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ABSTRACT

Many South African gold mines will flood when thelose, as the groundwater will
gradually fill the mining voids. Preliminary invégations have shown that flooding of
mines can generate increased levels of seismidiyamples are given that illustrate
some of the characteristic differences betweediinduced seismic events and mining-
induced events.

This paper aims to create awareness that fluideeduseismicity will become
increasingly important in South Africa when closethes are allowed to flood. Such
flooding-induced seismicity can have significanviemnmental, social and economic
consequences, and may endanger neighbouring rdesugface communities.

While fluid-induced seismicity has been observedthrer settings (e.g. filling of dams,
oil-well stimulation and hydrothermal fields), netdiled study of seismicity associated
with flooding of deep mines has ever been conduatsavhere. It is possible that mine
flooding could lead to potentially disastrous se@ty, which may result in high
continuous pumping costs by the State to prevetu oontain flooding.

Research needs to be conducted, which establiskgsotential relationships between
flooding and the magnitude and frequency of trigdesind induced seismicity resulting
from mine flooding. A thorough understanding of theeraction between flooding and
seismicity will allow the impact of mine floodingnosafety to be determined. In
particular, the maximum credible earthquake sizeilteng from the flooding of deep
gold mines in South Africa needs to be determiridee identified risks will in turn
allow appropriate mitigating strategies to be depetl. Such strategies will influence
South African mine closure policies.

1 Introduction

When a mine starts up, groundwater often needse fmumped out of the water-bearing
strata to enable mining to take place. Decades latee the ore has been extracted and
the mine closes, the groundwater is allowed tah#l mine. The water will then fill the
mining voids from the deepest underground levelhiéoheight of the groundwater rest
level (which could be the Earth's surface).

Flooding of South Africa's worked-out deep gold esrcan result in very high water
pressures, which can affect the stability of théursd and mining-induced fractures,
causing them to slip and generate seismic evergag@vara et al., 2002; Srinivasan et
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al., 2000). This can happen because high poreyesseduce the clamping forces on
the fractures, which can cause even previouslysesmic fractures to slip (Figure 1).
Seismic activity may therefore continue for a Idimge once the mines are allowed to
flood after closure due to fluid-induced movemelung planes of weakness. Such
flooding-induced seismicity can have significanviemnmental, social and economic
consequences, and may endanger neighbouring mdesugface communities.
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Figure 1. Mine flooding reduces the clamping force$o,) on a fault (right picture)
compared to a dry mine (left picture) resulting inmine tremors

This paper aims to create awareness that fluideeduseismicity will become
increasingly important in South Africa when closathes are allowed to flood. The
paper begins with some historical examples of fladlced seismicity in non-mining
settings. Next, the underlying mechanism for falip in the presence of water is
briefly outlined. The uniqueness of flooding Soéfinica’s deep mines is discussed and
some preliminary observations of fluid-induced segsty in a South African gold mine
are given. Finally, the seismic risks associateth vine flooding are highlighted,
along with the implications for the South Africam¥@rnment.

2 Historical Evidence for Fluid-induced Seismicity

Fluid-induced seismicity is a commonly observed nameenon where fluids enter

cracks and generate pore pressures that are haglglerio cause the cracks to slip. In
some cases, the pore pressures may be so higaveraintact rocks are cracked open.
In this case new fractures will be created throagitocess known as "hydrofracturing"
(Shapiro et al., 2005).

Fluid-induced seismicity has been observed to orcail-well stimulation (Parotidis et

al., 2004; Gibbs et al., 1973; Raleigh et al., 29Where high-pressure water is pumped
into a stimulation well in an oil field in order tocrease the oil yield of a nearby
production well. Reservoir-induced seismicity isotrer example (Gahalaut et al.,
2007), where the filling of newly constructed dafmmas resulted in the onset of
seismicity around the dam as water slowly flowsoithe cracks underneath the
reservoir. In South Africa, the filling of the Katam resulted in the onset of seismic
activity (Brandt, 2000) that necessitated the raion of nearby rural settlements.
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Fluid-induced seismicity has also been observedratrtydrothermal fields and around
geysers (Yamabe and Hamza, 1996).

Some case histories of fluid-induced seismicitylarefly described here.
2.1 Wellbore Injection
2.1.1 Rocky Mountain Arsenal, Denver, Colorado

In 1967, three large earthquakes (magnitude 5.6.%9 shook the city of Denver,
Colorado, USA (Healy et al., 1968). These largeheprakes followed a spate of minor,
but continual, seismic activity that had begun ipriRof 1962. No such concentrated
seismic activity, or large earthquakes, had occumethe area previously. It turns out
that the U.S. Army had begun pumping contaminali@dd into a deep rock reservoir
at the Rocky Mountain Arsenal, northeast of DenwveMarch of 1962.

In 1961, a 3671 m deep disposal well was complbtethe U.S. Army at the Rocky
Mountain Arsenal. The well was drilled through sor®@® km of sub-horizontal
sedimentary strata of the Denver Basin into theedgmiohg Precambrian crystalline
basement. It was the intention of the U.S. Armytonp waste fluids from chemical
manufacturing operations into the basement rocka permanent disposal technique.
Four phases of fluid injection were undertaken leetwearly 1962 and early 1966
(Figure 2). Fluids were pumped into the wellborexatrage rates of 7.5 — 21 million
litres per month at a bottom hole pressure of al@hMPa.

At the start of the Rocky Mountain Arsenal fluiddaation programme, two seismic

monitoring stations were active in the Denver amath stations began to record
seismic activity from the region northeast of Denakout a month after fluid injection

began. After the initial seismicity had been reeardy these two stations, the U.S.
Geological Survey established a number of addititeraporary seismograph stations
in the vicinity of the Rocky Mountain Arsenal. Agsificant correlation was noted

between the volumes of fluid pumped into the Roblguntain Arsenal wellbore and

the number of earthquakes detected (Figure 2)hEurtore, Figure 3 shows a striking
correlation between wellbore pressure and earthetrakjuency and that the seismicity
continued for almost two years after fluid injectimas stopped in early 1966.
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Figure 2. Comparison between Denver earthquake aeity and the four phases of
fluid injection at the Rocky Mountain Arsenal. Phag 1: 21 Ml/month
(active pumping). Phase 2: no pumping. Phase 3: 7MBl/month (gravity
flow only). Phase 4: 17.5 Ml/month (active pumpingjafter Healy et al.,
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Figure 3. Monthly seismicity (solid line) comparedto bottom-hole pressures
(dashed line) at the Rocky Mountain Arsenal (afteHealy et al., 1968)
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Sixty-two seismic events were accurately locategr @a/two-month period near the end
of the injection programme in the vicinity of thisgosal well (Figure 4).
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Figure 4. Epicentres of 62 earthquakes recorded ovea 2-month period near the
RMA well (after Healy et al., 1968)

Between April 1967 and November 1967, over a ydtar ahe Rocky Mountain
Arsenal had ceased disposal operations into the We#bore, three large earthquakes
(magnitude 5.0 to 5.5) shook Denver. All three damyents (and their aftershocks)
occurred within the zone of previous activity (Figwb). A study of the earthquake
history prior to the Rocky Mountain Arsenal dispopeogramme revealed that there
was “no evidence of seismic activity before 1968ikir to the earthquakes that have
occurred since 1962” (Healy et al., 1968).

Healy et al. (1968) concluded that it was likelgttthe cause of the Denver earthquakes
was a regional stress field of tectonic origin. Thyection of fluids into the basement
rocks through the Rocky Mountain Arsenal disposall wiggered the release of stored
tectonic strain energy resulting in the observesnsie activity. Seismic activity ceased
shortly after the earthquakes of late 1967 andunitnér fluid injection was undertaken
at the Rocky Mountain Arsenal. The correlation lesgw fluid injection and seismic
activity in both time and space was striking anddleéo a major interest in the
relationship between fluids and seismic activity.
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Figure 5. Locations of two of the three large earthuakes and their aftershocks
recorded near the RMA well (after Healy et al., 198)

2.1.2 Rangeley Oil Field, Colorado

The Rangely oil field (Gibbs et al., 1973; Raleggtal., 1976) is situated in Rio Blanco
County, Colorado and completely surrounds the tofviRangely near the border of
Utah (Figure 6). Oil was discovered in 1933 and-$able production from the field

began in 1943. Some 481 wells had been drilled timooil bearing Weber sandstone
formation (350 m thick, 1900 m below surface) befextraction from the field was

completed in 1949.
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Figure 6. Location map showing the Rangely oil fiel (from Gibbs et al., 1973)
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Water-flooding of the Rangely field began in 1964ttificially stimulate secondary oil
production in order to acquire oil reserves thatldanot be obtained by conventional
means. Water was injected under pressure into ctmaveoil wells (so-called
stimulation or injection wells) to force oil in theservoir towards low pressure wells
from where it could be pumped to surface (productells). By September 1965, 97
wells had been converted to injection wells andSeptember 1969 water was being
injected into a total of 202 wells. During secondail production by fluid injection it
was observed that seismic activity in the Rangedaappeared to increase (Scholz,
1990). A large number of seismic events was idieatiis originating from the Rangely
oil field (Figure 7). Much of the seismicity coied with the southern extent of a fault
that cuts through the centre of the field.

x Perimeter of
Rangely Oil Field

Figure 7. Earthquakes located at Rangely from Octoér 1969 to November 1970

However, it was not so much the absolute valuehef ftuid injection pressure that
affected the seismic activity as the changes inatheunt of fluid injected that caused
changes in the induced seismicity. It was conclutted if the fluid injection rate

increased then the amount of recorded seismic igctalso increased. During a
subsequent fluid-injection experiment using foulllbaes the largest event recorded
was magnitude 3.1. All hypocentres located alongedical zone trending roughly
parallel to the fault identified in the field (Figu8).
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Figure 8. Vertical sections showing earthquake lo¢ens over time (from Raleigh
et al., 1976)

2.1.3  Matsushiro Experiment

In 1970 a fluid injection scientific experiment waadertaken at Matsushiro, Japan.
Almost 3 million litres of water was pumped into 4800 m deep wellbore over a
period of one month. The borehole intersected thashshiro fault zone. Injection
pressures were less than 5 MPa and flow ratesdvénoen 120 I/min to 300 I/min. A
significant amount of induced seismicity was reeordwith a maximum event
magnitude of 2.8 being reported (Ohtake, 1974).

Dedicated seismic monitoring of the Matsushiro leguaike region was undertaken for
four weeks prior to the initiation of the fluid egtion experiment. Dedicated seismic
monitoring ceased on 9 March 1970, six weeks #fieifluid injection programme had
terminated. Unusual seismic activity was first relenl at a distance of between 2 km
and 4 km from the wellbore injection locality somi@e days after fluid injection had
begun. On 25 January 1970 a magnitude 2.8 seisraitt &vas recorded.

The seismic activity during the four week periodopto fluid injection showed little
systematic distribution and occurred at depthsxoess of 3.5 km. After fluid injection
was initiated, events appeared to localise alomgpttojected fault surface and were
observed to occur at depths ranging from the imgaqgboint and below. The time delay
between the initiation of fluid injection and thest recorded seismic activity was
nine days. Ohtake (1974) argued that it took timsaturate the fault surface and it was
necessary to affect regions of the faulted rocksmiat were susceptible to instability.
A time migration of seismicity was observed downtlipm the injection point. After
injection ceased, the seismic trends were obsexvedvert to those recorded prior to
the experiment.
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2.2 Dam Impoundment

Numerous examples of earthquake activity associaitdthe filling (impoundment) of
man-made lakes behind engineered dams exist. Otfeeahost devastating of these
was the magnitude 6.3 earthquake that occurrescbghd Dam, India, on 10 December
1967 (Gupta et al., 1969). While the dam did ndt fhe earthquake resulted in over
200 fatalities, 1500 injuries and thousands wer@&lanaomeless. Two examples of
seismicity associated with reservoir filling areeffly discussed here.

2.21 Malpasset Dam

The Malpasset Dam in France, which was completdd®$4, catastrophically failed on
2 December 1969 (Jaeger, 1979). 421 people wdezllak a result of the collapse of
the 61 m high dam wall. Subsequent investigatiots the catastrophe found that the
design of the dam was not at fault. It was failofethe rock foundation that had
initiated the collapse. Two major fault surfaceseviglentified in the rock of the dam
wall foundation, however, tests on the fill matefram these faults indicated friction
angles between 45° and 60°. It was consideredthimatvas too high to allow sliding
along the fault planes.

Subsequent investigations into the Malpasset tragiehtified the important role that
water had played in the collapse of the dam. It degduced that the head of water
contained by the dam was sufficient to cause wat#low into fractures in the bed rock
at the toe of the dam wall. The water pressuresuéfgcient to overcome the downward
pressure of the mass of the dam wall, resultirtgmsile vertical stresses in the bed rock
forming the foundation of the dam wall. The watestrained by the dam wall forced
the dam to lean downstream over the toe of the atling to the ultimate failure of
the foundation and resulting in the total collap&the dam itself.

The Malpasset Dam failure was one of the firstdeats that indicated the magnitude
of the effect that water could have on rock.

2.2.2 Vajont Dam

The Vajont Dam in Italy, which was completed in @9@ver-spilt on the 9 October
1963 resulting in 2600 deaths (Jaeger, 1979). Bt high thin wall concrete arch
dam was left undamaged by the incident. Invesbgatiinto the disaster found that
240 million cubic metres of rock and earth compigsa portion of the bank of the
dammed lake slid into the water at a high velocaysing much of the water in the lake
to be ejected over the dam wall, resulting in deatas downstream.

Further investigations revealed that the slip sugfalong the base of the slide was a
pre-existing natural fissure. During impoundingtioé dam the water pressure became
sufficiently high to force water into this fissurgltimately the induced tension across
the fissure was large enough to allow the overgyimaterial to slide into the lake with
devastating consequences.
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2.3 In-Mine Fluid Injection

In the late 1980s and early 1990s the Chamber afeMiResearch Organisation
(COMRO, later the CSIR Division of Mining Technolggconducted a number of field
experiments into controlled fault slip in mines ngsiwater injection (Lightfoot and

Goldbach, 1995).

The aim was to induce shear slip on existing faultfaces in mines that had the
potential to produce large (more than magnitudes@&psmic events. By inducing
numerous smaller events (magnitude O to 1) througter injection it was hoped that
stored strain energy due to mining could be dissghan a controlled manner, thus
minimising the potential damage associated wittklacsts resulting from slip on the
fault.

An intricate mobile pump system was developed tuatld deliver water at rates of
120 I/min and pressures of up to 30 MPa through ¥eellbores drilled to intersect fault
surfaces. These pressures and flow rates wereasitaihistorical examples of wellbore
injection which generated large seismic events.

Figure 9 shows a plan view of one of the experimleirtld sites where fluid injection
was performed on two target faults. Unfortunatelysing the seven years of field trials
using water to induce controlled fault slip no egeof magnitude greater than zero
were recorded. However, numerous micro-seismic teav@nagnitude less than zero)
that could confidently be claimed to have been aeduby fluid injection were induced
(Figure 10).
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Figure 9. Plan of a fluid injection field site showng wellbores drilled onto two
target faults (from Lightfoot and Goldbach, 1995)
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Figure 10. Locations of induced micro-seismic evesit(+ symbols) due to fluid
injection in plan (left) and in section (right) (from Lightfoot and
Goldbach, 1995)

The in-mine experiments with fluid induced seistyighowed that fluids could indeed

be used to induce seismic events. However, themnetdmmt only micro-seismic events
were generated was ascribed to the unsaturatedenatithe in-mine joint systems.

Fluid flow in unsaturated natural joint systemshsough distinct channels and there is
little interconnectivity between relatively closelgpaced wellbores in systems
dominated by channel flow.

However, large seismic events would indeed be plessi fully saturated joint systems
where the pressurisation radii of water on faulifsstes were much larger. Such
conditions would exist when large scale floodingdeep, worked-out mines, was to
take place.

3 Mechanics of Fault Slip

The mechanics governing the potential for slip diawdt surface can be considered in
terms of a Mohr-Coulomb failure criterion. Thisterion assumes the fault surface to
be planar and the shear strength of the fault serteed in terms of the ambient stress
field and the cohesive and frictional strength o tiscontinuity. The ambient stress
state acting on the fault can be altered by thegmee of a fluid pressure acting in the
fault surface void. This change in stress stateb@adescribed in terms of the effective
stress concept.

3.1 Fault Strength
Geological faults slip when the shear stress aqiemgllel to the fault surface exceeds
the natural resistance to shear of the fault. hexpressed in equation 1. The limiting

case for slip is when the shear strength of thi &guals the shear stress acting parallel
to it. A fault will thus slip, if

0> T (1)
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Osis the shear stress acting on the fault surface
Ts is the shear strength of the fault surface

For a fault in equilibrium (stable), the shear str¢gs) acting parallel to the surface
must be less than the shear strength. (f a fault is considered to be a planar
discontinuity in a rock mass, then the resistancslip along the fault is a function of
the cohesive strength acting across the surface thed friction angle of the
discontinuity. The strength of such a fault undevidtoric loading is generally assumed
to be given by the Mohr Coulomb relationship in &ipn 2.

Is=Cp + Optang (2)

where

on is the normal stress acting on the fault surface

@is the friction angle of the fault surface

Co is the cohesive strength acting between the tdessof the fault surface

The state of stress in a rock mass can be repessenterms of the majoo() and the
minor (03) principal stresses together with the Coulombufailenvelope for a fault
(assuming zero cohesion) on a Mohr-Coulomb diagfégure 11).

-
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Figure 11. State of stress in a rock mass represeat on a Mohr-Coulomb diagram

3.1 Effective Stress

If water pressure is applied to the fault apertareill counteract the strengthening
effect of the applied normal stress acting on thdtfsurface. The resultant normal
stress acting on the fault is known as the effecsitress and the fault shear strength is
correspondingly reduced (equation 3)

Is = Co + (On — Opp) tang 3)

where
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Opp IS the water pressure

Hence, fluid pressure has the effect of weakenifapt by reducing the normal stress,
thus increasing the potential for slip under denatloading (Figure 12). The size of
the Mohr circle representing the stress stateerrdick mass does not change; it simply
shifts to the left by an amount equal &g, The water pressure has no effect on the
shear stress acting on the fault surface.

Y

Figure 12. State of stress on a fault surface aftethe introduction of a pore
pressure gy,

Of course, there will be other factors at play.autdition to the hydrostatic pressure
changes, there will be chemical changes, such @atoon, hydration, hydrolysis and

dissolution — all these processes can weaken & féoé permeability of the fault

aperture and the diffusion of the water into thekronass will also impact on fault

stability.

4 Flooding of South African Mines: Uniqueness

If fluid-induced seismicity has been observed andisd globally in a number of non-
mining settings, what makes seismicity associatigl nvine flooding so important?

The answer is that, although the learning from walt stimulation and dam
impoundment will indeed be relevant, seismicityoassted with flooding of mines is
probably different in many respects:

» Firstly, South Africa has some of the deepest minethe world and not much is
known about the level and size of potential flnduced seismicity that is expected
to occur once these deep, old mines are allow#dad.

* The volumes of water and the pressures involvedrareh greater than is the case
for oil-well stimulation, for instance.
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» South African mines are not only deep, but extensagions of high stress exist in
the mined out areas, regions which could easily wihen exposed to high water
pressures.

» Support pillars that were stable during dry minaagpditions could become unstable
when wet.

* Another unique factor is the proximity of old minesthe Johannesburg metropole.
This point is particularly relevant in the light gbld mining restarting beneath
Johannesburg.

While there have been some superficial case studigsne flooding, e.g. in the Kolar
gold field in India (Srinivasan et al., 2000), netailed study of seismicity associated
with flooding of deep mines has ever been conduatsgvhere.

5 Evidence of Fluid-induced Seismicity in a South #ican Mine

This section reports on some of the characterdifierences that have been observed
with fluid-induced seismicity compared to seisnmyjassociated with normal deep-level
mining operations. The observations come from g-deesl South African gold mine
that had installed a seismic system to monitor tméning-induced seismicity.

While monitoring the mining-induced seismicity indaep level production area of a
mine, additional seismic activity was noticed inaajacent worked-out part of the mine
that was being allowed to flood. A plan of the misshown in Figure 13.

1000m  wet

Figure 13. Mine plan showing “dry” production area and “wet” flooding area
5.1 Spatio-temporal analysis

Figures 14 and 15 show the seismicity that wasrdetbover a 5-year period in the
“dry” production area and the “wet” flooding ar@aspectively.
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Figure 14. Seismicity recorded in the “dry” production area
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Figure 15. Seismicity recorded in the “wet” floodirg area

Almost all the seismic events in the wet area ledain-reef. A striking discovery was
that much of this seismicity migrated up-dip ovgresiod of approximately 18 months
between September 2000 and February 2002. Figurattéénpts to illustrate this
migration in 100-day snapshots.
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Figure 16. Seismicity recorded in the “wet” floodirg area over an 18-month period
in 100-day snapshots

A time history graph of the seismic events showsilamst exponential increase in the
event rate over this 18-month period, followed byrapid decrease thereafter
(Figure 17). By contrast, the time history graphg$eismic events occurring in the dry
mining area shows an almost constant event rate tbie period. Similar trends are
observed when one compares the cumulative timerhast of seismic energy and
seismic moment for events which occurred in the fleeiding area and the dry mining
area (Figures 18 and 19). In all cases an unustagiy increase in seismic parameter is
observed between September 2000 and February 2@b& flooding area.
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Figure 17. Time history of seismicity recorded inhe wet flooding area (left) vs. the
dry mining area (right)
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Figure 18. Time history of seismic energy releasad the wet flooding area (left) vs.
the dry mining area (right)
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Figure 19. Time history of seismic moment releaseid the wet flooding area (left)
vs. the dry mining area (right)

In addition to the characteristic differences ia time histories between the two areas,
further distinctions were observed. For instante daily event distribution of the
seismic events which located in the flooding areaws a fairly random number of
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events having occurred on any particular day of wleek (Figure 19). The diurnal
distribution of these events shows that they atsmwed randomly throughout the day.

Number of events
Number of events

'sun Mon ue ed hu i 'sat un M
Day of week

Figure 19. Daily (left) and diurnal (right) event dstributions of the seismic events
which located in the wet flooding area

By contrast, the corresponding distributions foisisec events occurring in the dry
mining area exhibit a very distinct pattern thah ¢e related to the mining processes.
Figure 20 shows relatively few seismic events ammiron Saturdays and Sundays
when little or no mining took place; a graduallgreasing number of seismic events
took place between Mondays and Fridays as the ptoduactivity increased after a
weekend. The diurnal event distribution in FiguBeatso displays a noticeable peak in
seismicity during blasting time (18h00 — 19h00)|ldwed by an exponential decay in
the event rate. Both these distributions are type#terns of seismicity occurring as a
result of the rock mass response to active minpegations.

Number of events

Number of events  *1073

Wed hu
Day of week

Figure 20. Daily (left) and diurnal (right) event dstributions of the seismic events
which located in the dry mining area

It became clear that the seismicity in the wet adabited distinctly different patterns
to that in the dry mining area. To what degree wibee observed seismic patterns
associated with the flooding? This question is asisied in the next section.
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5.2 Correlation between seismicity and flooding

Figure 21 shows the elevation of the water levgetber with the depth of the seismic
event locations in the flooding area as a functbnime. A dense cluster of seismic
events is observed in Figure 21 between Septentl®®r and February 2002. These
seismic events started approximately 14 monthg #fieding commenced and their
locations migrated upwards — initially rapidly, blater at a slower rate, eventually
coinciding with the elevation of the water level Bgbruary 2002. Thereafter the
number of seismic events decreased, but theircabtbcations remained largely below
the elevation of the water level, indicating thaismicity continued in the deeper
levels, albeit at a much reduced rate. The incréaseismicity between September
2000 and February 2002 was previously observechéncumulative time histories
shown in Figures 17 to 19.
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Figure 21. Elevation of water level (solid line) ad depth of seismic event locations
(diamond symbols) in the flooding area. Note the upards migration of
a cluster of seismic events (dashed line) betweee@ember 2000 and
February 2002.

This correlation between rising water level andsmatity provided convincing
evidence that the events were happening as a m&stie rising water levels and that
they must therefore be fluid-induced.

A delay in the onset of the seismicity is commoolbserved in dam impoundment. As
water flows into existing fractures into the roclkass below the dam, a finite amount of
time is required (depending on the permeabilitytted rock) for the rock mass to
become saturated and before the pore pressuresuffigently high to initiate slip.

Similarly, the rapid increase in seismicity in tfleoding area of the mine did not
commence immediately with the onset of floodingodl after the flooding began a
few seismic events were induced. However, there avd<l-month delay before the
onset of major seismic activity in September 20B@re 21). These events initially
located in the deepest part of the mine, rapidlgrated upwards and eventually
“caught up” with the prevailing water level by Fahry 2002. The seismic “front”

therefore lagged behind the rising water levelgace and in time. It would appear that
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the volume of water and the associated water presseded to reach certain critical
values over a period of 14 months before the poessures were sufficiently high to
induce seismic events. Delays between the staftoofling and the onset of fluid-

induced seismicity were also observed at the Rddipntain Arsenal and at the
Matsushiro experiment. However, there are probatiigr complex processes involved,
which would have contributed to the delay, suclviasous time-dependent effects of
the rock mass.

5.3 Maximum Magnitude of Seismicity associated witlrlooding

The maximum credible earthquake magnitude thatkislyl to be associated with
flooding of deep mines is unknown at this stage.

In the case study presented here, the largest isemrant that was recorded in the
flooding area was magnitude 3.3, while the largas&nt in the adjacent mining area
was magnitude 2.8. The head of water was not ninare 800 m at the time of the large
events, suggesting that slip occurred under watsspres of less than 6 MPa. Similar
induced seismicity occurred at the Matsushiro erxpamt where a magnitude 2.8
seismic event occurred at wellbore pressures oPa.M

It is noteworthy that:

« the largest seismic event in the flooding area wecduduring the period of intense
seismic activity between September 2000 and Fep2G02; and

» despite the flooding area having been mined oug lago, it generated bigger
seismic events than the neighbouring mining area.

6 Seismic Risks and Consequences of Mine Flooding

On 9 March 2005 the largest ever South African ngrielated earthquake (magnitude
5.3) hit the town of Stilfontein. The seismic evekilled two miners at
Hartebeestfontein Mine and caused severe struatiarabge to the town (Figure 22).
3200 miners were evacuated under difficult circameses. The Stilfontein event was
not related to any flooding, but it did show thainimg activity is able to generate
moderately-sized earthquakes. In the context obdilog-induced seismicity an
important unanswered question’'an earthquakes the size of the Stilfontein evant,
larger, be triggered by water?"

Following the Stilfontein earthquake, the DeparttnenMinerals and Energy (DME)
commissioned a Section 60 investigation into teksrito miners, mines, and the public
associated with large seismic events in gold mirdiggricts (Durrheim et al., 2007).
Later the President of South Africa ordered an stiuaudit of mine safety in October
2007 in order to address the risks associated mitiing as approximately 200 people
continue to die in South African mines each yedre Bouth African Government is
clearly serious about addressing mine safety. Aggaims political background, it is
important to understand the potential impact o$meétity as a result of flooding of old
mines as it impacts on national mine safety targetsmine closure plans.
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Figure 22. Damage to buildings in Stilfontein follving a magnitude 5.3 mining-
related earthquake (from Durrheim et al., 2007)

6.1 Economic Impact of Large Seismic Events

DRDGold liquidated its Stilfontein mines after tlearthquake. About 6500 workers
were left without jobs, affecting the livelihood ebme 100 000 South Africans who
depended on the income of these miners. Approxign&800 families were left

destitute after the closure of the mine. Some 280 Ounces of gold a year were
sterilized, translating into a lost revenue of BRMillion per annum for the South
African economy.

A number of South African gold mines are curremtich paying between R 6 million
and R 8 million per month to pump water out fronderground (Business Report,
2005; The Star, 2005; Sheqafrica.com, 2009; Minxgg909). Pumping is necessary
to prevent the flow of water from mines at a higlwation within the mining areas to
lower-lying operational mines.

Once mines close, the State may have to bear tpected (indefinite) monthly
pumping cost of R 6 million to R 8 million for eachine to prevent flooding-induced
seismicity. Alternatively, the consequences of il a mine to flood could be an
earthquake that is large enough to cause damage Wiy city or metropole. The
Stilfontein earthquake cost about R 500 milliornisured damage.

6.2 Impact of Mine Flooding on Safety

The Central Rand Gold mining company has recerityarted gold mining activities
beneath Johannesburg (Mining Weekly Daily News, 800Will Johannesburg
experience an earthquake the size of the Stilforgeent once Central Rand Gold has
closed and the mine flood$®-one knows. But, if it does, the consequencesdcbe
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severe. Figure 23 shows the damage caused by aitotegrb.2 mining-related
earthquake to a block of flats in Welkom on 8 Debenil976.

Already seismicity near the old mining areas saithohannesburg is much higher than
areas more than 10 km from mining areas (Spottiseat al., 2009) — this increase in
seismicity may be associated with gradual floodiighe Central Rand Basirt is
therefore in the national interest that the risksoaiated with fluid-induced seismicity
be understood before many South African minesacialse.

'. & : *‘:{ih X w \.\ - N . > : L
Figure 23. Damage to a block of flats in Welkom fédwing a magnitude 5.2
mining-related earthquake (no fatalities)

Mine flooding is also very important for currentmmg operations, because one of the
big risks is that a seismic event may damage arvieteier pillar between a flooded
mine or section and an adjacent working operat@nbarrier pillar failure could
potentially be the greatest disaster ever to oec8outh Africa’'s mining history.

7 Implications for the South African Government

The risks associated with fluid-induced seismiciged to be quantified now. Funding
needs to be made available for research that egtablthe potential relationships
between flooding and the magnitude and frequendyigdered and induced seismicity
resulting from mine flooding.

A thorough understanding of the interaction betwi@mding and seismicity will allow
the impact of mine flooding on safety to be detewdi In particular, the maximum
credible earthquake size resulting from the flogdih deep gold mines in South Africa
needs to be determined. The identified risks welplthe South African Government to
develop mitigating strategies to protect mine waskand the South African public from
large fluid-induced seismic events. Such strategiéisallow the mine closure policies
of the Department of Mineral Resources to be regdgvparticularly regarding water
management towards eventual mine closure.
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The results from this research will also have raraifons for Eskom as it seeks to find
alternative ways of generating electricity. One Edkom's current projects is to
investigate flooding old mines with water, usinghagh head underground pumped
storage scheme" (HHUPSS) as a means of drivingrlanti to generate electricity
during peak demand (Mining Weekly Daily News, 2008tining Weekly Daily News,
2008c). Fluid-induced seismicity resulting from tlaege volumes and pressures of
water needed for such a project will impact onwiadility of a HHUPSS.

The findings from this work will also be relevawnt ¢arbon capture and storage (CCS,
also known as CPsequestration), a process whereby greenhouse bGksesarbon
dioxide are removed from the atmosphere and stone@rground. The pore pressures
resulting from the underground storage of such gaseld be large enough to liquefy
the gases, which could cause faults to slip ancergé® seismic events in a similar
manner to water (Sminchak et al., 2002). This asgguarticularly relevant in the light
of the recent establishment of the South Africant@eof Carbon Capture and Storage
(Engineering News Daily News, 2008). One of thdiahioutputs of the centre is the
publication of a "South African Carbon Dioxide tge Atlas”, which identifies
potential sites for the possible future storag€0% in South Africa (Engineering News
Daily News, 2008).

8 Discussion and Conclusions

The aim of this paper was to highlight that flurdiuced seismicity will become
increasingly important in South Africa when clogathes are allowed to flood. Such
flooding-induced seismicity can have significanviemnmental, social and economic
consequences, and may endanger neighbouring mudesugface communities.

While fluid-induced seismicity has been observeabglly in other settings (e.g. filling
of dams, oil-well stimulation and hydrothermal €ig), no detailed study of seismicity
associated with flooding of deep mines has evem bamnducted anywhere. It is
possible that mine flooding could lead to potehjidisastrous seismicity, which may
result in high continuous pumping costs by theeStatprevent or to contain flooding.

Preliminary investigations have shown that floodofgmines can generate increased
levels of seismicity. A case study showed that gpatio-temporal signature of fluid-
induced seismic events is characteristically défér from normal mining-induced
events. In particular, a delay between the staitbotling and the onset of fluid-induced
seismicity was observed. Thereafter, a rapid irsgea seismicity was observed, which
was accompanied by an up-dip migration of the elaaations from the deeper parts of
the flooded mine to shallower elevations. The smisevent rate reduced once the
seismic front had caught up with the rising waésel.

It was also noteworthy that the flooded region getesl larger magnitude seismic
events (Mha=3.3) than the neighbouring dry deep-level minikly,£,=2.8). The largest

events occurred under 6 MPa water pressure. Simdaiced seismicity occurred at the
Matsushiro experiment where a magnitude 2.8 seiswmant occurred at wellbore
pressures of 5 MPa. However, seismic events witlgnmades larger than 5 were
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induced at the Rocky Mountain Arsenal where ing@ctpressures approached 37 MPa.
Such water pressures are likely to occur in théobotof 4 km deep gold mines when
they are allowed to flood after closur@/ill similar magnitude 5 seismic events be
induced or triggered when 4 km deep mines floAtthis stage we don’t know. The
damage caused by the magnitude 5.3 mining-relatathquake to the town of
Stilfontein suggests that such large events catebguctive.

| therefore contend that detailed research neet® twonducted, which establishes the
potential relationships between flooding and theymitade and frequency of triggered
and induced seismicity resulting from mine floodidgthorough understanding of the
interaction between flooding and seismicity willoal the impact of mine flooding on
safety to be determined. In particular, the maximuedible earthquake size resulting
from the flooding of deep gold mines in South Adrineeds to be determined. The
identified risks will in turn allow appropriate nghating strategies to be developed.
Such strategies will influence South African mimasare policies.
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