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INTRODUCTION 

Aa t h e  s e a r c h  f o r  m i n e r a l s  l e a d s  t o  deeper  
mines t h e  need t o  c o n t r o l  water  i n f l o v  i a c o  mine 
s h a f t s  and mine workings w i l l  grow. A s  sha l -  
lower more r e a d i l y  a v a i l a b l e  mine ra l s  a r e  
e x p l o i t e d ,  o r e  bodies  vh ich  v e r e  p r e v i o u s l y  
uneconomic be cause  of t h e i r  depth  w i l l  now 
become a t t r a c t i v e  t a r g e t s .  In known mining 
d i s t r i c t s  new o r e  bodies  a r e  be ing d i scove red  
down d i p  o f  e x i s t i n g  ones .  I n  t h e  west many 
me ta l  d e p o s i t s  a r e  be ing developed i n  rocks  o f  
t h e  mountain f r o n t  pediments,  f r e q u e n t l y  covered 
by s e v e r a l  hundred f e e t  o f  s a t u r a t e d  alluvium. 
G r e a t e r  dep th  o f t e n  means t h a t  workings a r e  
developed w e l l  below e x i s t i n g  water  t a b l e s ,  
c r e a t i n g  h igh  h y d r o s t a t i c  heads  ad j acen t  t o  
mine workings.  

The purpose  o f  t h i s  paper is  t o  review some 
o f  t h e  methods a v a i l a b l e  f o r  de termining i f  v a t e r  
c o n t r o l  will be  neces sa ry  and t o  p re sen t  same of 
t h e  t echn iques  f o r  l o c a t i n g  water  b e a r i n g  zones 
and t h e  amount o f  v a c e r  t o  be expected .  The paper  
v i l l  Concen t r a t e  on problems a s s o c i a t e d  wi th  v a c e r  
c o n t r o l  i n  mine s h a f t  development,  a l though many 
o f  t h e  e x p l o r a t o r y  t echn iques  a r e  s i m i l a r  t o  t hose  
needed f o r  a s s e s s i n g  o v e r a l l  mine v a t e r  i n f l o w  
problems. A  b r i e f  c a s e  h i s t o r y  on water  c o n t r o l  
problems i n  mine s h a f t s  i n  t h e  Grants  mine ra l  
b e l t  o f  no r thwes t e rn  New Mexico is p re sen ted .  

Water c o n t r o l  du r ing  s h a f t  s i n k i n g  p r e s e n t s  
some unique f e a t u r e s .  F i r s t ,  t h e  problem i s  a  
r e l a t i v e l y  s h o r t  term one,  s i n c e  v a t e r  c o n t r o l  
i s  o f t e n  neces sa ry  o n l y  whi le  t h e  s h a f t  i s  be i ag  
sunk. Control  measures may be neces sa ry  on ly  
whi le  t h e  s h a f t  is  open i n t o  t h e  v a t e r  bea r ing  
zone and t h e  Lining i n s t a l l e d  and cemented. 
Secondly ,  l i m i t e d  vorking space  wi th in  t h e  s h a f t  
a r e a  p r e s e n t s  d i f f i c u l t i e s  i n  hand l ing  l a r g e  
amounts o f  v a t e r  inf low.  The presence  of 
v a t e r  i n  t h e  s h a f t  vo rk ing  a r e a  i n c r e a s e s  
s i n k i n g  t ime  and t h e  p o t e n t i a l  hazard  t o  
mine r s .  F i n a l l y ,  t h e r e  i s  t h e  economics 
o f  s h a f t  s i n k i n g .  While t h e  s h a f t  is be- 
i n g  sunk no o r e  i s  be ing  produced and t h e r e  
is eve ry  i n c e n t i v e  t o  minimize c o s t s .  

DIPORTANCE OF WATER CONTROL 

The importance o f  c o n t r o l l i n g  v a t e r  i n f low 
d u r i n g  s h a f t  development has  been v e l l  known 
t o  those  faced wi th  t h e  problem. Depend- 
i ng  on t h e  amount, t empera tu re ,  and q u a l i t y  
o f  t h e  w a t e r ,  t h e  e x t r a  c o s t s  o f  working i n  
wet c o n d i t i o n s  can e a s i l y  be s e v e r a l  t imes  
t h a t  f o r  t he  same work under d r y  c o n d i t i o n s .  
I have heard  e s t i m a t e s  o f  c o s t  i n c r e a s e s  from 
25 pe rcen t  t o  300 p e r c e n t .  The a c t u a l  c o s t  
i n c r e a s e  can be c o n t r o l l e d  i f  t h e  water  i n f low 
i s  expected  and i f  adequate  c o n t r o l  measures 
a r e  employed p r i o r  t o  encoun te r ing  t h e  v a t e r .  

Table 1  l i s t s  some of t h e  problems t h a t  
can  be a s s o c i a t e d  with working under wet con- 
d i t i o n s .  The more obvious  o f  t h e s e  e f f e c t s  
a r e  cons ide red  d i r e c t ,  t h a t  i s  d i r e c t l y  asso- 
c i a t e d  v i t h  pumping o r  c o n t r o l l i n g  v a t e r  in- 
f l o v .  Usua l ly  most mining p r o j e c t s  w i l l  have 
t aken  t h e s e  i n t o  account a t  f e a s i b i l i t y  s t a g e .  
However, t h e r e  a r e  a l s o  i n d i r e c t  e f f e c t s  which 
a r e  not  always f u l l y  accounted For du r ing  t h e  
e a r l y  f e a s i b i l i t y  s t a g e s .  These inc lude  such 
i t ems  as  muddy c o n d i t i o n s ,  f r e e z i n g  of v n t e r  

i n  t he  s h a f t s ,  added equipment maintenance,  
r e d u c t i o n  i n  ground s t a b i l i t y  and washed 
ground, problems wi th  exp los ives  and s c a l i n g  
o f  p ipes .  These a r e  i n d i r e c t  e f f e c t s  vhich  
occur  w i t h i n  t h e  s h a f t  i t s e l f .  Others  may 
occur  o u t s i d e  t h e  s h a f t  a r e a  i nc lud ing  t h e  
e f f e c t  on surrounding water  u s e r s  o f  draw 
ing  down l o c a l  v a t e r  t a b l e s  du r ing  pumping 
from t h e  s h a f t  and t h e  d i scha rge  of  poten- 
t i a l l y  poor q u a l i t y  vace r  t o  s u r f a c e  dra inages .  

DETERHINING THE HFED FOR WATER CONTROL 

The f i r s t  q u e s t i o n  t o  be ansvered i s  whether 
o r  no t  water c o n t r o l  du r ing  s h a f t  s ink ing  w i l l  
be necessary .  Ground wacer occurs  t o  some 
deg ree  o r  ano the r  i n  n e a r l y  a l l  rocks  be lov  a  
few t e n s  of f e e t  below t h e  ground s u r f a c e .  
Whether o r  no t  water  i s  p re sen t  i n  s u f f i c i e n t  
q u a n t i t y  o r  i s  of such poor q u a l i t y  a s  t o  
war ran t  c o n t r o l  measures must be determined 
p r i o r  t o  s e l e c t i o n  o f  t h e  s h a f t  s i n k i n g  method. 

One o f  t h e  b e s t  i n d i c a t o r s  i s  previous  
expe r i ence .  I f  t h e  mine i s  l oca t ed  i n  an a r e a  
o f  p rev ious  o r  e x i s t i n g  mining a c t i v i t y ,  i t  i s  
r e l a t i v e l y  simple m a t t e r  t o  e v a l u a t e  whether 
vace r  w i l l  be a  problem o r  not .  Even i n  
t h i s  c a s e ,  however, c a r e  should be taken t o  
determine  i f  t h e  new s h a f t  v i l l  be i n  a  hydro- 
geo log ic  s e t t i n g  t h a t  is t h e  same a s  t he  sur-  
rounding e x i s t i n g  s h a f t s .  It i s  b e s t  t o  
c a r e f u l l y  review what is  known of t h e  e x i s t i n g  
geology o f  t h e  a r e a  i n  o r d e r  t o  e v a l u a t e  h o w n  
o r  suspected a q u i f e r s  o r  waterbear ing zoncs i n  
t h e  new s h a f t  a r e a .  

Whether t h e  s h a f t  i s  l o c a t e d  i n  an e x i s t i n g  
mining d i s t r i c t  o r  n o t ,  d a t a  from e x p l o r z t i o n  
bo r ings  can be v e r y  v a l u a b l e ,  e s p e c i a l l y  i f  a t  . 
l e a s t  some a r e  des igned t o  e v a l u a t e  hydrogeo- 
l o g i c  c o o d i t i o n s .  Usual ly  bo r ings  a r e  d r i l l e d  
wi thout  regard  t o  hydrogeologic  parameters.  
De ta i l ed  logs  a r e  o f t e n  on ly  kepc on t h e  por- 
t i o n  of t h e  ho le  t h a t  p e n e t r a t e s  t h e  suspected  
o r e  ho r i zon .  No a t t empt  i s  made t o  l o c a t e  o r  
measure water  l e v e l s  i n  bo r ings .  This i s  
u n f o r t u n a t e  because i t  i s  u s u a l l y  p o s s i b l e ,  a c  
ve ry  l i t t l e  a d d i t i o n a l  c o s t ,  t o  add hydrologic  
parameters  co t h e  geo log ic  parameters  normally 
cons ide red  du r ing  an e x p l o r a t i o n  program. It i s  
an inves tment  vhich  can produce a  very  hign r a t e  
of r e t u r n  i n  terms o f  e a r l y  identification of 
p o t e n t i a l  water  problems and can reduce t h e  need 
t o  e s s e n t i a l l y  r e - d r i l l  footage  once a  v a t e r  
problem i s  i d e n t i E i e d .  

ASSESSING THE LOCATION AND AMOUNT OF WATER 

Once i t  i s  determined t h a t  t he  p o t e n t i a l  For 
s i g n i f i c a n t  v a t e r  i n f low i n t o  t he  s h a f t  e x i s t s ,  
d e t a i l e d  knovledge of t he  subsu r face  c o n d i t i o n s  
must be ob ta ined .  The e x a c t  l e v e l  of d e t a i l  
r equ i r ed  i s  dependent upon the  s p e c i f i c  geohy- 
d r o l o g i c  c o n d i t i o n s  i n  t h e  s h a f t  a r e a .  In a r e a s  
where t h e  geology i s  r e l a t i v e l y  uniform and 
water  movement i s  not  c o n t r o l l e d  by Frac- 
t u r e s  and f a u l t i n g ,  much u s e f u l  informat ion 
can  be  ob ta ined  from o t h e r  mines,  e x p l o r a t i o n  
bo reho le s ,  and a  g e n e r a l  knowledge of t h e  s i t e  
hydrogeology. However, when water  movement is 
thought t o  be predominntely F rac tu re  con r ro l -  
l e d ,  d e t a i l e d  knowledge o f  t h e  s p e c i f i c  s h a f t  
s i t e  i s  needed, a s  wacer inf lows can vary by 



s e v e r a l  o r d e r s  of magnitude i f  a  s i g n i f i c a n t  Depending upon t h e  type of  s h a f t  const ruc-  
f r a c t u r e  o r  o t h e r  zone of  high pe rmeab i l i t y  t i o n  and t h e  a q u i f e r  t h i ckness ,  a  g iven water- 
i s  encountered i n  the  s h a f t .  The fol lowing bea r ing  hor i zon  may not  be exposed throughout 
paragraphs d i s c u s s  some of the  a v a i l a b l e  i t s  e n t i r e  th i ckness  a t  any given t ime. Such 
f i e l d  techniques  t o  a s s e s s  the  hydrogeologic  would be t h e  case  f o r  a  t h i c k  a q u i f e r  where t h e  
c h a r a c t e r  of  subsurface  m a t e r i a l s .  s h a f t  is excavated 10 t o  20 f e e t  ahead of t h e  

l i n i n g .  I n  t h i s  c a s e ,  t h e  t h e o r e t i c a l  f u l l  
F i e ld  Methods 

A number of f i e l d  methods a r e  employed 
t o  l o c a t e  p o t e n t i a l  waterbear ing zones and 
to  e s t i m a t e  t h e i r  water  y i e l d  t o  t h e  s h a f t .  
As i n  a l l  eng inee r ing  s t u d i e s ,  a  balance  
between c o s t s  and expected r e s u l t s  must be  
maintained. F i e l d  methods can be d iv ided  
i n t o  two broad c a t e g o r i e s ,  d i r e c t  and i n d i -  
r e c t .  D i rec t  methods involve  co r ing ,  in-hole 
t e s t i n g ,  and l a b o r a t o r y  t e s t i n g .  I n d i r e c t  
methods inc lude  geo log ic  mapping, prepara- 
t i o n  of  c r o s s  s e c t i o n s ,  and geophysical  
logging.  D i rec t  methods g e n e r a l l y  produce 
more a c c u r a t e  and r e l i a b l e  r e s u l t s  bu t  a l s o  
c o s t  more. Table 2 compares s m e  of t h e  
advantages and disadvantages  of  t he  v a r i o u s  
f i e l d  methods i n  gene ra l  use.  

The r e s u l t s  o f - the  f i e l d  program must a l low 
a  reasonable  e s t i m a t e  o f  t h e  parameters neces- 
s a r y  t o  c a l c u l a t e :  1 )  t h e  h y d r o s t a t i c  head i n  
t h e  s h a f t  a r e a ,  2 )  a n t i c i p a t e d  in f low r a t e s  
with t ime,  and 3 )  t h e  ground wa te r  v e l o c i t y  
ac ross  t h e  s h a f t  a r ea .  S p e c i f i c a l l y ,  t h e  
fo l lowing d a t a  must be known: 
1. Locat ion,  dep th ,  t h i ckness  and e x t e n t  

of known a q u i f e r s  and conf in ing  beds. 
2 .  Tranmsmissivity and s t o r a g e  c o e f f i c i e n t  

of a q u i f e r s  and conf in ing  beds. 
3. Whether a q u i f e r s  a r e  under wa te r  t a b l e  

o r  a r t e s i a n  cond i t ions .  
4. Head r e l a t i o n s h i p s .  
5.  Locat ion and a t t i t u d e  of f a u l t s .  
6.  Nature of f a u l t  zones (impermeabile bar- 

r i e r s  o r  condu i t s  f o r  water  movement). 
7 .  P o s i t i o n  of proposed s h a f t  w i t h i n  t h e  

a r e a l  hydro log ic  system ( recha rge ,  d i s -  
cha rge ,  o r  h o r i z o n t a l  flow a r e a ) .  

8. Water q u a l i t y .  

P r e d i c t i n g  Grater Inflow 

Re la t ive  t o  the  l a r g e r  problem of mine 
dewater ing,  e s t i m a t e s  of probable water  i n f low 
t o  a  s h a f t  a r e  s i m p l i f i e d  by t h e  f a c t  t h a t  a  
s h a f t  i s  e s s e n t i a l l y  a  l a r g e  diameter  we l l  and 
t h e r e  i s  an ex tens ive  body of  theory governing 
f low t o  w e l l s .  Once t h e  above des ign  parameters 
f o r  each p o t e n t i a l  water-bearing hor izon a r e  
known, t h e  approximate water  i n f low a t  any 
given time can be es t imated with t h e  fo l lowing 
equat ion:  - - . - 

Q/s = 
T 

264 log [I.:; r fw S] - 65.5 

where rw is t h e  r a d i u s  of  the  s h a f t ,  in.  f e e t ,  
S i s  t he  s t o r a g e  c o e f f i c i e n t ,  T  i s  t he  t r ans -  
m i s s i v i t y ,  i n  G?D/FT, t i s  t h e  time a f t e r  'pumping 
s t a r t e d ,  i n  days.  This equa t ion  y i e l d s  the  
t h e o r e t i c a l  f u l l - p e n e t r a t i o n  s p e c i f i c  capac- 
i t y  (Q/s) of  t he  s h a f t  i n  g a l l o n s  pe r  minute per  
f o o t  of drawdown (G?M/FT). The in f low r a t e  i s  
found by mul t ip ly ing  t h e  a v a i l a b l e  drawdown ( s )  
by t h e  s p e c i f i c  capac i ty .  - .- 

penet;ation s p e c i f i c  c a p a c i t y  would o v e r e s t i -  
mate t h e  a c t u a l  q u a n t i t y  o f  w a t e r . t h a t  w i l l  
f l o v  i n t o  the  s h a f t .  I f  t h e  amount of p a r t i a l  
p e n e t r a t i o n  a t  any given time i s  known, t h e  
reduced s p e c i f i c  c a p a c i t y  can be c a l c u l a t e d  
from t h e  fol lowing equat ion:  

- - L  . ' A  

where Q ' / s l  is  t h e  s p e c i f i c  c a p c i t y  o f  t h e  
p a r t i a l l y  p e n e t r a t i n g  s h a f t ,  L i s  t he  l eng th  
of  t he  open h o l e ,  and M is  t h e  a q u i f e r  th ick-  
ness .  The ad jus t ed  s p e c i f i c  c a p a c i t y  ( Q 1 / s ' )  
i s  then m u l t i p l i e d  by t h e  t o t a l  a v a i l a b l e  head 
t o  e s t i m a t e  wa te r  inf low.  This  equa t ion  i s  
v a l i d  on ly  under nea r  s t eady  s t a t e  cond i t ions .  

SELECTION OF WATER CONTROL METIIOD 

Once a  de te rmina t ion  i s  made t h a t  wa te r  
c o n t r o l  techniques  w i l l  be r e q u i r e d ,  i t  remains 
t o  s e l e c t  t he  optimum c o n t r o l  system. Common 
systems inc lude  i n s t a l l a t i o n  of  water  r i n g s ,  
sump pumping, g rou t ing ,  f r e e z i n g ,  and pumping 
from deep w e l l s  o u t s i d e  t h e  s h a f t  per imeter .  
It is not  t h e  purpose of  t h i s  paper t o  compare . 
advantages and d i sadvan tages  of v a r i o u s  water  
c o n t r o l  methods. However, a  few gene ra l  observ- 
a t i o n s  can be made. 

C o l l e c t i n g  water  t h a t  f lows i n t o  the  s h a f t  
and pumping i t  t o  t h e  s u r f a c e  i s  t h e  most time 
honored method of  water  c o n t r o l .  Water r i n g s  
can be i n s t a l l e d  a s  the  s h a f t  l i n e r  advances 
a l lowing f o r  b e t t e r  c o n t r o l  o f  t h e  inf lowing 
water .  This is probably the  l e a s t  c o s t  method, 
however, i t  is not  e f f e c t i v e  where l a r g e  water  
i n f lows ,  e s p e c i a l l y  i n  poor ground, a r e  en- 
countered.  

Grouting is  probably the  second most popular  
method. Water-bearing zones can be grouted from 
t h e  s u r f a c e  o r  from v a r i o u s  l e v e l s  w i t h i n  t h e  
s h a f t  a s  it advances. In  a d d i t i o n  to  reducing 
rock pe rmeab i l i t y ,  g rou t ing  can a l s o  i n c r e a s e  
s t r e n g t h  i n  weak ground. Grout ing i s  not  
wi thout  i ts  d i f f i c u l t i e s ,  however. I t  i s  a s  
much an a r t  as a , s c i e n c e  and works b e s t  when 
t h e r e  a r e  w e l l  de f ined  i s o l a t e d  f r a c t u r e  systems 
t h a t  c o n t r i b u t e  most of  t he  water .  Grouting may 
be l e s s  e f f e c t i v e  i n  fine-grained m a t e r i a l s  o r  
i n  f r a c t u r e d  a r e a s  where c l a y  may b e  p resen t  
a long openings.  

Freezing i s  a  technique t h a t  has  gained 
p o p u l a r i t y  i n  s o f t  ground a r e a s .  Unlike grout-  
i ng ,  f r e e z i n g  i s  undertaken from t h e  s u r f a c e  and 
may r e q u i r e  r e l a t i v e l y  deep ve ry  c l o s e l y  spaced 
h o l e s  r ing ing  t h e  per imeter  of  the  s h a f t .  In  
some c a s e s ,  t h e  time t o  f r e e z e  t h e  ground may 
be a  f a c t o r  i n  cons ide r ing  t h i s  technique.  It 
is g e n e r a l l y  recognized a s  one of  the  most 
expensive methods of water  c o n t r o l .  

Deep dewater ing we l l s  can be used t o  reduce 
h y d r o s t a t i c  p r e s s u r e s  and water  inf low r a t e s .  
Wells a r e  o f t e n  used i n  con junc t ion  wi th  sump 
pumps and g rou t ing .  In  many c a s e s ,  dewater ing 



v e l l s  w i l l  on ly  reduce water  i n f low i n t o  t h e  
s h a f t ,  not  complete ly  s t o p  it. Wells a r e  on ly  
e f f e c t i v e  when t h e r e  is ,  a cont inuous ,  s u f f i -  
c i e n t  f l o v  of  water  t o  a l low cont inuous  pump 
i n g  . 

The remainder o f  t h i s  paper p r e s e n t s  a 
t y p i c a l  c a s e  h i s t o r y  o f  a wa te r  c o n t r o l  method 
t h a t  i s  ga in ing  acceptance  i n  t h e  deep uranium 
mine s h a f t s  i n  nor thwestern  Nev Mexico. 

CASE HISTORY 

I n t r o d u c t i o n  

Uranium mining i n  nor thwestern  New Mexico 
began i n  the  1950's.  Ea r ly  mines were gener- 
a l l y  l e s s  than  800 f e e t  i n  dep th  and water  
was removed from s h a f t s  and workings wi th  sump 
pumps. New o r e  d i s c o v e r i e s  a t  dep ths  of  2,000 
t o  4,000 f e e t  and t h e  presence o f  a q u i f e r s  
v i t h  wa te r  under 1,000 f e e t  o r  more o f  hydro- 
s t a t i c  head have n e c e s s i t a t e d  new methods of  
wa te r  c o n t r o l .  

Hydrogeology 

The Grants  Mineral Be l t  i s  l oca ted  i n  t h e  
San Juan  Basin ,  a s t r u c t u r a l  dep res s ion  t h a t  
occupies  a 25,000 squa re  mi l e  a r e a  i n  north- 
western  New Yexico and ad jacen t  p a r t s  of  
Colorado, Arizona and Utah. Approximately 
15,000 f e e t  o f  sedimentary rock  a r e  p resen t  
i n  t h e  deepes t  p a r t  of t h e  bas in .  

Geology o f  the  sou the rn  .and western  p a r t s  
o f  t h e  b a s i n ,  i n  which t h e  Grants  minerax b e l t  
i s  l o c a t e d ,  is c h a r a c t e r i z e d  by a t h i c k  se- 
quence of  sandstones  and s h a l e s  g e n e r a l l y  
d ipp ing  t o  t h e  n o r t h e a s t .  The bas in  was form- 
ed du r ing  l a t e  Cretaceous  t o  Eocene t ime. A 
t y p i c a l  geo log ic  column i s  shown on Figure  
I. 

The a r e a  i s  r e l a t i v e l y  f r e e  of  major s t r u c -  
t u r a l  a c t i v i t y .  Loca l ly  some f a u l t i n g  and 
f o l d i n g  has  been d e t e c t e d  bu t  d isplacements  
a r e  r e l a t i v e l y  smal l .  I n  g e n e r a l ,  permea- 
b i l i t y  i s  primary, o r  through the  rock 
i n t e r s t i c e s  . 

The o r e  i s  l oca ted  i n  the  Westwater Canyon 
Hember of  t he  Morrison Formation (La te  J u r -  
r a s i c )  . Depending on the  p r e c i s e  Location 
w i t h i n  t h e  b a s i n ,  ove r ly ing  u n i t s  c o n s i s t  of  
in terbedded sandstones  and s h a l e s  of  Creta- 
ceous  age and unconsol idated alluvium. Exis t -  
i ng  mines i n  updip po r t ions  of  t he  Westwater 
Canyon format ion a r e  known t o  produce s i g n i f i -  
c a n t  q u a n t i t i e s  of  water .  Some ove r ly ing  
sandstones  a r e  a l s o  known t o  be waterbear ing.  
I n  some of  t h e  deeper  mine a r e n s ,  e x p l o r a t i o n  
boreholes  e x h i b i t  a r t e s i a n  c o n d i t i o n s  v i t h  
wa te r  f lowing a t  t he  s u r f a c e .  

The fol lowing c a s e  h i s t o r y  i s  a composite o f  
s e v e r a l  s t u d i e s  performed by t h e  au thor  ove r  t h e  
p a s t  few years .  The d a t a  presented do not  apply  
t o  any p a r t i c u l a r  s i c e ,  bu t  i s  r e p r e s e n t a t i v e  of 
t he  gene ra l  aren.  

De te rn inn t ion  of  Water Producing Zones 
. - -  

d a t a  f o r  both  the  hydrologic  and geo techn ica l  
s t u d i e s .  A l l  s t u d i e s  have included a bore h o l e  
d r i l l e d  from t h e  s u r f a c e  t o  below the  o r e  
hor izon.  The c o r e  obta ined from t h i s  ho le  is 
analyzed f o r  rock s t r e n g t h  and eng inee r ing  
c h a r a c t e r i s t i c s  a s  we l l  a s  hydrologic  proper- 
t i e s .  h e  hydrologic  p r o p e r t i e s  included 
s t r a t i g r a p h y ,  l i t h o l o g y ,  f r a c t u r e  i n t e n s i t y ,  
and cementat ion.  Representa t ive  samples of t h e  
sandstone were t e s t e d  i n  t h e  l a b o r a t o r y  f o r  
pe rmeab i l i t y  and g r a i n  s i z e  d i s t r i b u t i o n .  A s e t  
of  geophysical  l ogs  a r e  u s u a l l y  ob ta ined  from 
t h e  c o r e  ho le .  These inc lude  c a l i b e r ,  d e n s i t y ,  
temperature ,  s e l f - p o t e n r i a l ,  r e s i s t i v i t y ,  
p o r o s i t y  and 3-D v e l o c i t y .  

P o t e n t f a l  water-bear ing zones a r e  i d e n t i f i e d  
from t h e  hydro log ic  p r o p e r t i e s  l o g  and frum t h e  
geophysical  Logs. Depending upon t h e  l o c a t i o n  
w i t h i n  the  b a s i n  up t o  s i x  major a q u i f e r s  have 
been i d e n t i f i e d .  These inc lude ,  i n  descending 
o r d e r ,  some of  t h e  t h i c k e r  sandstones  i n  t h e  
Menefee Formation, t h e  Po in t  Lookout Sandstone, 
t h e  Hosta Sandstone Tongue of t h e  Po in t  Lookout 
Sandstone, t he  Dal ton Sandstone, t h e  Gal lup 
Sandstone, t h e  Dakota Sandstone, ( inc lud ing  the  
Two Wells member), and che Westwater Canyon 
sandstone of the  Morrison Formation. 

Since  t h e  presence of  f r a c t u r e s ,  j o i n t s ,  o r  
f a u l t s  can s i g n i f i c a n t l y  a f f e c t  pe rmeab i l i t y  
i t  is d e s i r a b l e  t o  o b t a i n  an i n d i c a t i o n  of t h e  
presence of  major d i s c o n t i n u i t i e s .  In a d d i t i o n  
t o  logging f r a c t u r e s  i n  t h e  c o r e ,  a knowledge 
of  a r e a l  j o i n t i n g ,  f r a c t u r i n g ,  and f a u l t i n g  can 
be obta ined by a combination of s u r f a c e  mapping 
and t h e  c o n s t r u c t i o n  of  c ross - sec t ions .  
Surface  ou tc rops  i n  t h e  v i c i n i t y  o f  the  s h a f t  
s i t e  a r e  mapped and the  o r i e n t a t i o n  of  j o i n t s  
and f r a c t u r e s  analyzed s t a t i s t i c a l l y .  As i s  
t y p i c a l  of  t h i n l y  bedded sedimentary  rock,  two 
prominent d i v i d i n g  p l a i n s  a r e  commonly noted i n  
t h e  San Juan Basin.  These a r e  approximately  
pe rpend icu la r  t o  t h e  bedding and t o  each o t h e r .  
Both j o i n t s  s e t s  a r e  predominately s u b v e r t i c a l .  

Cross-sect ions ,  u t i l i z i n g  geophysical  logs 
from nearby e x p l o r a t i o n  bo reho les ,  can be 
cons t ruc ted  a c r o s s  proposed s h a f t  s i c e  a reas .  
These c ross - sec t ions  a r e  u s e f u l  i n  determining 
whether s i g n i f i c a n t  f a u l t i n g  o r  f o l d i n g  occurs  
i n  t h e  v i c i n i t y  of  t h e  proposed s h a f t .  

Es t imat ion of  Hydrologic P r o p e r t i e s  and 
Water Inflow Rates 

Following t h e  i d e n t i f i c a t i o n  of t h e  p o t e n t i a l  
water-bear ing zones a t e s t  program must be 
des igned t o  determine t h e  major hydrologic  
parsmeters .  These p a r m e t e r s  inc lude  t r ans -  
m i s s i v i t y ,  s t o r a g e  c o e f f i c i e n t ,  water l e v e l s  
and boundary c o n d i t i o n s .  An i d e a l  t e s t  program 
would c o n s i s t  of  t he  i n s t a l l a t i o n  of  a pumping 
we l l  and a t  l e a s t  one obse rva t ion  wel l  i n  each 
major wa te r  producing zone. However, from a 
p r a c t i c a l  s t andpo in t  i t  is not  always c o s t  
e f f e c t i v e  t o  d r i l l  two o r  more we l l s  t o  each 
zone and some a l t e r n a t i v e  methods h m e  been 
devised cha t  r ep resen t  a compromise between 
coe t and informat ion obta ined.  

One such cumpromise involves  c h e  i n s t n l l a t i o n  
Usual ly  s h n f t  i n v e s r i g n t i o i s - a r e  concerned not of 0 b s e ~ a t i 0 n  we l l s  i n  t h e  most p r o l i f i c  of  the 

only  wi th  v n r e r  c o n t r o l  but  a l s o  rock c o n d i t i o n s  a q u i f e r s ,  with che remnining zones being tetlced 
vhich could  e f f e c t  s h n f t  s ink ing .  The re fo re ,  t h e  i n  a s i n g l e  we l l  t h a t  pene t r a t e s  a l l  a q u i f e r s .  
f i e l d  progrrrn i s  designed t o  dcvelop p e r t i n e n t  . - .  Typica l ly ,  obse rva t ion  we l l s  aro loca ted  i n  tho 



Point  Lookout, Dakota, and Westwater Canyon 
Sandstones.  Where w e l l s  f low a t  t h e  s u r f a c e  
hydrau l i c  c o e f f i c i e n t s  can be determined f o r  
each obse rva t ion  we l l  by u t i l i z i n g  cons tan t  
drawdown t e s t i n g  procedures .  Where w e l l s  do 
not  f low a  pump must be i n s t a l l e d .  In e i t h e r  
c a s e ,  a  t e s t  we l l  i s  i n s t a l l e d  and designed t o  
t e s t  a l l  i d e n t i f i e d  a q u i f e r s ,  i nc lud ing  t h o s e  
with obse rva t ion  we l l s .  S ince  t h e  head and 
expected f low from each a q u i f e r  u s u a l l y  v a r i e s  
g r e a t l y ,  t h e  pumping system must be f l e x i b l e  
t o  accomodate t h e s e  expected v a r i a t i o n s .  A 
system u t i l i z i n g  compressed a i r  o r  n i t r o g e n  
e l i m i n a t e s  t h e  c o s t  of  purchasing,  i n s t a l l i n g ,  
and removing s e v e r a l  d i f f e r e n t  pumps i n  o r d e r  
t o  t e s t  a l l  t h e  zones. Cons t ruc t ion  of  a  typ i -  
c a l  t e s t  w e l l  is  s h o m  on F igure  2 .  In  t h i s  
case  the  we l l  is  d r i l l e d  t o  t h e  lowermost 
a q u i f e r  and c a s i n g  i n s t a l l e d  and cemented t o  
t h e  s u r f a c e .  The w e l l  is  then  pump t e s t e d .  
Overlying format ions  ( s t a r t i n g  wi th  t h e  Gal lup 
Sandstone) a r e  t e s t e d  by i n s t a l l i n g  a  w i r e l i n e  
b r idge  plug below each zone and p e r f o r a t i n g  
che c a s i n g  ove r  t h e  e n t i r e  a q u i f e r  t h i ckness .  
Following pumping of  t h e  pe r fo ra t ed  zone a  
second w i r e l i n e  packer i s  s e t  below t h e  next  
ove r ly ing  zone and t h e  perforating-pumping 
sequence repeated f o r  each zone going up the  
h o l e .  

F i e l d  t e s t  r e s u l t s ,  l a b o r a t o r y  pe rmeab i l i t y  
and g ra in - s i ze  de te rmina t ions ,  and v i s u a l  exam- 
i n a t i o n  ?£ rock c o r e  a r e  used t o  s e l e c t  des ign  
parameters.  T ransmiss iv i ty  and pe rmeab i l i t y  
va lues  normally vahy cons ide rab ly ,  r e f l e c t i n g  
the  complex d e p o s i t i o n a l  p a t t e r n  o f  t h e  depos- 
i t s .  Normally, t h e  r e s u l t s  of f i e l d  pumping 
t e s t s  a r e  g iven t h e  most weight i n  parameter 
s e l e c t i o n ,  a s  t h e s e  t e s t s  i n d i c a t e  any second- 
a r y  a s  w e l l  as primary pe rmeab i l i t y  e f f e c t s  and 
a  much g r e a t e r  volume of a q u i f e r  i s  t e s t e d .  
Pump t e s t  r e s u l t s  a r e  analyzed f o r  evidence of  
recharge  o r  d i scha rge  boundar ies ,  and leakance 
through the  conf in ing  beds c a l c u l a t e d .  Since  
s h a f t  s ink ing  i s  a  r e l a t i v e l y  shor t - term oper- 
a t i o n ,  i t  i s  not necessa ry  t o  conduct long-term 
pumping t e s t s .  Typ ica l ly ,  t e s t s  a r e  run Erom 
between 2 4  and 72 hours  on major  a q u i f e r  zones 
and a s  s h o r t  as fou r  hours  on minor zones.  The 
a b i l i t y  t o  d e f i n e  boundary cond i t ions  du r ing  
t e s t s  l e s s  than 2 4  hours  i s  l i m i t e d ,  however. 

Following t h e  s e l e c t i o n  of des ign  parameters ,  
e s t ima tes  of water i n f low r a t e s  from each aqui- 
f e r  can be made u t i l i z i n g  t h e  formula presented 
e a r l i e r .  The r e s u l t s  of  a  t y p i c a l  s tudy  i n  a  
deeper  p o r t i o n  of the  San Juan  Basin a r e  shorn  
on Table 3. 

Design of  Deep Well Water Control  System 

Recent deep s h a f t s  i n  t h e  Grants  minera l  b e l t  
have u t i l i z e d  a  system o f  g rou t ing ,  sump pumping 
and pumping from deep we l l s .  Wells a r e  i n s t a l -  
l e d  and pumped f o r  some time per iod p r i o r  t o  t h e  
p e n e t r a t i o n  of each a q u i f e r  by t h e  s h a f t .  

The sandstone a q u i f e r s  i n  the  San Juan Basin 
cannot be complete ly  dewatered with w e l l s .  The 
a q u i f e r s  a r e  a r t e s i a n ,  deep,  r e l a t i v e l y  t h i n ,  
and have low t r a m i s s i v i t i e s .  I f  t he  water  
l e v e l  i s  drawn down below t h e  top o f  the  a q u i f e r  
i a  t he  pumping w e l l ,  ve ry  l i t t l e  a d d i t i o n a l  
drawdown a t  t h e  s h a f t  (compared t o  the  t o t a l  
a v a i l a b l e  drawdown) i s  gained and i t  is r e a d i l y  

o f f s e t  by a  dec rease  i n  t r a n s m i s s i v i t y  a t  t h e  
pumping.wel1 due t o  the  r educ t iod  of t h e  s a t u r -  
a t e d  t h i c k n e s s  of t h e  a q u i f e r .  The p r i n c i p l e  
b e n e f i t  t o  be obta ined from pumping from we l l s  
is a  major r educ t ion  i n  h y d r o s t a t i c  p re s su re ;  
and whi le  t h e  flow i n t o  the  s h a f t  is not e l imi-  
na t ed  i t  i s  s i g n i f i c a n t l y  reduced. Since  t h e  
we l l s  a r e  not  designed t o  dewater t h e  a q u i f e r s  
t hey  a r e  r e f e r r e d  t o  a s  "depressur iz ing"  r a t h e r  
than  dewater ing we l l s .  

I f  g r o u t i n g  i s  t o  be  conducted whi le  depres- 
s u r i z i n g  w e l l s  a r e  i n  o p e r a t i o n ,  it is d e s i r a b l e  
t o  prevent  excess ive  mig ra t ion  of t h e  g r o u t  away 
from t h e  s h a f t  by minimizing ground water  veloc- 
i t i e s  i n  t h e  s h a f t  area .  A ground water  v e l o c i t y  
l e s s  than  two f e e t  pe r  day i s  considered o p t i -  
mum. 

Design a l t e r n a t i v e s  f o r  a  d e p r e s s u r i z i n g  
system invo lve  comparison o f  wel l  c o n s t r u c t i o n  
procedures ,  number o f  w e l l s ,  f i e l d  geometry, 
d u r a t i o n  of  pumping, and ground water  v e l o c i t y  
a c r o s s  t h e  s h a f t  a r ea .  Considera t ion must 
be g iven t o  t h e  f e a s i b i l i t y  o f  completing each 
depres su r ing  w e l l  i n  more than  one a q u i f e r  and 
o f  deepening w e l l s  t o  lower a q u i f e r s  when 
d e p r e s s u r i z a t i o n  is no longer  required.  

Mul t ip l e  complet ions  ( i n  more than one 
a q u i f e r )  i nvo lve  pumping l a r g e r  q u a n t i t i e s  of  
water  and a r e  more complicated t o  c o n s t r u c t .  I f  
t h e  pumping l e v e l  is  d r a m  below t h e  upper 
a q u i f e r ,  cascading water  w i l l  occur  and l a r g e r  
d i a n e t e r  c a s i n g  may be  needed f o r  a  pump shroud 
i n  o r d e r  t o  provide  adequate pump coo l ing .  A 
sc reen  and p o s s i b l y  g r a v e l  packing of  t h e  
upper a q u i f e r  may be necessary  t o  e l i m a t e  sand 
in f low and caving which could  r e s u l t  i n  t h e  l o s s  
of  t h e  w e l l  o r  pump. Also, i f  e n t r a i n e d  a i r  i n  
t h e  cascading water  i s  s i g n i f i c a n t  a  gas  separ-  
a t e r  may be r equ i red  t o  prevent  t h e  pump from 
excess ive  c o r r o s i o n  and c a v i t a t i o n .  X u l t i p l e  
a q u i f e r  complet ions  where the  pumping Level i s  
not  d r a m  below t h e  top the  upper format ion a r e  
f avored ,  a s  t h e s e  avoid t h e  problems of par- 
t i a l l y  dewatered a q u i f e r s  and cascading water .  

Deepening of we l l s  i s  f e a s i b l e  i f  s u f f i c i e n t  
t ime i s  a v a i l a b l e  f o r  deepening between the  end 
o f  the  pumping per iod r equ i red  f o r  t h e  upper 
a q u i f e r  and t h e  r equ i red  s t a r t  of pumping i n  t h e  
lower a q u i f e r .  The time a v a i l a b l e  i s  dependent 
upon the  g rou t ing  and s i n k i n g  schedule  which i s ,  
i n  p a r t ,  a  func t ion  of  t h e  depth  between 
a q u i f e r s .  In some cases  t h e r e  is i n s u f f i c i e n t  
t ime t o  deepen w e l l s  from any one a q u i f e r  t o  the  
next deepes t  one, however, i t  i s  f r e q u e n t l y  
p o s s i b l e  t o  deepen we l l s  Erom a  shal low a q u i f e r  
t o  t h e  deeper  a q u i f e r s .  

The s e l e c t i o n  of  pumping d u r a t i o n  p r i o r  t o  
e n t e r i n g  t h e  a q u i f e t  with t h e  s h a f t s  must a l low 
f o r  s u f f i c i e n t  time t o  work o u t  any problems i n  
t h e  mechanics of  t he  pumping system and provide  
a r easonab le  r e d u c t i o n  i n  head of the  s h a f t .  The 
t ime r equ i red  t o  reduce the  head can be e s t i -  
mated from a q u i f e r  ~ r o ~ e r t i e s  determined by t h e  
f i e l d  t e s t  program. Typ ica l ly ,  i n  t h e  San Juan 
Basin ,  a  60-to LOO-day pumping per iod p r i o r  t o  
s h a f t  s i n k i n g  provides  adequate time f o r  both 
head r educ t ion  and r e s o l u t i o n  of  any system 
problems. 

Various symmetrical wel l  arrangements with 
t h e  number of we l l s  va ry ing  from two t o  e i g h t  
a r e  u s u a l l y  eva lua ted .  A minimum d i s t a n c e  of 
100 f e e t  from t h e  c e n t e r  l i n e  of t he  s h a f t  i s  



u s u a l l y  r equ i red  i n  o r d e r  t o  reduce congest ion 
oE t h e  d r i l l i n g  equ ipsen t  v i t h  t h e  head f r ane  
and o t h e r  c o n s t r u c t i o n  equipment near  t h e  s h a f t  
c o l l a r .  U t i l i z i n g  a  computer program t o  so lve  
t h e  w e l l  f low equa t ion ;  a  coapar ison of  t h e  
v a r i o u s  w e l l  s y s t m s  and t h e i r  r e s p e c t i v e  pump- 
i n g  r a t e ,  head r educ t ion ,  and a s s o c i a t e d  ground 
water  v e l o c i t y  can be made. 

F igure  3 shows a  p l an  view o f  a depres su r i z -  
i n g  s y s t e a  f o r  a  six a q u i f e r  system. Table 4 
g rves  a  sumnary of  each s y s t e n  and i t s  p red ic t ed  
r e s u l t s .  

This  paper has  atterapted t o  review some of  
t h e  techniques  a v a i l a b l e  t d  a s s e s s  t h e  need f o r  
v a t e r  c o n t r o l ,  e s t i m a t e  t h e  l o c a t i o n  and amount 
o f  wa te r  i n f low expec ted ,  and b r i e f l y  o u t l i n e  
t h e  techniques  cormaonly i n  use.  The a p p l i c a t i o n  
o f  t h e s e  t echn iques  t o  a  p r a c t i c a l  problem i s  
i l l u s t r a t e d  by r e c e n t  work i n  t h e  uranium mines 
of  n o r t h v e s t e r n  Nev Hexico. 

While t h e  s h a f t s  s t u d i e d  by t h e  auchor a r e  
s t i l l  under  development, i t  appears  t h a t  a 
conb ina t ion  o f  d e p r e s s u r i z i n g  we l l s  and grout-  
i ng  i s  s u c c e s s f u l  i n  c o n r r o l l i n g  water  i n f l o v  
dur ing  s i n k i n g ,  Ava i l ab le  daca  i n d i c a t e  t h a t  
head r educ t ions  i n  excess  o f  seventy  pe rcen t  
a r e  p o s s i b l e .  Water in f low r a t e s  du r ing  s h a f t  
s i n k i n g  a r e  l e s s  than one-half t h a t  e s t ima ted  
t o  occur  wi thout  d e p r e s s u r i z a t i o a .  

The use  of t hese  techniques  does no t  e l imi-  
n a t e  t h e  v a t e r  problem, however, they can make 
t h e  problem more p r e d i c t a b l e  and consequent ly  
manageable. Good planning i s  p o s s i b l e  on ly  i f  
t h e  c o n d i t i o n s  t o  be encountered dur ing s h a f t  
s i n k i n g  a r e  k n o w  i n  advance. 



TABLE 1. EFFECTS OF WET CONDITIONS 

( A f t e r  Loofbourow, SNE Yining 
Engineer ing  andb book) 

1. D i rec t  E f f e c t s  

- Costs  o f  ~umping  - F a i l u r e  t o  handle  in f low may i n t e r r u p t  
sin!!ing and could  damage t h e  s h a f t ,  
perhaps beyond recove ry ,  perhaps wi th  
l o e s  o f  l i f e .  

I n d i r e c t  E f f e c t s  i n  Sha f t  

- Freezing water  i n  co ld  a r e a s .  - Reduced e f f i c i e n c y  of crews and equipment 
- Added equipment maintenance. - Reduced s t a b i l i t y  of  v a l l s  and p o t e n t i a l  

f o r  washed ground. - In  a r e a s  o f  ho t  w a t e r ,  i nc reased  h e a t  and 
humidi t y  . - I n t e r f e r e s  v i t h  c e r t a i n  exp los ives .  - Sca le  i n  p ipes  and pumps. 

3.  I n d i r e c t  E f f e c t s  o u t s i d e  Sha f t  

- draw do^ may e f f e c t  surrounding wa te r  
we l l s .  - Poor q u a l i t y  water  may p o l l u t e  s u r f a c e  
Waters. 
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TABLE 2 .  FIELD TECBNIQUES 

Advantages Limitations 

Coring - Excellent S t ra t ig raphic  - High Cost 
Control - Time t o  D r i l l  

- Visual Log of Subsurface - Small Area Examined - Samples f o r  Testing - Record f o r  Use During 
Sinking 

Geophysical - Good S t ra t ig raphic  Control - No Samples 
Logging - Low/Moderate Cost - Affected by Borehole Fluid - Rapid - Results Relative - Continuous Record - Required S k i l l  I n t e r p r e t e r  - In-situ Propert ies  

D r i l l  - Rapid - Low/Hoderate Premeabil i t ies  
Stem - Moderate Cost - Possible  Leakage Around 
Tests  - Evaluate Borehole Ef fec t s  Packers - Samples - Limited Area Invest igated - In-situ Propert ies  

I n j e c t i o n  - Rapid 
Tes t s  - Moderate Cost - Good Grouting Data 

- In-si tu  Propert ies  

- Low/Moderate Permeabil i t ies  - Possible  Leakage Around 
Packers - Usually Underestimate 
Penneabili  t y  - No Samples - Affected by Borehole 
Condition 

Pumping - Large Area Invest igated - High Cost 
Tes t s  - Assess Boundary - Control Water Discharge - Water Samples - Temporary Effect  on - Simulate Actual Dewatering . Surrounding Wells - Experimental Design Data - Time to D r i l l  and Test 
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TABLE 3 .  ESTIMATED WATER INFLOW 22-FOOT D W T E R  SHAFT 

Average 
Transmissivity Penetration Flow  at; (GPM) 

Aquifer (Gallons /Day/Foot) (Feet) (@ 90 Days) 

Menef ee* 

Point Lookout 

Hos ta* 

Dalton 

30 125 
. . 

Upper Gallup* 500 40 ' 650 

Lower Gallup* 200 

Dakota 

Westwater Canyon 

*Thin aquifers not analyzed for partial  penetration. 



TABLE 4. DEPRESSURIZING SYSTEM PERFORMANCE 

n v f i w c  wLLL 
NO. E A D  REDUCTION S W  IXFLOw (GPM) PUKPING RATES 

IUIPER WELLS @ SEAlT I WITHOUT 1 

Point 3 
Lookout 

Hosta 3 71 425 LOO 75 

Dalton 3 73 160 50 30 

Gal Sup 3 73 780 250 100 

Dakota 3 73 1,750 500 320 

Westwater 4 79 2,500 550 
Canyon 

400 



SATAN TONGUE S ILTSTO NE (70%) 

SANDSTONE (45%) 

SILTSTONE (20%) 

MANCOS (MAIN BODY) 

SILTSTONE (10%) 

SANDSTONE (80%) 

F I G U R E  1 
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