction of a water-im-
permeable barrier the continuity of the aquifer horizon 1s destroyed, and the difference
in the pressure head of the ground water in i1ts upper and lower reaches may be 300 m,
which leads to intensification of karst undermining processes in the body of the dam.
Investigations established that the eroding rate of lithological varieties of the filler
of karst cavitiles ranges from 0.3 to 0.5 m/sec. Decompacted easily eroded material in
which the undermining process begins at gradients of more than 0.05 fills the karst forms
located in the upper part of the geological structures (to a depth of 90 m) adjacent to
river valleys. Far from river arteries and at a depth of more than 90 m the filler of
karst forms 1is represented by compacted clay material in which undermining begins at gra-
dients exceeding 0.2. At gradients higher than 3.2 the filler acquires quicksand proper-
ties and instantaneously penetrates mines or open karst cavities. These processes are
accompanied by an increase in the permeability of the aquifer by 5-10 times. To prevent
undermining a water-impermeable barrier about 1500 m thick i1s necessary; when 1t is less
than 94 m thick 1t is possible for the filler to flow instantaneously from karst cavities
with the formation of open channels in the barrier itself. We should remember that in
the upper area of karst aquifer horizons to a depth of 60-90 m the porosity of the rocks
exceeds 10-20%, whereas in the depth interval of 100-300 m it averages about 2%. Under
these conditions the expenditures for plugging solutions for the construction of one bar-
rier may exceed 1.0 billion rubles, which 1s hardly acceptable in terms of economic con-
siderations. The solution of this problem is seen in the development of methods of con-
solidation of the filler of karst systems. i

2. The karst massif 1s penetrated by open karst channels which are the main conduc-
tors of ground water. The total volume of such channels in the depth interval of 100-300
m does not exceed 0.4%, but the throughput capacity of one channel with a pressure head

of 300 m reaches 30-40 th. m3/hr. In constructing water-impermeable subsurfac= barriers
we must reveal each karst channel by a plugging borehole. This problem can be solved by
increasing the density of the network of plugging borenholes to 0.5 x 0.5. The recommended
network has been tested in plugging rocks in the Kal'inskii karst zone of the NUBR during
the cutting of the Yuzhnyil ventilation bore of the Cheremukhovskii mine, but its applica-
tion in construction of a water-impermeatle barrier with dimensions of 300 x 1500 x 400
m will lead to unacceptable e=xpenditures (more than 7 billion rubles). To solve the eco-
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Zarst channels in an acuifer horizon a2t a depth to U400-500 m with the subssquent plugging
chrcugh directional borsholes. Only in this case do there appear prospects for lowering
“he density of the network of plugging boreholes by a factor of 70-20. However, existing
methods (seismoacoustic, Gregor radiotest, etc.) have not been tested under the discussed
cenéitions. Thus the application of water-impermeable barriers in karst aquifsr hnorizons
to crotect mines from inundation by subsurface and river runoff is held back by factors

of a technical and economic nature. Only after development of cheap reliable methods of
detecting karst channels at a depth of 400-500 m and decreasing the cost of plugging solu-

tions by 10-15 times (2-3 rubles/m3) may water-impermeable barriers find wide application
in protecting mines developed in karst rocks from inundation.

The fourth method, protection of deposits from flooding by special drainage points
situated between the sources of inundation and ore fields, has been tested in the develop-
ment of bauxite deposits 1n Hungary and in the northern Urals region. Drainage points
consist of water-lowering boreholes equipped with immersible pumps. Five drainage points
operate in the northern Urals bauxite flelds, including 100 water-lowering boreholes with
a working diameter of 500 mm and a depth to 400 m, equipped with ETsV-16-175K and ETsV-1U4-
210-300 pumps [4]. 1Investigations have established that the effectiveness of this method
of water protection 1s determined by the distance of the flelds from the sources of inun-
dation, depth of mines, magnitude of water conductivity, and filtration inhomogeneity of
the aquifer horizon. In general, in deposits bedded in inhomogeneously karsted ore-en-

closing rocks with a mean water conductivity of 800-5000 mz/day at a depth of more than
300 m, the optimal conditions for the application of the method arise when the ore fields
are located more than 5 km from rivers with practically unlimited water resources. How-
ever, in protecting mines at a depth greater than 500 m from influxes of water, which

reach 30-40 th. ma/hr, expenditures for constructing drainage points of the conventional
type may exceed 80-90 million rubles, and exploitation expenditures may reach 10-15 mil-
lion rubles a year. Therefore, to lncrease the effectiveness of protecting deep-seated

deposits from ilnundation by river and subsurface runoff under the discussed conditions it
is advisable to apply drainage systems of the cascade type.

In planning drainage systems of the cascade type we use data which characterize the
decrease 1n karst, fracturing, and water conductivity of the water-enclosing rocks with
depth. Therefore, in exploring mineral deposits we must establish not only qualitative,
but also quantitative variations in the permeablility (fracturing, karst) of rocks with
respect to depth with substantiation of the general principles of the conditions of vari-
ability of hydrogeological parameters. For the conditions of the Gorevskii deposit Pono-
marenko established that the decrease in the permeablility of rocks with depth is approxi-
mated by an exponential dependence [5].

In detailed exploration and industrial development of bauxite deposits of the Urals
it was established that the decrease in karst (Kk) with depth (H) is approximated by re-

e aligh #B: .3) lngk = gH + B;

gressive equations of five types: 1) Kk =agH + B; 2) K
algH + B; 5) Kk = a + bH + cH?, where a, b, and ¢ are the parameters of the

4) lgk,, =

regressive equations. Different types of variability of karst and permeability with
depth determine the difference (by a factor of 5-10) in the regimes of the decrease in
water conductivity, and water yield of the aquifer horizon in the process of draining 1it.

The effect of a decrease in the influence of karst on the dynamics of the ground
water 1s strengthened by the lnhomogeneous distribution of karst aquifer systems 1n map
view. The coefficients of variation (Cv) which characterize the filtration inhomogeneity

of the aquifer horizon increase with a decrease in water conductivity (XM), width (B), and
increase in length (L) of the aquifer horizon (band-bed type). This relationship is ap-
proximated by regressive equations of the logarithmic type:

1gC, = 1,8798—0,4784 1g KM, r = —0,78;
1gC, =0,8477—0,8178 1gL, r = +-0,77;
1gC, =0,7894—0,3842 1g B, r = —0,76.

It is established that the filtration inhomogeneity of karst rocks increases with
the increase in their bedding depth. The variability of the parameter of the aquifer hor-
izon is the reason for the development of increased filtration resistances in it, which
appear at different hypsometric levels in the form of weakly .permeable rock units which
influence the distriobution of the actual velocity of the ground water with respect to
the depth of the aguifer horizon. In drainage of rocks before the crest of such natural
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Fig. 1. Diagram of drainage system of cascade type 1n northern area of NUBR:
1) head drainage point; 2) central drailnage point; 3) lower drainage point; U4)
static level; 5) boundary of subzone of interrelated karst; 6) southern filtra-
tion block; 7) central filtration block; 8) northern filtration block; 9 and
10) weakly permeable barriers; 11) boundary of mineralization area; 12) valleys
of Sos'va and Shegul'tan Rivers; 13) parameters of variation of water conduc-
tivity (KM) with respect to degth: a) KM = 5400 m2/day; b) KM = 825 m?/day; c)
KM = 425 m?/day; d) KM = 203 m?/day; e) KM = 6620 m?/day; f) KM = 1992 m?/day;
g) KM = 825 m2?/day; h) KM = 160 m?/day; 1) 250 m2?/day; Q = 30,000 m®/hr is the
productivity of drainage points of the drainage system.

subsurface dams in which the karst level is <0.18%, there are breaks in the continuity of
the aquifer horizon, accompanied by the stabilization of the water influxes into systems
of mines [3]. However, such breaks coincide with the boundaries of geological tectonic
structures, but they are established within them as well when the water-enclosing rocks
have a high filtration inhomogeneity (Cv > 150%). In this case, the amplitudes of the

breaks in the levels exceed 300 m. This 1s a reason why under conditions of the NUBR up
to 80% of the productivity of karst aquifer horizons 1s related to them by the upper part
" of the water; it i1s pumped out by drainage points from a mean depth of 196 m with mines
700-1400 m deep and karst rocks more than 1800-2000 m in total thickness.

The established prineciples are used to substantiate the method of protecting mines
from inundation by river and subsurface runoff by drainage systems of the cascade type,
which consist of 2-3 drainage points (head, central, and lower) located in sequence be-
tween the source of ilnundation and the protected mines. The drainage points, which con-
sist of water-lowering boreholes or drainage shafts, are usually positioned in front of
barriers of weakly permeable rocks. - Prospecting criteria for the latter may consist of
high values of the coefficients of variation which characterize the filtration inhomo-
genelty of lithologically homogeneous rocks (Cv < 150%), decreased values of their karst

content (<0.18%) and water yileld (<0.04), calculated by intervals for different transverse
cross sections of the aquifer horizon. However, in placing drainage points we must con-
sider critical values of the ground water gradients, at which there 1is an increase in the
water conductivity of rocks under the influence of undermining processes in the aquifer
horizon. In particular, in the area of the aquifer horizon adjacent to the source of in-
undation (between the river and the head drainage point), the projected gradients should
not exceed 0.05, and within the central and lower drainage points they should be lower
than 0.2. Consequently, in cascade water decreases in steps of up to 100 m the distance
between the head drainage point and the river should be more than 2000 m, and between the
head and central drainage points 1t should be at least 500 m. In this case, the depth of
the water-lowering boreholes (drainage shafts) and water decreases will be determined by
the hypsometric position of the crest of weakly permeable barriers. The water decrease
should be anticipated before the crest, but the drainage work must be extended helow the
crest by the value of AH, within which the revealed aquifer systems provide total dis-
charge of the water by means of the pumping equipment irstalled in the borehole (shaft).
In karst rocks AH usually does not exceed 100 m.

In the presence of three or more barriers with different hypsometric positions of

their crests in the aquifer horizon the optimal placemen®t of drainage points is based on
economic calculations, in which the main parameters are the cost of constructing drainage
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roints (capizal sxpenditures), which depend on the derth and productivi<y of the waser
evacuation. It i1s advisable to use moceling to evaluate the productivity of the drainaze
at a given depth of water lowering at the boundary of the shaft field fcr different ver-

sions of positioning of drainage points.

A drailnage system of the cascade type is reccmmended for prctection of the northern
part of the northern Ural bauxite basin from inundaticn by runoff of the Sos'va and She-
gul'tan Rivers, which are 4.5 km from the boundaries of the bauxite deposits (Fig. 1).
Research has established that an aquifer horizon of the band-bed type, adjacent on the
north to a mineralization area, breaks down into three structural hydrogeological subdi-
visions, which are characterized by high water conductivity (XM) and a decline in the per-

meability (X) with depth: the southern rocks (XM = 5400 mz/day, X declines from 26 m/day
to 9.6 m/day at a depth of 300 m), central block (KM = 3900 mz/day, X declines from 81.0

m/day to 2.75 m/day at a depth of 275 m), and northern block (KM = 8697 mz/day, K declines
from 87.1 m/day to 3.9 m/day at a depth of 200 m). In this case an increase in the fil-
tration inhomogeneity of rocks with depth 1s established. The coefficients of wvariation
of rock permeability for 10 transverse cross sections of the aquifer horizon were Cv =

= 0.76 in the interval of 0-100 m, CV = 1.90 in the interval of 100-200 m, and Cv = 2,42
in the interval of 200-300 m. Established in depth intervals with increased values of C_
are weakly permeable barriers in the southern and central filtration blocks, which are

characterized by water permeability of KM = 160 m2/day and KM = 250 m2/day, whose crests
are located respectively at depths of 170 and 130 m (Fig. 1).

Modeling established that 1f the drainage point 1s located in the southern block near

the boundary of the mines, the water influx into the drainage system is about 36 th. m3/hr
from a depth of 300 m. The capital expenditures for construction of the drainage system
may reach 100 million rubles, and exploitation expenditures exceed 12 million rubles a
year. If a drainage system of the conventional type 1is created in conjunction with diver-
sion of the rivers and construction of water-impermeable channels, the residual influx of

water 1s about 18 th. m3/hr. In this case, according to the estimates of the All-Union
Planning, Surveying, and Scientific Research Institute and the VIOGEM the capital expen-
ditures exceed 500 million rubles, and the actual periods of implementation of water-pro-
tection measures are about 40 years. .

In implementing a drainage system of the cascade type the dralnage is distributed
among the points in the following manner: head 30 th. m3/hr from a depth to 100 m; mid-

dle 6000 m3/hr from a depth to 180 m; lower 2500 m3/hr from a depth to 300 m. The ef-
fectiveness of a drainage system of the cascade type 1s much higher than conventional due
to the decrease in the method of depth of drainage, which ensures a decrease of not only
exploitation expenditures for drainage (from 12 million rubles to 3.5-4 million rubles),
but also capital expendltures for construction of drainage points (from 100 million to
25-30 million rubles) due to the decrease in the depth of the drainage work, simplifica-
tion of the design of the water-lowering boreholes, etc.

Drainage systems of the cascade type may find application in protection of deep-
seated mineral deposits from inundation, which are confined to karst rocks (Boksitovyi
deposits of the Urals, Mirgalimsal and Gorevskil polymetal deposits, Bererznyakovskil and
Solikamsk potassium salt deposits, etc.). Thus, with optimization of methods for protec-
ting deep-seated mineral deposits in karst rocks from inundation we must consider not only
the boundary conditions of the aquifer horizons, but also their structural features:
filtration inhomogeneity and variation of permeability with depth. In the presence of
medium and large rivers near mines, flowing for a significant distance through karst ore-
enclosing rocks, the most reliable and effective method of protecting mines from inunda-
tion 1s the combination of drainage systems of the cascade type with the diversion of
rivers or organization of river runoff in canals with a water-impermeable covering. In
this case, under the discussed conditicns the protlem of isolating the river runoff is its
removal from the boundary of the industrial mineralization to a distance at which in the
orocess of water-lowering we prevent the development of ground water gradients which in-
tensily undermiring processes causing an increase in the water conductivity of the aquifsr
horizon.
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