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INTRODUCTION 

The presence of groundwater can have an  important  i n f luence  on investment 
dec i s ions  f o r  deep c o a l  mines. It i s  a hazard dur ing  s h a f t  s i nk ing ,  
p r ecau t ions  may b e  needed when mining n e a r  l a r g e  a q u i f e r s ,  and t h e  
development of s p e c i a l  mining methods may be  necessary .  These can have 
a major e f f e c t  on t h e  v i a b i l i t y  of t h e  p r o j e c t .  With t h e  tendency t o  
mine deeper,  e .g.  1200 my wi th  pre-mining groundwater p r e s su re s  of up t o  
1200 b a r s ,  p r i o r  assessment of p o t e n t i a l  groundwater cond i t i ons  i s  
e s s e n t i a l .  

Groundwater c o n d i t i o n s  a t  such depths  can  only be  a s c e r t a i n e d  from 
exp lo ra to ry  boreholes  and hydrogeology s t u d i e s  must be  commenced a t  the  
s t a r t  of exp lo ra to ry  d r i l l i n g .  The a d d i t i o n a l  c o s t s  involved a r e  small  
compared t o  t h e  hugh consequent ia l  l o s s e s  t h a t  can occur i f  t h e  presence 
of groundwater problems i s  n o t  i d e n t i f i e d .  

Groundwater cond i t i ons  i n  boreholes  may no t  be  ev iden t  due t o  "mud 
wal l ing"  and by mud f i l t r a t i o n  i n t o  permeable format ions  which can be  
invaded t o  annu la r  t h i cknes s  g r e a t e r  than  300 mm where poor mud c o n t r o l  
occurs .  Open h o l e  r o t a r y  d r i l l i n g  methods adopted f o r  most over ly ing  
s t r a t a  a l s o  l i m i t s  t h e  accuracy  of format ion  sampling. To avoid mis- 
i n t e r p r e t a t i o n  hydro-geological  assessment r e q u i r e s  a mu l t i -d i s c ip l i na ry  
approach combining ; 

- r eg iona l  geology 
- borehole  logging 
- down-the-hole pe t rophys i ca l  logging 
- geo techn ica l  a p p r a i s a l  
- hydro log i ca l  t e s t s  
- f u l l y  cored  index h o l e s ,  combined w i th  l abo ra to ry  t e s t s  

The need f o r  s u r f a c e  water  i n v e s t i g a t i o n s  should not  be  overlooked 
dur ing  e a r l y  i n v e s t i g a t i o n s .  Surface  cond i t i ons  can impose c o n s t r a i n t s  
on mining and process ing  and a study of su r f ace  hydrology t akes  some 
time t o  complete i f  annual v a r i a t i o n s  a r e  t o  be cons idered  [ I ] .  



Groundwater Regime 

Explora t ion  r e l a t i n g  t o  mining i s  s i t e - spec i f  i c  though t h e  consequences 
of mining on t h e  hyd ro log i ca l  environment can  extend wel l  beyond t h e  
boundar ies  of t h e  proposed mine take .  The purpose of exp lo ra t i on  i s  t o  
provide  a  d a t a  base  on minera l  q u a l i t y  and cond i t i ons  over  a  mining a r e a  
w i th  hydrology a s  an important  a s p e c t .  A c r i t i c a l  o b j e c t i v e  i s  t o  
e s t a b l i s h  t h e  e x i s t i n g  hyd ro log i ca l  regime a g a i n s t  which t h e  consequences,  
i f  any,  of mining and p roces s ing  can  b e  c a l c u l a t e d  and e f f e c t s  beyond t h e  
mining a r e a  a s se s sed .  

The s tudy of a q u i f e r  b a s i n s  i s  n o t  d i s cus sed  h e r e  though r eg iona l  
hydrology and t h e  s i t u a t i o n  of a  mining a r e a  w i th in  t h e  hydrogeologica l  
regime i s  a  fundamental a s p e c t  i n  t h e  assessment of hyd ro log i ca l  cond i t i ons .  
A u t h o r i t a t i v e  works a r e  a v a i l a b l e  [ 2 ] .  

Sha f t  Sinking 

The c o s t  of s i nk ing  and equipping deep s h a f t s  i s  ( c i r c a )  29% of t he  t o t a l  
investment c o s t  f o r  a  mine. Severa l  y e a r s  l e ad  t ime a r e  needed f o r  
s h a f t  s i nk ing  and f u r n i s h i n g  b e f o r e  c o a l  product ion  and a  r e t u r n  on 
investment beg ins .  Groundwater i s  a  major hazard  and a  p o t e n t i a l  de lay  
f a c t o r  i n  s i nk ing  ( a s  h igh  a s  one yea r  i s  known) and can have a  s e r i o u s  
de t r imen ta l  impact on p r o j e c t  economics. Sha f t  i n v e s t i g a t i o n s  r e q u i r e  
t o  be s p e c i f i c  t o  t h e  immediate s h a f t  a r e a  and an i n v e s t i g a t i o n  bore- 
h o l e  should b e  d r i l l e d  w i th in  t h e  s h a f t  c i r c l e .  The i n v e s t i g a t i o n s  must 
r e l a t e  water cond i t i ons  w i th  rock c h a r a c t e r i s t i c s  and water  q u a l i t y .  

The p o s s i b i l i t y  of water  f low i n t o  t h e  mine workings, depending on 
magnitude, can i nc rea se  t h e  c a p i t a l  c o s t  of mine development and reduce  
ope ra t i ng  e f f i c i e n c y .  Pumping r a t e s  from wet mines can  be a s  h igh  a s  
5  - 13 x  lo6 t / y e a r .  

The assessment of mining hor izon water  cond i t i ons  from exp lo ra to ry  
d r i l l i n g  has  no t  been i n v e s t i g a t e d  comprehensively i n  t h e  p a s t .  The 
r e s o l u t i o n  of mine inf low p r e d i c t i o n s  i s  complex i n  t h a t  t h e  v e r t i c a l  
conduc t iv i t y  of a  mul t i - layered  s t r a t a  sequence over  a  l a r g e  a r e a l  
e x t e n t  ha s  t o  be  a s se s sed  a long wi th  p r ed i c t ed  changes i n  pe rmeab i l i t y  
induced by f u t u r e  seam e x t r a c t i o n  [ 5 ] .  

Inf low must b e  r e l a t e d  t o  t h e  mining method proposed, t he  roof and 
f l o o r  cond i t i ons ,  t h e  weather ing  c h a r a c t e r i s t i c s  of t h e  exposed rocks  
e t c .  Dry b u t  porous s t r a tum i n  t h e  v i c i n i t y  of t h e  c o a l  seam which may 
provide  hyd rau l i c  communication must be  i d e n t i f i e d .  

B a r r i e r s  Agains t  Water Hazards 

Sa fe ty  p i l l a r s  a r e  r equ i r ed  a g a i n s t  su r f ace  and underground water 
hazards  i n  a  number of mining s i t u a t i o n s .  The s p e c i f i c a t i o n s  f o r  such 
b a r r i e r  p i l l a r s  a r e  gene ra l l y  def ined  by mining law [4 ,5]  b u t  hydro- 
geo log i ca l  i n v e s t i g a t i o n s  may be  needed t o  determine boundary p i l l a r  
c h a r a c t e r i s t i c s  and s p e c i f i c  sub-surface c o n d i t i o n s .  Such s i t u a t i o n s  
inc lude  : pro j ec t ed  mining under t h e  sea o r  a  l a r g e  s u r f a c e  water  body; 
major a q u i f e r s  ove r ly ing  o r  under ly ing  t h e  c o a l  seam(s) ;  c r o s s - f a u l t  
a q u i f e r s  where displacement b r i n g s  permeable ground a g a i n s t  t h e  mining 
ho r i zon .  



Unsealed o r  pocr ly  s ea l ed  boreholes p r e s e n t  an unacceptable  hazard t o  
underground mining and an method of s e a l i n g  bo reho le s ,  be fo re  
abandonment, i s  e s s e n t i a l  i n  any d r i l l i n g  programme, t oge the r  wi th  an 
exact  borehole  survey.  

Surface  Hydrology 

A hyd ro log i ca l  i n v e s t i g a t i o n  m ~ ~ s t  aim a t  ob t a in ing  a l l  informat ion  
needed f o r  water  management du r i cg  and a f t e r  mine ope ra t i ons  inc luding  
p o l l u t i o n  c o n t r o l .  A necessary  p a r t  of t h e  hydrologica l  assessment of a  
mining a r e a  i s  a  knowledge of r eg iona l  geology, physiography, hydrccensus 
and c l ima te ;  t o  which p r o j e c t  f a c t o r s  of water a b s t r a c t i o n ,  dra inage  and 
p o l l u t i o n  f a c t o r s  can be  app l i ed .  

Water Budget 

The water budget of a  mine a r e a  w i th in  a  r eg iona l  system can be  an 
important  a r e a  of s tudy.  Drought p a t t e r n s ,  annual f lows i n  r i v e r s  and 
streams, water  q u a l i t y ,  e x i s t i n g  water  we l l s  and c u r r e n t  water  a b s t r a c t i o n  
can b e  e s t a b l i s h e d  where l o c a l  r eco rds  a r e  a v a i l a b l e .  The water  demand 
f o r  mine and p l a n t  ope ra t i on  a g a i n s t  water  a v a i l a b i l i t y  from t h e  water  
resources  s tudy i s  i n e v i t a b l y  needed f o r  planning a p p l i c a t i o n  o r  permi ts .  
I n  water  d e f i c i e n t  r eg ions  water r e s e r v o i r s  and/or  t h e  p ip ing  of water  
over long d i s t a n c e s  t o  ensure  supply may need i n v e s t i g a t i o n .  The shar ing  
of sometimes s c a r c e  water r e sou rces  w i th  o t h e r  u s e r s  can be  a  s e n s i t i v e  
f e a t u r e  of p lanning.  

I n  low r a i n f a l l  r eg ions  t h e  build-up of d i s so lved  s o l i d s  i n  r i v e r s  can 
be  h igh .  As mine and p l a n t  water d i s cha rge  can a l s o  b e  h igh  i n  s o l i d s ,  
i t  i s  n o t  always p o s s i b l e  t o  t o t a l l y  d i s cha rge  d i r e c t l y  i n t o  such r i v e r s  
wi thout  de t r iment  t o  downstream u s e r s  and c lo sed  mine water  systems f o r  
p a r t  of t he  mine out f low may need i n v e s t i g a t i o n .  Water q u a l i t y  i s  
t he r e fo re  an impor tant  f a c t o r  i n  water  budgee i n v e s t i g a t i o n s ,  a s  wel l  a s  
f o r  s h a f t  f r e e z i n g  o r  g rou t ing  i n v e s t i g a t i o n s .  

Water Management Planning 

At t he  mine commitment s t a g e  t h e  s t a r t  of a  s e r i e s  of ongoing hydrologica l  
s t u d i e s  w i l l  be  r equ i r ed  which expand on t h e  i n i t i a l  exp lo ra t i on  d a t a  
ba se ,  The s t u d i e s  inc lude  : 

Environmental b a s e l i n e  s tudy 
Water Management p lanning 
Mine ope ra t i ona l  hydrogeology 
Pos t  mining hydrogeology 

REMOTE SENSING 

Aer i a l  photo i n t e r p r e t a t i o n  and s a t e l l i t e  imagery v e r i f i e d  by t h e  use  of 
r e l i a b l e  ground d a t a  have important  a p p l i c a t i o n s  i n  hyd ro log i ca l  and 
environmental  surveys  of a  region .  The f i r s t  e a r t h  r e sou rces  s a t e l l i t e  
capable  of sens ing  and recording  e iec t romagpet ic  r a d i a t i o n  r e f l e c t e d  from 
o r  emi t ted  by t h e  e a r t h  s u r f a c e  was Landsat  1 launched i n  1972 and had a  
RS r e s o l u t i o n  f a c t o r  of 70 m, t h e  p r e sen t  Landsat  4 ha s  a  r e s o l u t i o n  of 
30 m and f u t u r e  European and USA s a t e l l i t e s  w i l l  improve r e s o l u t i o n  of 
10 m, S a t e l l i t e  images a r e  rece ived  d i g i t a l l y  and conver ted  i n t o  u se r  
format inc luding  f a l s e  c o l o u r ,  image r e s t o r a t i o n  and image enhancement. 



A combination of a e r i a l  photography of t h e  mining a r e a  wi th  s a t e l l i t e  
imagery can be  a u s e f u l  t o o l  i n  some hydrogeologica l  and environmental  
b a s e l i n e  surveys .  Vegeta t ion ,  land  form and use ,  e ro s ion ,  run-off 
p a t t e r n s ,  co lou r  and ground f e a t u r e s ,  e.g. t e r r a c e s ,  g r ave l  p i t s ,  e t c .  
can be  i d e n t i f i e d  from a e r i a l  photographs and provide i n d i c a t i o n s  of 
sub-surface cond i t i ons .  Many major c o a l  f i e l d s  a r e  however "concealed" 
under t h i ck  a1  l u v i a l  cover.  

PETROPHYSICAL LOGGING 

General p r a c t i c e  i n  exp lo ra to ry  d r i l l i n g  i s  t o  open-hole d r i l l  t o  above 
t h e  c o a l  seam and c o r e  d r i l l  t h e  c o a l  seam; a l though sometimes when a 
hard a b r a s i v e  overbuden i s  p r e sen t  t h e  op t ion  of t o t a l  co r ing  may be  
adopted.  The u se  of w i r e  l i n e  logging,  c o r r e l a t e d  t o  index (cored)  ho l e s ,  
i n  open ho l ing  provides  a r e l a t i v e l y  low c o s t  means of de termining  
geo log i ca l  l ogs ,  i d e n t i f i c a t i o n  of c o r e  l o s s  m a t e r i a l  i n  cored s e c t i o n s ,  
c o r r e l a t i o n  between boreholes  (pe t rophys i ca l  f i n g e r p r i n t )  and determining 
of some minera l  q u a l i t y  parameters [ 6 , 7 ] .  The logs  can a l s o  provide  an 
i n d i r e c t  q u a l i t a t i v e  measurement of pe rmeab i l i t y .  This  may be  achieved by 
c o r r e l a t i n g  t h e  d i f f e r e n t  l o g  responses  wi th  a hyd ro log i ca l  index from a 
combined groundwater - pe t rophys i c s  - geotechnica l  t e s t  borehole .  

A logging s u i t e  f o r  coa l  exp lo ra t i on  may comprise : 

- Standard dens i t y  l o g  w i th  source-detec tor  spac ing  45 cm 

- High r e s o l u t i o n  d e n s i t y  l o g  w i th  source  d e t e c t o r  spac ing  15 cm 

- Natura l  r a d i o a c t i v i t y  l o g  (Gammar Ray) 

- Borehole c a l i p e r  l o g  

- Acoustic v e l o c i t y  l o g  (compressional  wave on ly )  

- 3 e l e c t r o d e  l a t e r o l o g  (focussed r e s i s t i v i t y )  

- Standard Neutron-Neutron l og  (source-detec tor  spac ing  45 cm) 

- V e r t i c a l i t y  l og  

- Spontaneous P o t e n t i a l  Log (S.P.)  

This s u i t e  of l ogs  may be  expanded wi th  

- Absolute and d i f f e r e n t i a l  temperature 

- Shor t  spaced neutron-neutron (source-detec t o r  spac ing  25 cm) 

- Acoustic device  which measures t h e  compressional  and shea r  
wave v e l o c i t y  

- M i c r o r e s i s t i v i t y  

- Dipmeter. 

The logging devices  perform t h e i r  measurements going up-hole. The i r  
logging speeds a r e  dependent on t h e  requi rements  of t h e  c l i e n t  and may 
vary between 1-2 m/min. The lower t h e  logging speed of s t a t i s t i c a l  
devices  (gamma r a y ,  d e n s i t y ,  neu t ron )  t h e  h ighe r  t h e i r  accuracy  and 
r e s o l u t i o n .  

Al l  l o g s  should b e  c a r e f u l l y  c a l i b r a t e d  t o  guarantee  r e p e a t a b i l i t y  and 
un ive r sa l  meaning. 



Devices us ing  r a d i o a c t i v e  sources  (dens i t y ,  neu t ron )  r e q u i r e  s p e c i a l  
c au t ion  w h i l s t  handl ing .  Most c o u n t r i e s  have s t r i c t  l e g i s l a t i o n  
requirements f o r  t h e  handl ing  and u s e  of s ea l ed  r a d i o a c t i v e  sources  
which have t o  be  adherred  t o .  I n  c a s e  r a d i o a c t i v e  sources  a r e  l o s t  down 
a  borehole ,  a l l  e f f o r t s  should b e  d i r e c t e d  t o  g e t  i t  recovered.  I f  l e f t  
behind ,  l e g i s l a t i o n  r e q u i r e s  t h e  de s igna t ion  of a  p r o t e c t i v e  zone around 
i t ,  which w i l l  r e s u l t  i n  t h e  s t e r i l i s a t i o n  of a  s u b s t a n t i a l  p i l l a r  of c o a l .  

Mud d e n s i t y  and mud r e s i s t i v i t y  must always b e  measured t o  enable  a  proper  
assessment of borehole  e f f e c t s .  Such e f f e c t s  a r e  i n e v i t a b l e  a s  pe t ro-  
phys i ca l  measurements a r e  made i n  bo reho le s  and a r e  t h e r e f o r e  a f f e c t e d  by 
t h e  borehole  environment, i . e .  t h e  geometry of t he  borehole ,  t h e  mud type  
and dens i t y ,  t h e  mud invas ion  and t h e  concurrent  forming of mud cake .  
Obviously t h e  degree  of impact of such e f f e c t s  on t h e  measurements can b e  
minimised by proper d r i l l i n g  p r a c t i s e  on one hand and proper  sonde des ign  
on t h e  o the r .  Sondes a r e  p r e s e n t l y  employed which a r e  v i r t u a l l y  
unaffec ted  by borehole  d iameter  and mud d e n s i t y  v a r i a t i o n s ,  w h i l s t  t h e  
concurrent  measurement of t h e  same phys i ca l  parameter by means of devices  
w i t h  d i f f e r e n t  depth of i n v e s t i g a t i o n  enables  t he  measurement t o  b e  
c o r r e c t e d  f o r  mud cake  and invas ion  e f f e c t s .  I n  gene ra l  t h e  l o g  wi th  t h e  
lowest  depth of i n v e s t i g a t i o n  w i l l  exper ience  t h e  l a r g e s t  borehole  e f f e c t ,  
w h i l s t  i t  e x h i b i t s  t h e  h ighes t  v e r t i c a l  r e s o l u t i o n .  

Two d i f f e r e n t  ways of r eco rd ing  t h e  pe t rophys i ca l  informat ion  a r e  normally 
used : 

1 .  Analogue c h a r t  paper t r a c e s ,  of which t h e  l ayou t  normally complies 
wi th  API s tandards .  Two depth  s c a l e s  a r e  gene ra l l y  used,  one 
small  s c a l e  t o  r eco rd  t h e  f u l l  borehole  l eng th  and a  l a r g e  s c a l e  
t o  p r e sen t  a  d e t a i l e d  p i c t u r e  of c o a l  seams. 

2. D i g i t a l  t a p e  r eco rd ings ,  from which d a t a  can b e  en t e r ed  i n t o  
computer f o r  f u r t h e r  process ing  and computer eva lua t i on .  

Log I n t e r p r e t a t  ion  

The t h e o r e t i c a l  b a s i s  f o r  t h e  i n t e r p r e t a t i o n  of most pe t rophys i ca l  l o g s  
i s  complex and o u t s i d e  t h e  scope of t h i s  paper .  Fo r tuna t e ly  i n  most 
mining surveys i t  i s  p o s s i b l e  t o  make s a t i s f a c t o r y  q u a n t i t a t i v e  i n t e r -  
p r e t a t i o n s  i n  terms of engineer ing  parameters  us ing  s i t e  s p e c i f i c  
emp i r i ca l  r e l a t i o n s h i p s .  Such r e l a t i o n s h i p s  do e x i s t  because s i g n i f i c a n t  
changes i n  geo log i ca l  o r  engineer ing  c h a r a c t e r i s t i c s  w i l l  always be  
evident  through a t  l e a s t  one phys i ca l  parameter which can be de t ec t ed  
by l o g ( s )  and because any change i n  l o g  response  i s  i n d i c a t i v e  f o r  a  
change i n  a t  l e a s t  one geological  parameter .  

The es tabl i shment  of above mentioned empi r i ca l  r e l a t i o n s h i p s  r e q u i r e s  
t h e  d r i l l i n g  of f u l l y  cored  "indexation" bo reho le s .  The pe t rophys i ca l  
parameters should then b e  c o r r e l a t e d  a g a i n s t  l i t h o l o g i c a l ,  geo t echn ica l  
and hydrologica l  parameters.  Some u n c e r t a i n t i e s  can emerge where c o r e  
measurements a r e  po in t  t e s t s ,  which a r e  t o  be  c o r r e l a t e d  wi th  pe t ro -  
phys i ca l  l ogs  r ep re sen t ing  running averages .  Averaging such po in t  
measurements wi th  a  running average  f i l t e r ,  s i m i l a r  t o  t h e  e f f e c t i v e  
f i l t e r  mechanism of t h e  logging probe,  makes both  measurements r e a d i l y  
comparable. 



The main l o g s  t o  b e  used i n  t h e  l o c a t i o n  of p o t e n t i a l  groundwater zones 
a r e  : S.P. ,  R e s i s t i v i t y ,  Gama Ray and t h e  po ros i t y  l ogs  (dens i t y ,  neut ron  
and son i c ) .  Af t e r  i d e n t i f i c a t i o n  of above zones hydrologica l  t e s t s  a r e  
being performed r e s u l t i n g  i n  hyd ro log i ca l  i nd i ce s  f o r  t h e  zones of 
i n t e r e s t  which can be  c o r r e l a t e d  t o  t h e  l og  responses  t o  o b t a i n  
empir ica l  r e l a t i o n s h i p s  which may enable  t h e  p r e d i c t i o n  of those  i nd i ce s  
from logs .  

Whilst  p o r o s i t y  can  be  der ived  from l o g s  wi th  a  high degree  of accuracy,  
permeabi l i ty  i s  n o t  d i r e c t l y  ob t a inab l e  a s  t h i s  depends on such "e lus ive"  
f a c t o r s  l i k e  pore space geometry and rock t e x t u r e .  It i s  t h e r e f o r e  t h a t  
one has  t o  r e s o r t  t o  empir ica l  r e l a t i o n s h i p s  which through t h e i r  very 
n a t u r e  a r e  s i t e  s p e c i f i c .  

Shor t  d e s c r i p t i o n  of logging techniques  

Sel f  P o t e n t i a l  (S .P. ) 

The S.P. i s  recorded a s  t h e  p o t e n t i a l  d i f f e r e n c e  between a  s i n g l e  moving 
e l e c t r o d e  and ano the r  e l e c t r o d e  ea r thed  a t  sur face .  As t h e  s u r f a c e  
e l e c t r o d e  has  a  cons t an t  p o t e n t i a l ,  t h e  S.P. curve  shows t h e  v a r i a t i o n s  
i n  t h e  p o t e n t i a l  of  t h e  downhole e l e c t r o d e ,  which a r e  caused by S.P. 
c u r r e n t s  f lowing i n  t he  mud column. The o r i g i n  of such c u r r e n t  a r e  of 
an e lec t rochemical  o r  e l e c t r o k i n e t i c  n a t u r e .  I t s  major use  i s  i n  t h e  
d e t e c t i o n  of permeable beds ,  however t h e  magnitude of t h e  S.P. d e f l e c t i o n  
i s  not  a  measure of permeabi l i ty .  

R e s i s t i v i t y  

A wide range  of measuring devices  e x i s t .  A11 of them use  c o i l ( s )  o r  
e l e c t r o d e  ( s )  e m i t t e r s  t o  send an e l e c  tro-magnetic- o r  cu r r en t - s igna l  i n t o  " 

t h e  format ion .  Receivers  i n  t h e  form of e l e c t r o d e ( s )  o r  c o i l ( s )  measure 
t he  format ion  response .  The depth of i n v e s t i g a t i o n  v a r i e s  wi th  t o o l  
des ign  from a  few cen t ime te r  t o  s e v e r a l  met res .  

The fo l lowing logs  a r e  o f t e n  employed i n  c o a l  logging : 

- The s i n g l e  p o i n t  l o g ,  a  simple 1 e l e c t r o d e  system. I t s  response  
i s  s t r o n g l y  inf luenced by borehole  e f f e c t s .  

- The Latero log  produced by a  h o r i z o n t a l l y  focussed sonde, provides  
h igh  v e r t i c a l  r e s o l u t i o n  and low s e n s i t i v i t y  t o  borehole  e f f e c t s .  

- The Microlog, i . e .  t h e  response. of a  1 cmL focussed  s idewal led ,  
c u r r e n t  e l e c t r o d e .  This  l o g  provides  extremely f i n e  v e r t i c a l  
r e s o l u t i o n .  Mul t i p l e  measurement of t he  microlog froms t h e  
measurement ~ r i n c i p l e  of t h e  dipmeter.  

R e s i s t i v i t y  t o o l s  i n  combination w i th  po ros i t y  t o o l s  ( son i c ,  neut ron ,  
dens i t y )  a r e  used q u a n t i t a t i v e l y  i n  t h e  eva lua t i on  of pore  f i l l  of 
sedimentary s t r a t a .  

Density 

In  essence  t h e  d e n s i t y  device  c o n s i s t s  of a r ad io -ac t i ve  source ,  a  
d e t e c t o r  and a m p l i f i c a t i o n  e l e c t r o n i c s .  The source emi ts  a cons t an t  
f l u x  of gamma quanta.  These quanta a r e  s c a t t e r e d  by i n t e r a c t i o n  wi th  
t h e  e l e c t r o n s  they  encounter i n  the fcrrnktion.  Some o t  t h e s e  s c a t t ~ r . ? - ? ,  
quanta a r r i v e  a t  t h e  d e t e c t o r .  Ttrt ir  nuncler per 5~~0n":ib a rneaeure 



e l e c t r o n  d e n s i t y  and t h e r e f o r e  p ropo r t i ona l  t o  t h e  dens i t y  of most rocks .  
Most p r e sen t  day sondes a r e  run s idewa l l  t o  minimise borehole  e f f e c t s .  

An important  use  of t h i s  l o g  i s  i t s  a p p l i c a t i o n  i n  po ros i t y  eva lua t i on .  

Neutron 

The working p r i n c i p l e  of t h i s  type  of dev i ce  i s  s i m i l a r  t o  t h a t  of t h e  
d e n s i t y  i n  t h a t  a source  emi ts  a  f l u x  of p a r t i c l e s  (neut rons)  and a  
d e t e c t o r  measures t h e  response of t h e  format ion  (gammas o r  thermal 
neu t rons ) .  The neut ron  response i s  d i r e c t l y  r e l a t e d  t o  t h e  concen t r a t i on  
of hydrogen i n  t h e  formation.  A h igh  H concen t r a t i on  g ives  a  low neut ron  
count r a t e  and v i c e  ve r sa .  As t h e  neu t ron  l o g  provides  and H-index, i t s  
response i s  o f t e n  used i n  p o r o s i t y  eva lua t i on .  

Gamma Ray 

 his device  c o n s i s t s  only  of a gamma-ray d e t e c t o r  and a  pu l se  amp l i f i c a t i on  
u n i t .  It measures t h e  i n t e n s i t y  of t h e  gamma r a d i a t i o n  which t h e  formation 
n a t u r a l l y  emi t s .  The a c t i v i t y  measured i n  sediments i s  u s u a l l y  caused by 
t h e  presence of uranium, thorium and/or potassium. These elements a r e  
  refer en ti all^ absorbed by c l a y  p a r t i c l e s ,  which i s  an important  f a c t  f o r  
t h e  l i t h o l o g i c a l  i n t e r p r e t a t i o n  of i t s  response .  

Sonic 

This  device  measures t h e  speed of  sound. It emi t s  s e v e r a l  t imes  pe r  
second a  very  s h o r t  sound wave, At s e v e r a l  r e c e i v e r  " s t a t i ons" ,  t h e  
e f f e c t s  of t h e  s h o r t  sound b u r s t s  a r e  recorded.  The d i f f e r e n c e  i n  a r r i v a l  
t ime of t h e  f i r s t  wave f r o n t  a r r i v i n g  a t  t h e  d i f f e r e n t  d e t e c t o r s  i s  a  
measure of t h e  compressional  wave v e l o c i t y .  

An empi r i ca l  l i n e a r  r e l a t i o n s h i p  i n  conso l ida t ed  sands between p o r o s i t y  
and acous t i c  v e l o c i t y ,  makes t h a t  t h i s  l o g  i s  o f t e n  used i n  p o r o s i t y  
eva lua t i ons .  The presence  of s h a l e  and i t s  d i s t r i b u t i o n ,  complicate t h e  
i n t e r p r e t a t i o n  a s  w i th  a l l  p o r o s i t y  devices .  

Ca l ipe r  

This  device  measures t h e  borehole  d iameter  us ing  arm(s) .  The v a r i a t i o n s  
i n  diameter a r e  r e f l e c t e d  i n  a  movement of t h e  arms,  which causes  a  
potent iometer  t o  change r e s i s t a n c e .  Besides i t s  requirement t o  c a l c u l a t e  
borehole  e f f e c t s  on o t h e r  sondes,  i t  provides  u se fu l  supplementary 
informat ion  on hole  s t a b i l i t y  which r e l a t e s  t o  l i t h o l o g y .  

Dens i ty  Log 

This i s  produced by a  sonde which measures t h e  format ion  response  t o  a  
continuous bombardment of gamma quanda. Bas i ca l l y  t h e  device  c o n s i s t s  of 
a  d e t e c t o r  p l u s  a m p l i f i e r  and r a d i a t i o n  coun te r ,  measuring t h e  response of 
r a d i o a c t i v e  source  ( emi t t i ng  t h e  gamma r a d i a t i o n ) ,  and a  d e t e c t o r  w i th  
amp l i f i c a t i on  e l e c t r o n i c s .  The system measures t h e  e l e c t r o n  d e n s i t y  of 
s t r a t a  which i s  approximately p ropo r t i ona l  t o  t h e  bulk  d e n s i t y  of t h e  
s t r a t a .  Most p r e sen t  day sondes a r e  run s idewa l l  t o  minimise borehole  
e f f e c t s .  An important  use of t h i s  l og  i s  i t s  a p p l i c a t i o n  i n  p o r o s i t y  
eva lua t i on .  



R e s i s t i v i t y  Logs 

A wide range of measuring devices  e x i s t .  Al l  of them use  e m i t t e r  ( s )  
( c o i l  o r  e l e c t r o d e )  t o  send a  s i g n a l  i n t o  t h e  formation ( c u r r e n t  o r  e.m. 
f i e l d ) .  A r e c e i v e r  measures t h e  format ion  response by means of c o i l ( s )  
o r  e l e c t r o d e ( s ) .  The depth of i n v e s t i g a t i o n  v a r i e s  w i th  t h e  system from 
a few cen t ime t r e s  t o  many metres .  The fo l lowing logs  a r e  o f t e n  seen .  
The s i n g l e  po in t  l o g ,  a  simple e l e c t r o d e  system wi th  a  shallow depth of 
i n v e s t i g a t i o n .  I t s  response i s  s t rong ly  inf luenced by borehole  e f f e c t s .  
The l a t e r o l o g ,  a  h o r i z o n t a l l y  focussed  sonde g iv ing  good depth of 
i n v e s t i g a t i o n  and h igh  v e r t i c a l  r e s o l u t i o n .  R e s i s t i v i t y  provides  good 
s t r u c t u r a l  informat ion .  The measurement p r i n c i p l e  of t h e  dipmeter i s  
based on t h e  f i n e  v e r t i c a l  r e s o l u t i o n  of t h e  micrologs (= t h e  response  
of a  1 cm2 focussed  c u r r e n t  e l e c t r o d e ) .  

The eva lua t i on  of pore  f i l l  i n  sedimentary s t r a t a  i s  based on R e s i s t i v i t y  
and Po ros i t y  l ogs  (= Neutron, Sonic ,  Dens i ty) .  

Sonic Log 

The b a s i c  son i c  l o g  involves  t h e  t ransmiss ion  of acous t i c  energy pu l se s  
i n t o  t h e  formation and t h e  measurement of t r a n s i t  t ime ( s )  from t h e  
t r a n s m i t t e r  t o  t he  d e t e c t o r s  a t  f i x e d  d i s t a n c e s  from t h e  t r a n s m i t t e r .  A 
t y p i c a l  multi-sonde comprises two t r a n s m i t t e r s  900 mm above and below 
two r e c e i v e r s  spaced 300 mm t o  900 rmn a p a r t .  By measuring v e l o c i t y  of 
sound waves through rock ma t r i x  and pore  f l u i d  t h e  sonic  l og  provides  an 
index f o r  po ros i t y  de terminat ion  i n  t h e  5 t o  30X range and a  means of 
d e t e c t i n g  secondary po ros i t y  such a s  f r a c t u r e s  and c a v i t i e s .  Used i n  
conjunct ion  wi th  t h e  d e n s i t y  l og ,  a  p o r o s i t y  de terminat ion  can be 
enhanced. 

Other Tes t s  

A number of a n c i l l a r y  t e s t s  can have an  a p p l i c a t i o n  i n  a  mining f i e l d  
exp lo ra t i on ,  i nc lud ing  borehole  tempera ture  logging and t r a c e r  
logging [ I  I ] .  

HYDROLOGICAL TESTING 

General 

Borehole cond i t i ons  d i c t a t e  t h e  methodology f o r  a q u i f e r  t e s t i n g .  Slim 
hole  d r i l l i n g  a t  t h e  d iameters  common i n  minera l  exp lo ra t i on  a r e  s u b j e c t  
t o  a  number of "as d r i l l e d "  cond i t i ons  which r e s t r i c t  t h e i r  degree  of 



communication wi th  groundwater,  t h e s e  i nc lude  incomplete connect ion  w i th  
secondary f i s s u r i n g  p l u s  mud w a l l i n g  and mud f l u i d  i n f i l t r a t i o n  of 
permeable zones. Hydrologica l  t e s t s  du r ing  e x p l o r a t i o n  work a r e  commonly 
c a r r i e d  out  a s  s i n g l e  we l l  t e s t s  because of wide bo reho l e  spac ing  i n  
exp lo r a t i on  and t h e  need f o r  s i t e - s p e c i f i c  measurements i n  s h a f t  t e s t  
bo reho l e s .  Pump-in o r  f a l l i n g  head t e s t s  a r e  n o t  normally used f o r  
deep h o l e  t e s t i n g  s i n c e  t h e  r e s u l t a n t  r e v e r s e  f low t o  t h e  a q u i f e r  i s  
c o n t r a r y  t o  t h e  developing  of permeable zones,  can c r e a t e  a d d i t i o n a l  
f o u l i n g  and t h e  u se  of pump-out t e s t s  a r e  p r e f e r r e d .  Core d r i l l i n g  of 
a s e l e c t e d  number of bo reho l e s ,  geo t echn i ca l  logging  of t h e  c o r e  and 
c o r r e l a t i o n  w i th  pe t rophys i ca l  logging  of a l l  bo r eho l e s ,  p rov ide s  a  b a s e  
f o r  p lanning  t h e  hyd ro log i ca l  t e s t  programme. Where bo reho l e s  a r e  
s u i t a b l y  l o c a t e d  a  mul t i -hole  obse rva t i on  t e s t  w i l l  p rovide  b e t t e r  
in format ion  on r e s e r v o i r  c o n d i t i o n s  and anomal ies .  However t h e  problem 
of combining pump t e s t s  u s ing  packers  w i th  mul t i -observa t ion  w e l l s  i s  i n  
i s o l a t i n g  t h e  cor responding  hor izon  i n  a l l  we l l s  t o  observe  t h e  e f f e c t  
of pumping. The main groundwater t e s t  methods f o r  bo reho l e s  i nc lude  : 

- Conventional  pump-out recovery  t e s t  
- D r i l l  s team packer t e s t  
- Pump-out packer t e s t  
- Borehole f l ow  meter t e s t  
- i n j e c t i o n  t e s t s  f o r  s h a f t  i n v e s t i g a t i o n s  

Borehole p r e p a r a t i o n  f o r  hyd ro log i ca l  t e s t i n g  may i nc lude  c l ean ing  and 
development of t h e  we l l  by water  j e t t i n g ,  reaming o r  f l u s h i n g  t h e  we l l  
t o  reduce d r i l l i n g  mud contaminat ion .  Excess ive  development should b e  
avoided a s  w a l l  washouts may occur  i n  weaker zones.  The d r i l l i n g  mud 
should  be  r ep l aced  w i th  c l e a n  f l u i d  of minimum v i s c o s i t y  t o  r e t a i n  h o l e  
s t a b i l i t y .  Unconsolidated s t r a t a  a t  depth  i f  u n s t a b l e  can p r e s e n t  
problems f o r  t e s t i n g  and can  l i m i t  open h o l e  t e s t i n g  t o  s t a g e  t e s t s  
r e q u i r i n g  p rog re s s ive  s c r een ing  and c a s i n g  a s  d r i l l i n g  proceeds .  Casing 
p e r f o r a t i o n  methods used f o r  o i l  e x p l o r a t i o n  a r e  n o t  p r a c t i c a l  i n  
groundwater t e s t s .  

The main d a t a  r equ i r ed  i n  bo reho l e  hyd ro log i ca l  t e s t s  a r e  : l o c a t i o n  of 
wa t e r  bea r i ng  ho r i zons ;  assessment  of t r a n s m i s s i v i t y ,  f r a c t u r e  systems,  
po re  ma t r i x  and communication, h y d r o s t a t i c  p r e s s u r e ,  water  q u a l i t y ,  
s o l u b i l i t y  of c a l c a r e o u s  rock u n i t s ,  e t c .  For s h a f t  i n v e s t i g a t i o n s  
a d d i t i o n a l  r e s t  requi rements  must provide  t h e  d a t a  needed f o r  p lanning  
t h e  ground t rea tment  of  permeable zones by cement o r  chemical  p r eg rou t i ng  
o r  f r e e z i n g .  The presence  of s a l i n e  water  may p r ec lude  f r e e z i n g .  Such 
t e s t s  i nc lude  i d e n t i f i c a t i o n  of rock f r a c t u r i n g  and rock ma t r i x  types .  

Pump-out Well Tes t s  

A convent iona l  drawdown/recovery t e s t  by b a i l i n g ,  borehole  pump o r  a i r  
l i f t  can b e  c a r r i e d  ou t  i n  s t a g e s  a s  d r i l l i n g  proceeds o r  a f t e r  ho l e  
completion and p rov ide s  a  f i r s t  e v a l u a t i o n  of t h e  presence  and magnitude 
of water  problems. The method i s  however t o o  gene ra l  f o r  s p e c i f i c  de s ign  
u s e  a s  v a r i a t i o n s  i n  p o r o s i t y  over  a  sequence of s t r a t a  cannot be  
a c c u r a t e l y  determined.  

D r i l l  Stem Packer Tes t s  

Packer t e s t  systems p rov ide  t h e  most d i a g n o s t i c  method f o r  e v a l u a t i o n  of 
format ion  groundwater [11,12,131.  The method p rov ide s  f o r  s i n g l e  packer  



o r  double packer " s t r a d l e "  type  t e s t  u n i t s  which a r e  suspended i n  t h e  
borehole  by t h e  d r i l l  s team a g a i n s t  a  pre-se lec ted  hor izon  t o  i s o l a t e  
t h a t  hor izon  f o r  p r e s s u r e  t e s t i n g .  The packers ,  t y p i c a l l y  rubber  s l e e v e s ,  
may b e  i n f l a t a b l e  by a  down-the-hole mud pump opera ted  by d r i l l  rod 
r o t a t i o n  o r  by a  compression type  which i s  s e t  mechanically by apply ing  
mass from t h e  d r i l l  stem. The b a s i c  double packer t e s t  u n i t  comprises 
packers ,  p e r f o r a t e d  i n l e t  p ipe  between packers ,  p r e s su re  r e co rde r s  o r  
t r an sduce r s ,  t e s t  va lve ,  e q u a l i s i n g  va lve  and choke. The spac ing  
between packers  c an  b e  v a r i e d .  The s i n g l e  packer u n i t  f o r  bottom t e s t s  
i s  s i m i l a r  i n  con t en t  t o  t h e  above. The minimum ho l e  d iameter  f o r  
s tandard  packer t e s t s  u n i t s  i s  t y p i c a l l y  130 mm and t h e  maximum 400 mm. 
Specia l  s l i m  u n i t s  can  b e  manufactured i f  r equ i r ed  bu t  a r e  c o s t l y  and 
r e q u i r e  proving  t e s t s  b e f o r e  u se .  For  r e l a t i v e l y  sha l low mine hydrology 
t e s t i n g  t h e  d r i l l  s tem u n i t  can b e  modified f o r  inf  l a t i o n  of packers  from 
t h e  s u r f a c e  and automat ic  and cont inuous  r eco rd ing  a t  s u r f a c e  of t e s t  
p r e s su re s .  

The t e s t  programme measures t h e  h y d r a u l i c  p r o f i l e  s t a g e  by s t a g e  over t he  
f u l l  depth  of h o l e ,  t h e  l o c a t i o n  of a  good packer s e a t i n g  f o r  each s t a g e  
be ing  predetermined from t h e  pe t rophys i ca l  l o g .  

I n  a  t e s t  t h e  packer u n i t  i s  run  i n t o  t h e  borehole  w i t h  v a l v e  c lo sed  and 
d r i l l  s tem dry .  Packers  a r e  i n f l a t e d  a t  t h e  s e l e c t e d  t e s t  hor izon  and 
t e s t e d  by p u l l  back from s u r f a c e  and by observ ing  mud l e v e l  i n  t h e  
annulus du r ing  t e s t i n g .  To begin t h e  f l ow  t e s t  t h e  main va lve  i s  opened 
by d r i l l  s tem weight  o r  r o t a t i o n  and wa t e r  from t e s t  s e c t i o n  f lows i n t o  
t h e  d r i l l  s tem through a  choke t o  c o n t r o l  f low r a t e .  A f t e r  a  predetermined 
t e s t  pe r i od  t he  t e s t  va lve  i s  c l o sed  and p r e s s u r e  al lowed t o  r e b u i l d  i n  t h e  
t e s t  s e c t i o n .  P r e s su re  r e co rde r s  monitor d r i l l  stem p r e s s u r e  du r ing  t h e  
i n  low pe r iod  and r e s e r v o i r  recovery  p r e s su re  du r ing  t h e  shut - in  t e s t  
pe r i od .  Two s e t s  of t e s t s  a r e  commonly c a r r i e d  ou t  pe r  programme. Air  
expe l l ed  from t h e  d r i l l  s tem du r ing  t e s t i n g  g i v e s  i n d i c a t i o n  t h a t  t h e  
t e s t  i s  s u c c e s s f u l l y  ope ra t i ng  and an  a n c i l l i a r y  p r e s s u r e  gauge o r  
t r an sduc to r  may b e  f i t t e d  t o  t h e  top of d r i l l  s tem t o  g i v e  p r e l im ina ry  
obse rva t i on  of t h e  t e s t .  The down-the-hole memory r eco rde r  from deep 
t e s t s  i s  normally n o t  recovered u n t i l  t h e  withdrawal of t h e  u n i t  a t  t h e  
end of a  t e s t  s e r i e s  bu t  mine e x p l o r a t i o n  u n i t s  a r e  s u r f a c e  monitored.  

During deep t e s t  r u n s  t h e  packer system i s  s u b j e c t  t o  s eve re  p r e s s u r e  
from the  mud column and f o r  s t r e n g t h  a  minimal c l e a r ance  i s  al lowed 
between t h e  d e f l a t e d  packer and borewal l  t hus  when running t h e  u n i t  i n  
t h e  bo reho l e  t h e  speed ha s  t o  be  c o n t r o l l e d  t o  avoid  swabbing. A f t e r  
the  completion of a  t e s t ,  i n f l a t i o n  t ype  packers  can b e  d e f l a t e d  and 
t h e  u n i t  r e s e t  f o r  t h e  nex t  t e s t ,  t h e  d r i l l  stems be ing  swabbed by 
wire  l i n e  b a i l e r  t o  empty t h e  stem f o r  nex t  t e s t .  R e s e t t i n g  i s  more 
d i f f i c u l t  wi th  mechanical  packe r s .  

Tes t  i n t e r p r e t a t i o n  i s  based on ~ a r e y ' s  law a s  developed by Theim, 
Th i e s s ,  Jacob and Cooper [14,15,161 and o t h e r s .  The mathematical  
r e l a t i o n s h i p s  f o r  non-equi l ibr ium c o n d i t i o n s  a r e  complex b u t  
q u a n t i t a t i v e  e v a l u a t i o n s  which de termine  format ion  f low can  be  
g r a p h i c a l l y  r e so lved .  The shut - in  p r e s s u r e  recovery  d a t a  i s  p l o t t e d  a s  
a  semi-log graph of l og  t ime a g a i n s t  p r e s s u r e  change and assumes a  
c o n s t a n t  f l ow  r a t e  f o r  t h e  preceeding  inf low pe r iod .  The semi-log p l o t  
g ive s  a  s t r a i g h t  l i n e  approximation bu t  commonly d e v i a t e s  wi th  anomalies 
f o r  nea r  borehole  e f f e c t s  and l onge r  term leaky a q u i f e r  and boundary 
e f f e c t s .  The t r a n s m i s s i v i t y  f o r  a t y p i c a l  conf ined  a q u i f e r  p r e s s u r e  



recovery  t e s t  i s  determined by t h e  s l ope  of t h e  s t r a i g h t  l i n e  graph over  
one l o g  c y c l e  and r e l a t e d  pumping r a t e  [ 1 7 ] .  

Flow t e s t s  c an  be  ana lysed  by type  curve  s o l u t i o n  [ I81  i f  they  a r e  of 
adequate  d u r a t i o n .  

The g r aph i ca l  a n a l y s i s  r e f e r r e d  t o  above and many o t h e r s  a l s o  i n  u se  g i v e  
r ea sonab l e  t r a n s m i s s i b i l i t y  assessment .  The u se  of computer based  
mathematical  s o l u t i o n s  however provide  a  more d e t a i l e d  a n a l y s i s  f o r  
format ion  eva lua t i on .  

D r i l l  stem t e s t s  were developed f o r  deep cased  borehole  t e s t i n g  b u t  have 
been i n  use  f o r  mine hyd ro log i ca l  t e s t i n g  f o r  some 20 y e a r s ,  mainly f o r  
s h a f t  i n v e s t i g a t i o n s .  The system has  some l i m i t a t i o n s  p a r t i c u l a r l y  f o r  
n e a r  su r f ace  h igh  permeable zones where f low t imes can be  very  s h o r t ,  and 
by reason  of t h e  small  volume of t e s t  i n  complex c o n d i t i o n s .  Also 
s p e c i a l i s t  s e r v i c e s  a r e  needed t o  c a r r y  ou t  t h e  t e s t s .  

Pump Packer Tes t s  

This  i s  an adap t i on  of t h e  d r i l l  s tem t e s t  method developed f o r  
r e l a t i v e l y  sha l low groundwater t e s t i n g  a t  h igh  f low r a t e s  [ I91  and ha s  
s p e c i a l  a p p l i c a t i o n  i n  mine s h a f t  c e n t r e  t e s t  borehole  i n v e s t i g a t i o n s .  
A  down-the-hole t e s t  u n i t  developed by a  s h a f t  s i nk ing  c o n t r a c t o r  [20] 
u se s  s i n g l e  o r  double s t a d d l e  packers  i n f l a t e d  by compressed a i r  from 
t h e  s u r f a c e  and p r e s s u r e  t r a n s d u c t o r s  monitor t h e  t e s t  s e c t i o n  and 
p rov ide  d i g i t a l  and c h a r t  readout  a t  s u r f a c e .  A main f e a t u r e  of t h e  
t e s t  equipment i s  a  submers ib le  pump coupled t o  t h e  d r i l l  s tem and 
housed below s t a t i c  water  l e v e l  i n  t h e  upper s e c t i o n  of t h e  bo reho l e .  
The 10 kW pump i s  140 mm d iameter  w i th  a  maximum d e l i v e r y  of 3 l i t r e s  
per  second a g a i n s t  250 m head.  A f u l l  t e s t  programme f o r  s h a f t  
i n v e s t i g a t i o n s  may t ake  1 t o  2  months t o  complete.  

The t e s t  procedure i s  convent iona l  wi th  pumping a t  cons t an t  r a t e  f o r  
drawdown, fol lowed by p r e s su re  recovery  measurement a g a i n s t  time from 
s topping  t h e  pump. The system a l l ows  f o r  g r e a t e r  inf low r a t e s  and 
l onge r  t e s t  d u r a t i o n  i n  permeable zones than d r i l l  stem t e s t i n g  and 
thereby  induces a  l a r g e r  t e s t  a r e a  and a  b e t t e r  a n a l y s i s  of ground 
cond i t i ons .  

 orm mat ion v a l u e s  a r e  c a l c u l a t e d  f o r  each t e s t  zone by semi-log p l o t  of 
t h e  recovery  d a t a  u s ing  t h e  non-equil ibrium formulae ,  a s  f o r  d r i l l  
s tem t e s t i n g  [15 ,17] .  

I n j e c t i o n  Tes t s  

These t e s t s  a r e  no t  normal ly  used f o r  hyd ro log i ca l  t e s t i n g  i n  mine 
i n v e s t i g a t i o n s  hu t  have an a p p l i c a t i o n  i n  ground t rea tment  i n v e s t i g a t i o n s  
f o r  f r a c t u r e  and rock  ma t r i x  p r o p e r t i e s .  I n j e c t i o n  t e s t s  a r e  b e s t  
c a r r i e d  out  through a  packer system. Care i s  needed i n  i n t e r p r e t i n g  t h e  
r e s u l t s  a s  problems can occur  from back f l u s h i n g  due t o  movement of f i n e  
g r a ined  m a t e r i a l  w i th in  t h e  rock ma t r i x  r e s u l t i n g  i n  e r roneous  r ead ings .  

Flow Meter Tes t s  

A f l ow  p r o f i l e  du r ing  pumping over  t h e  depth  of an  open ho l e  can be  
measured by an in-hole f l ow  meter .  I n d i c a t i o n s  of r e l a t i v e  pe rmeab i l i t y  



can be  a s se s sed  by measuring t h e  change i n  t o t a l  f low r a t e ,  a s  t h e  f low 
meter i s  r a i s e d  from base  t o  top  of borehole  o r  t e s t  s e c t i o n ,  whi le  pumping 
a t  a cons t an t  r a t e  i s  i n  p rog re s s .  The f low meter i s  instrumented t o  
provide  a su r f ace  read-out of v e l o c i t y .  The system i s  n o t  normally 
s u f f i c i e n t l y  accu ra t e  f o r  formation eva lua t i on  f o r  mineshaf t  o r  mine des ign .  

Piezometers 

Casing should be l e f t  i n  a s e l e c t e d  number of boreholes  f o r  observat ion  of 
seasonal  changes i n  p iezometr ic  l e v e l s  and t o  determine f low d i r e c t i o n .  

GEOTECHNICAL ASPECTS 

General 

Geotechnical  informat ion  i s  an  e s s e n t i a l  base  f o r  hydrogeologica l  
p r e d i c t i o n  i n  mine and mineshaf t  des ign .  The t e s t i n g  technology cannot 
be an exac t  s c i ence  a s  rock mass i s  a complex and non- iso t ropic  m a t e r i a l  
so  t h a t  a l l  geo t echn ica l  i n v e s t i g a t i o n s  r e t a i n  an  a spec t  of unce r t a in ty  
which should be  q u a n t i f i e d .  Geotechnical  engineer ing  depends p r imar i l y  
on good sampling and d a t a  c o l l e c t i o n  which t oge the r  a r e  t h e  most 
expensive p a r t  of i n v e s t i g a t i o n s ,  o f t e n  however, more emphasis i s  given 
t o  t h e  a n a l y t i c a l  end of t h e  work and good sampling procedure given a 
lower p r i o r i t y  t o  t h e  de t r iment  of t h e  va lue  of p r e d i c t i o n  d a t a .  

D r  ill ing  

Sha f t  t e s t  boreholes  should be  f u l l y  cored  a t  90% minimum c o r e  recovery ,  
except i n  unconsol ida ted  ground and i f  p o s s i b l e ,  t r i p l e - t u b e  s p l i t  inner  
co re  b a r r e l s  should b e  used; a t y p i c a l  c o r e  diameter i s  75 mm. I n  
genera l  exp lo ra t i on  f o r  s t r u c t u r e  and c o a l  q u a l i t y  de terminat ions  bore- 
ho l e s  a r e  u sua l l y  open holed t o  t h e  mining hor izon and c o r e  d r i l l e d  only 
through t h e  mining hor izon,  t h a t  i s  from about 50 metres  above t h e  t op  
seam t o  20 metres below t h e  bottom seam, a l l  h o l e s  be ing  pe t rophys i ca l l y  
logged. Except i n  small  t e s t  programmes about 1 i n  20 boreholes  should 
be  f u l l y  cored  t o  ~ r o v i d e  indexat ion  f o r  pe t rophys i c s  logging.  Mineral  
sample c o r e s  should achieve  95% minimum c o r e  recovery ,  it be ing  noted  
t h a t  i n  s t r a t i f i e d  d e p o s i t s  t h e  c o r e  l o s s  of t h i n  s t e r i l e  bands w i th in  
t h e  depos i t  ha s  p o t e n t i a l l y  more q u a l i t y  imp l i ca t i ons  than  l o s s  of 
minera l  co re .  Core recovered f o r  q u a l i t y  purposes should a l s o  be  logged 
f o r  hydrogeologica l  purposes.  

Core Handling 

A sys temat ic  procedure f o r  c o r e  handl ing  i s  needed f o r  sampling c o n t r o l .  
Cores,  l a i d  ou t  i n  c o r e  boxes should b e  co lou r  photographed and logged 
wi th in  24 hours  of recovery o r  i f  t h i s  i s  no t  p o s s i b l e  t h e  co re s  
should b e  s ea l ed  i n  p l a s t i c  s l eeves  o r  "Cling1' f i l m  f o r  f u t u r e  sampling. 
Reasonable co re  shed f a c i l i t i e s  a r e  needed wi th  l i g h t i n g  and water  f o r  
co re  examination and racked s to r age .  

On S i t e  Sampling 

During d r i l l i n g ,  informat ion  should b e  logged on,  mud v i s c o s i t y ,  mud l o s s ,  
o r  ga in ,  r a t e  of d r i l l i n g ,  run  number and depth ,  water l e v e l s  e t c .  



Following geo log i ca l  logging t h e  c o r e  should be geo t echn ica l l y  logged and 
then  samples removed and wrapped f o r  l abo ra to ry  t e s t i n g .  S i t e  logging 
should r eco rd ;  t o t a l  c o r e  recovery ,  s o l i d  c o r e  recovery ,  rock q u a l i t y  
de s igna t ion  (ROD), f r a c t u r e  index,  d i s c o n t i n u i t y  type  and i n f i l l i n g ,  
p o i n t  load  t e s t  va lues .  Subs id iary  l abo ra to ry  t e s t s  which may be  r equ i r ed  
inc lude  s l a k i n g  t e s t s ,  mois ture  con t en t  and c l a y  l i q u i d  and p l a s t i c  l i m i t s .  

Laboratory Tes t i ng  

Laboratory sample should be  a t  l e a s t  t h r e e  t imes c o r e  d iameter  i n  l eng th .  
At l e a s t  t h r e e  samples should b e  taken f o r  each l i t h o l o g i c a l  rock type .  
Samples s e l e c t e d  should b e  wrapped i n  aluminium f o i l ,  dipped i n  wax and 
p laced  i n  a tube  and encapsula ted  i n  wax. An a l t e r n a t i v e  i s  t h e  use  of 
co ld  mixed polyure thane  foam. 

A comprehensive l abo ra to ry  t e s t  programme i s  r equ i r ed  and should i nc lude  
s t r e n g t h  and p o r o s i t y  t e s t s ,  an i n d i c a t i o n  of magnitude of t e s t i n g  be ing  
t h a t  some 600 ana lyse s  can  be  r equ i r ed  f o r  a s h a f t  t e s t  borehole  programme 
a lone .  A number of low tempera ture  t e s t s  a r e  a l s o  needed f o r  ground 
t rea tment  eva lua t i on .  This  can p re sen t  problems i n  p r epa r ing  l abo ra to ry  
samples and s p e c i a l  procedures a r e  necessary  [21 ]  t oge the r  wi th  dry  i c e  
o r  low temperature f r e e z i n g  f a c i l i t i e s .  I n  a coa l  p r o j e c t  a t e s t  
programme w i l l  i nc lude  methane emiss ion ,  spontaneous combustion and c o a l  
washing t e s t s  p l u s  c o a l  and a sk  chemis t ry .  

Groundwater q u a l i t y  t e s t s  a r e  r equ i r ed  f o r  each main groundwater hor izon,  
u s u a l l y  5 l i t r e  samples s u f f i c e  b u t  c a r e  is needed t h a t  t h e  samples a r e  
n o t  contaminated by d r i l l i n g  f l u i d .  

Ca l cu l a t i on  of Mine Inflow 

The t h r e e  main a r e a s  of i n f low  t a  be cons idered  i n  a new deep mine 
p r o j e c t  a r e  : 

- seepage from ad j acen t  a q u i f e r s  

- l o c a l i s e d  inf lows a long f a u l t s  and major f i s s u r e s  

- changes i n  pe rmeab i l i t y  and s t o r a g e  from caving and 
subsidence due  t o  mining 

At t h e  pre-development l e v e l  of i n v e s t i g a t i o n ,  gene ra l  seepage,  
excluding  l o c a l  inf lows,  a r e  modelled a t  o rde r  of magnitude l e v e l  by 
cons ide r ing  t h e  mining a r e a  a s  equ iva l en t  t o  a l a r g e  we l l  encompassing 
t h e  workings and p e n e t r a t i n g  t he  mining ho r i zon .  The Theim equ i l i b r ium 
formula f o r  s t eady  s t a t e  f l ow  from a conf ined  a q u i f e r  t o  a l a r g e  d iameter  
wel l  i s  used t o  p r e d i c t  water  inflow. I n  two known i n s t a n c e s  t h e  method 
under-estimated t h e  a c t u a l  mine d ra inage  q u a n t i t i e s  and prudence i s  
needed i n  t h e  u s e  of t h i s  assessment f o r  d r a inage  des ign .  

Under i s o t r o p i c  cond i t i ons  f o r  cons t an t  drawdown cond i t i ons  a reduct ion  
i n  inf low should occur w i t h  t ime [221 b u t  t h i s  e f f e c t  i s  l i k e l y  t o  be  
masked by v e r t i c a l  leakage  and mine expansion.  

The degree  of hyd rau l i c  conduc t iv i t y  a long major f a u l t s  should b e  t e s t e d  
dur ing  exp lo ra t i on  by i n c l i n e d  d r i l l i n g  and/or  pump t e s t i n g  i f  necessary .  
Inf low may be c a l c u l a t e d  a s  f low t o  a v e r t i c a l  p l ana r  c u t  ( t h e  f a u l t ) .  
The water  hazard  from t h e  i n t e r s e c t i o n  of major f a u l t s  i s  from sudden 



waterlmud in rush  r a t h e r  than p o t e n t i a l  long term f low and p r o t e c t i o n  
p i l l a r s  o r  advance probe d r i l l i n g  from t h e  mining f a c e  is necessary .  

Seam e x t r a c t i o n  c r e a t e s  s t r a t a  movement through t o  su r f ace  which can be  
lowered by up t o  80/90% of seam th ickness .  Ex t r ac t i on  i nc rea se s  
pe rmeab i l i t y  and i n v e s t i g a t i o n s  on t h e  e f f e c t  of longwall  mining on ground 
permeabi l i ty  and subsurface  d ra inage  have been c a r r i e d  ou t  a t  t h e  Un ive r s i t y  
of Nottingham [ 221 where f u r t h e r  i n v e s t i g a t i o n s  on deep mine d ra inage  a r e  
c u r r e n t l y  i n  progress  [ 2 3 ] .  

A groundwater hazard p l an  must be  compiled f o r  mining c o n t r o l  by 
i n t e g r a t i n g  t h e  mining proposals  w i th  hydrogeologica l  cond i t i ons .  The 
i n d i c e s  inc lude  d a t a  on groundwater, s u r f a c e  water ,  major f a u l t s ,  hydro- 
s t a t i c  p r e s su re ,  p lu s  o l d  mine workings,  boreholes  e t c .  

Undisturbed h y d r o s t a t i c  p r e s su re s  can  be  reasonably  es t imated  from t h e  
mining depth  below piezometr ic  su r f ace .  As an underground mine develops 
t h e  h y d r o s t a t i c  p r e s su re  approaches atmospheric a s  water  d r a i n s  t o  mine 
openings.  Following seam e x t r a c t i o n ,  f l o o r  heave could  occur from an 
a q u i f e r  o v e r l a i n  by a  r e l a t i v e l y  impermeable a q u i t a r d ,  where t h e  weight 
of superincumbent s t r a t a  i s  l e s s  than t h e  h y d r o s t a t i c  p r e s su re  of t h e  
a q u i f e r .  Mining would however be  r e s t r i c t e d  o r  pre-drainage c a r r i e d  ou t  
should a q u i f e r  c r e a t e  such a  hazard .  

Specia l  mining systems may be r equ i r ed  t o  s u i t  t h e  hydrogeologica l  
cond i t i ons  determined by i n v e s t i g a t i o n s .  When mining under water  o r  
water  bea r ing  beds  t o t a l  e x t r a c t i o n  may be  necessary  t o  a l l ow  uniform 
subsidence and minimum s t r a i n  e f f e c t s .  I n  t h i s  c a s e  remnant p i l l a r s  
between e x t r a c t i o n  pane l s  would c r e a t e  s t r e s s  concen t r a t i ons ,  f r a c t u r i n g  
of t h e  rock mass and communication w i th  ove r ly ing  water .  An oppos i t e  
could be  t h a t  only p a r t i a l  e x t r a c t i o n  can  be permi t ted  t o  minimise 
subsidence e f f e c t s  o r  t h a t  stowing which may be uneconomic i s  needed t o  
minimise subs idence .  

Surf a ce  Subsidence 

A consequence of mining i s  t he  e f f e c t  of subsidence on t he  su r f ace  wa,ter 
regime. S o i l  dra inage  and n e a r  s u r f a c e  c r acks  and f i s s u r e s  a r e  a f f e c t e d  
by t h e  subsidence wave, though such e f f e c t s  need n o t  always be d e t r i m e n t a l ,  
p a r t i c u l a r l y  f o r  hard sub-pan s o i l s .  A f u r t h e r  f e a t u r e  i n  low l y i n g  a r e a s  
can be t he  c r e a t i o n  of p o t e n t i a l  a r e a s  of f l ood ing  r e q u i r i n g  s i g n i f i c a n t  
expendi ture  f o r  c o n t r o l  purposes.  

Water P o l l u t i o n  

Water contamination through mining depends on a  number of f a c t o r s  i nc lud ing ,  
type of m i n e r a l i s a t i o n ,  r e s idence  time and o t h e r s  and should be  evalua ted  
a s  an important  environmental  f a c t o r .  

An important  o b j e c t i v e  of any hyd ro log i ca l  s tudy must be t o  determine water  
management a s p e c t s  f o r  mining and process ing .  A mine can be a l a r g e  u s e r  
of water  but  wi th  good management p o l l u t i o n  e f f e c t s  should be minimal. 
Arid r eg ions  p r e sen t  s p e c i a l  problems i n  both  a b s t r a c t i o n  and r e t u r n  of 
water  and water  q u a l i t y .  



CONCLUSIONS 

I n  t h e  p a s t  l e s s  than  order  of magnitude e s t i n a t e s  of water  inf low i n t o  
deep mines have been common. P r e c i s e  e s t i m a t e s  a r e  no t  p o s s i b l e  b u t  by 
t h e  u se  of t h e  hyd ro log i ca l  t e s t s  summarised combined w i th  t h e  semi- 
q u a n t i t a t i v e  methods descr ibed  i n  t h e  paper much b e t t e r  approximations 
can  be made. Because t h e  informat ion  used concerns s e v e r a l  d i s c j ~ l i n e s  
and i s  obta ined  from a number of d i f f e r e n t  sources ,  e .g .  exp lo ra t i on  
d r i l l i n g ,  geo t echn ica l  d r i l l i n g ,  meteorologica l  and s t ream gauging 
s t a t i o n s ,  c o n t r a c t o r s ,  e t c . ,  and because each i nd iv idua l  i npu t  i s  
inadequate f o r  provid ing  an e s t i m a t e ;  it i s  e s s e n t i a l  t h a t  a member of 
t h e  mine p r o j e c t  team a c t s  a s  a f o c a l  p o i n t  f o r  a s s e s s i n g  t h e  e x t e n t  of 
any water  hazard.  

ACKNOWLEDGEMENTS 

The au tho r s  acknowledge t h e  a s s i s t a n c e  of t h e i r  co l l eagues  and f r i e n d s  i n  
t h e  i ndus t ry  i n  p r epa r ing  t h i s  paper.  Acknowledgement i s  due t o  
B r i t i s h  Mining Consul tants  Ltd .  and S h e l l  Coal I n t e r n a t i o n a l  Ltd.  f o r  
permission t o  pub1 i s h  t h e  paper.  

REFERENCES 

1. NERC F loo r  S tud i e s  Report ,  Vol.1, Chap.4, I n s t i t u t e  of Hydrology, 
Winef o rd ,  Oxon, 1975. 

2. Todd, ., Groundwater Hydrology, John Wiley, 1959, 336 pp. 

3. Whi t taker ,  B. N. ,  Singh, R. N . ,  Neate,  C. J., E f f e c t  of longwall  
mining on ground pe rmeab i l i t y  and subsurface  dra inage ,  I n t .  Mine 
Drainage Symposium, 1979. 

4 .  Coal Mine Regula t ions  - Precau t ions  a g a i n s t  i n rushes ,  1979, U.K. 

5.  Babcock, C.  0. and Hocker, V. E., Resu l t s  of Research t o  Develop 
Guidel ines  f o r  Mining Near-Surface and Underground Bodies of Water, 
Dept. of I n t e r i o r ,  USBM Report  K 8741, 17 p ,  1977. 

6 .  Geological  Survey of Canada, Mining and Groundwater Geophysics, 1967. 

7. Brom, R. W. C . ,  Dreidonks, F . ,  ~ p p l i c a t i o n s  of pe t rophys i ca l  logging 
i n  t h e  eva lua t i on  of coa l  d e p o s i t s ,  22nd Annual Logging Symposium, 1981. 

8 .  P i r son ,  S. J . ,  Geological  Well Log Analys is ,  Gulf Pub l i sh ing ,  1970. 

9. Lynch, E. J . ,  Formation Evaluat ion ,  Gulf Publ ish ing ,  1962. 

10. Schlumberger Log I n t e r p r e t a t i o n  Cha r t s ,  1972. 

11. Atkinson,  T. and T i lbu rn ,  S . ,  Ge t t i ng  t h e  maximum informat ion  from 
borehol  e s  . 

12. Loyd, J. W. and J e f f e r y ,  R. I . ,  I n f l a t a b l e  d r i l l  steam, t e s t  packer ,  
e f f e c t i v i t y ,  d a t a  a n a l y s i s ,  i n t e r p r e t a t i o n ,  Z .  d t  geol  Ges, Hannover, 
1983. 



13. Chalmers, A. and Daw, G.  P . ,  A modified form of a q u i f e r  d e p l e t i o n 1  
recovery  t e s t  f o r  a s s e s s i n g  p o t e n t i a l  water  makes i n  deep 
excava t i ons ,  I n t .  Soc. of Rock Mechanics, 1979. 

14. Theim, G . ,  Hydrologische Methoden, Gebhart  Le ipz ig ,  1906. 

15. Jacob,  C. E . ,  Radia l  f low i n  a leaky  a r t e s i a n  a q u i f e r ,  Trans .  American 
Geophysical  Union, 1946. 

16. Theis ,  C. V . ,  The r e l a t i o n s h i p  du r ing  t he  lower ing  of t h e  p iezometr ic  
s u r f a c e  and d u r a t i o n  of d i s cha rge  of a wel l  u s ing  groundwater s t o r a g e ,  
Trans.  Amer. Geophysical  Union, 1935, 

17. Horner,  D. R., P r e s su re  build-up i n  w e l l s ,  3 rd  World Pe t .  Congr., 1951. 

18. Kohlhaas, C. A., A method of ana ly s ing  p r e s s u r e s  measured dur ing  d r i l l  
stem t e s t  f low p e r i o d s ,  J .  P e t r o l  Tech., 1972. 

19. USBM, F i e l d  pe rmeab i l i t y  t e s t  methods i n  bo reho l e s ,  1974. 

20. Daw, G.  P. and S c o t t ,  R. A., Hydrologica l  t e s t i n g  f o r  deep s h a f t s  
and t unne l s ,  B u l l e t i n  of t h e  I n t e r n a t i o n a l  Assoc i a t i on  of Engineer ing  
Geology, 1983. 

21. Atkinson,  T. and Cassapi ,  V. B . ,  The P repa ra t i on  of Labora tory  Cored 
Specimens from F r i a b l e  Rock, The Mining Engineer ,  Vo1.142, No.259, 
A p r i l ,  1983. 

22. Aston,  T. R. C. and Singh,  R. N . ,  A Reappra isa l  i n t o  S t r a t a  Permea- 
b i l  i t y  Charges a s s o c i a t e d  w i th  Longwall Mining, I n  t . J o u r  . Mine 
Water, Vo1.2, No.1, March 1983. 

23. Fawcet t ,  R. J . ,  Singh,  R.  N .  and Hibberd,  S . ,  An Appra isa l  of 
Mathematical Models f o r  P r e d i c t i n g  Mine Water Inf lows  t o  Underground 
Coal Mines, I n t .  J ou r .  ~ i n e  Water,  Vo1.3, No.2, June  1984, pp.33-52. 




