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ABSTRACT 

S e v e r a l  wa te r  i n r u s h e s  o c c u r r i n g  i n  I t a l i a n  underground mines were c a r e f u l l y  
observed i n  o r d e r  t o  s t u d y  causes  and c i r cums tances ,  o f  such  e v e n t s  and t o  
i n v e s t i g a t e  t h e  p o s s i b i l i t y  o f  p r e d i c t i n g  t h e s e  i n r u s h e s .  

I t  tu rned  o u t  t h a t  whereas t h e  spontaneous  i n r u s h e s ,  i e  t h o s e  determined 
by n a t u r a l  ep i sodes ,  a r e  accompanied by c l e a r  warning s i g n a l s  l i n k e d  w i t h  
changes i n  t h e  wa te r  regime and, p o s s i b l y ,  o f  mine g a s e s .  However, t h e  
i n r u s h e s  caused by t h e  mining a c t i v i t i e s  a r e  accompanied by few and 
i n d i s t i n c t  warnings. 

With r e s p e c t  t o  t h e  spontaneous  i n r u s h e s ,  t h e  o b s e r v a t i o n  of e v e n t s  p r i o r  
t o  t h e  occu r rence  o f  i n r u s h e s  sugges t  t h a t  t h e  g a s  f low r a t e s  can be 
c o r r e l a t e d  t o  t h e  hydrodynamics a c t i v i t i e s  around t h e  mine, whereby p o s s i b l e  
i n r u s h e s  can be f o r e c a s t e d  by means o f  t h e  g a s  flow r a t e s .  

With r e s p e c t  t o  mining induced i n r u s h e s ,  however, s i n c e  c l e a r  warning 
s i g n a l s  a r e  l a c k i n g ,  i t  is proposed t h a t  prevent ive  measures may be used 
r a t h e r  t han  f o r e c a s t i n g .  I t  is sugges t ed  t h a t  i n  o r d e r  t o  avoid  such 
i n r u s h e s  i t  is necessa ry  t o  o b t a i n  an e x a c t  and up- to-date  i n fo rma t ion  
o f  ground wa te r  regime around t h e  planned workings. A s t u d y  was t h e r e f o r e  
under taken t o  back a n a l y s e  t h e  r e c o r d s  o f  mine i n r u s h e s  t o g e t h e r  w i th  
pa rame te r s  and c h a r a c t e r i s t i c s  o f  i n d i v i d u a l  i n f lows .  

INTRODUCTION 

The inundat ions  r e s u l t i n g  i n  mining d i s a s t e r s  have a lmost  a lways been 
sudden and v i o l e n t ,  v e r i t a b l e  i r r u p t i o n s .  Consequent ly ,  t h e s e  p a r t i c u l a r  
i n f lows  o f  wa te r  must be s t u d i e d  i n  d e t a i l ,  be fo re  and du r ing  t h e i r  
occu r rence ,  i n  o r d e r  t o  unders tand t h e  sequence of premoni tory  e v e n t s  
l e a d i n g  t o  inundat ions  and t h e  p r e v e n t i v e  measures t o  be adopted i n  o r d e r  
t o  reduce t h e  r i s k s  t o  t h e  minimum. 

I t  is no t  e s s e n t i a l  t o  make c l e a r - c u t  d i s t i n c t i o n  between spontaneous  
i n r u s h e s  of wa te r  and i n r u s h e s  caused by mining o p e r a t i o n s  ( b l a s t i n g ,  
d r i l l i n g ,  d r i v i n g  n e a r  o l d e r  work ings ) ,  because  t h e  wa te r  i n r u s h e s  t h a t  
can be de f ined  a s  spontaneous  would no t  occu r  i f  t h e r e w e r e  no c a v i t i e s  
c r e a t e d  by mining a l lowing  t h e  inf low of mine wa te r .  I n  t h e  same way, an 
i n r u s h  of wa te r  from o l d  mines would n o t  occu r  i f  they were n o t  f l ooded .  



But i t  is necessa ry  t o  i n t r o d u c e  a  c l a s s i f i c a t i o n ,  d e f i n i n g  a s  spon taneous  
t h e  i n r u s h e s  caused mainly  by n a t u r a l  e p i s o d e s  and a s  provoked t h o s e  
brought  abou t  a s  a  d i r e c t  consequence o f  t h e  mining,  e s p e c i a l l y  because  t h e  
e v e n t s  t h a t  f o r e t e l l  t h e  former  o f t e n  d i f f e r  from t h o s e  t h a t  p recede  t h e  
l a t t e r .  

FLOODING I N  ITALIAN UNDERGROUND MINES. 
OBSERVATIONS AND DEDUCTIONS 

From 1910 t o  t h e  p r e s e n t ,  i n  t h e  underground mines  o f  s o u t h e r n  Tuscany Only, 
t h e  f a t a l i t i e s  g i v e n  i n  t h e  f o l l o w i n g  list were caused by f l o o d i n g .  I t  w i l l  
be no ted  t h a t  17  pe r sons  d i e d  due t o  w a t e r  i n r u s h e s  and one  due t o  a  s low 
i n f l u x  o f  wa te r :  

1914 ( 2 4  May) 1  k i l l e d  by i n r u s h  o f  wa te r  from o l d  workings  
a t  R i b o l l a  c o l l i e r y  ( G r o s s e t o ) ;  

1935 ( 1 2  August)  14 k i l l e d  by i n r u s h  o f  wa te r  from o l d  workings  
a t  R i b o l l a  c o l l i e r y  ( G r o s s e t o )  ; 

1952 (21  J a n u a r y )  2 k i l l e d  by i n r u s h  o f  wa te r  from o l d  workings  
a t  L i l l i a n o  c o l l i e r y  ( S i e n a ) ;  

1964 ( 1  1  March) 1  k i l l e d  by f l o o d i n g  o f  a  s h a f t  t h a t  o c c u r r e d  a s  
a  r e s u l t  o f  p lugg ing  o f  a  d r a i n a g e  h o l e  i n  t h e  
Poggio Mor ta io  p y r i t e  and magnet i ternine  ( G r o s s e t o ) .  

From 1963 t o  t h e  p r e s e n t ,  a g a i n i n T u s c a n y ,  t h e r e  were t h r e e  f l o o d i n g s ,  
w i t h o u t  f a t a l i t i e s ,  i n  t h e  underground mines o f  S e l v e n a ,  Bagni San F i l i p p o  
and Campiano-Boccheggiano. Two o f  t h e  f l o o d i n g s  were spon taneous ,  and t h e  
t h i r d  provoked. These e p i s o d e s  were s t u d i e d  by t h e  a u t h o r  r i g h t  from t h e  
o u t s e t  i n  o r d e r  t o  g a i n  e l emen t s  u s e f u l  f o r  f o r e c a s t i n g  s u c h  e v e n t s  
beforehand.  The a v a i l a b l e  d a t a  r e l a t e d  t o  s m a l l e r - s c a l e  e v e n t s ,  b u t  which 
were s t i l l  analogous t o  t h e  f i r s t  o n e s ,  were a l s o  examined. The e v e n t s  
t h a t  took p l a c e  i n  t h o s e  c i r cums tances  a r e  o u t l i n e d ,  and t h o s e  t h a t  can  be 
cons ide red  premoni tory  a r e  po in t ed  o u t .  

S e l v e n a  Mercury Mine 

The S e l v e n a  o r e  body ( G r o s s e t o )  is o f  hydrothermal  o r i g i n  and c h i e f l y  
c o n s i s t s  o f  c innaba r  a n t i m o n i t e  inbedded i n  mainly  c l ayey  gangue a t  t h e  
c o n t a c t  zone between c l a y e y  f o r m a t i o n s  a t  t he  roo f  and Rhae t i an  l i m e s t o n e s  
(Upper T r i a s )  a t  t h e  bed. The c o n t a c t  is q u i t e  r e g u l a r  i n  t h e  mineralization 
zone b r t  o f t e n  ve ry  d i s t u r b e d  around i t .  

I n  1973, an i n u n d a t i o n  o f w a t e r  and mud o c c u r r e d  at t h e  t u n n e l  f a c e  a t  
-200 m l e v e l ,  which is t h e  d e e p e s t  p o i n t  i n  t h e  mine, a t  2184 m from t h e  
mouth. S i n c e  t h i s  t u n n e l  emerged d i r e c t l y  t o  t h e  o u t s i d e ,  t h e  w a t e r  d i d  
n o t  i nvade  t h e  uppe r  l e v e l s ,  b u t  o n l y  t h e  bottom t u n n e l .  I n  t h e  l a s t  
s e c t i o n  t h i s  t u n n e l  had c r o s s e d  a l t e r n a t i o n s  o f  l i m e s t o n e  and c l a y  f o r  
15 m; a t  t h e  b l i n d  end,  a t  t h e  moment o f  t h e  i n r u s h ,  t h e r e  was c l a y  
exposed a t  t h e  f a c e  w i t h  l i m e s t o n e  a t  t h e  f l o o r .  

Be fo re  t h e  f l o o d i n g  o n l y  t h e  -200 t u n n e l  was s u b j e c t  t o  con t inuous  
emana t ions  o f  mixed CO and H2S, a lmos t  e n t i r e l y  g iven  o f f  by t h e  w a t e r  t h a t  
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flowed o u t  o f  t h e  f a c e  a t  a  r a t e  o f  abou t  1 0  l/s. I n  normal  c o n d i t i o n s ,  
a  t o t a l  o f  15 l/s o f  wa te r  i n f lowed  i n  t h e  t u n n e l .  

On 16 A p r i l  1973, it was found t h a t  i n  t h e  b l i n d  end o f  t h e  t u n n e l  b o t h  t h e  



values of the CO2 concentration and the values of the ratio between the 
concentration of H S and that of CO were significantly lower than normal 
values, without af?ecting any chang$ in the ventilation. On 18 June it 
was noted that the flow rate of the water from the -200 tunnel had slightly 
risen. 

On 27 June 1973, at 6.00 pm, it was decided to abandon the working face as 
it was discovered that the flow rate of the water had more than doubled 
following a spontaneous inrush of water and mud, fortunately in the absence 
of personnel. The inflow rate of the water steadily rose, although with 
slight oscillations around the mean value of each period, reached 100 l/s 
on 6 July, the maximum of 260 l/s on 25 July and then dropped by 200 l/s 
in the first days of August and levelled off at some 25 l/s in October. 
The water in the bottom of the Rocca shaft, 60 m above the -200 tunnel, 
disappeared two days after the inrush and reappeared on 15 August. 

On 2 July the inrush face was inspected, and at equal ventilation, concent- 
rations of CO and H2S of 6% and 200 ppm respectively were found, almost 
10 times high& than the normal values. 

After the inrush, while the water inflow rate increased, and before it 
reached its maximum, in overlying headings which until then had never been 
affected by gas influxes (Fig l ) ,  concentrations of CO were found whose 
time trends presented themselves as waves similar to tie wave representing 
the water flow rate, but lagging somewhat behind it. 

Figure 1: Selvena mine: plan of the southern sector, levels -120 and 
-200 m. The square indicates the point of the -200 tunnel where 
the water inrush occurred in 1973; the arrows indicate the points 
where there were CO emanations. 
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A f t e r  t h e  i n r u s h ,  1 ,400,000 m' o f  w a t e r  d i scha rged  from t h e  t u n n e l ,  
t r a n s p o r t i n g ,  i n  s u c c e s s i v e  s t a g e s ,  a t o t a l  of 1500 m' o f  silts and c o a r s e  
m a t e r i a l s .  

O the r  i n r u s h e s  s i m i l a r  t o  t h e  one d e s c r i b e d ,  b u t  c h a r a c t e r i z e d  by cons ide r -  
a b l y  s m a l l e r  volumes o f  w a t e r ,  o c c u r r e d  on 17 A p r i l  1963,  27 March 1969, 
24 A p r i l  1974 and 6 Janua ry  1976, a lways on t h e  working f a c e  o f  t h e  -200 
t u n n e l .  The i n r u s h  o f  1963 was p a r t i c u l a r l y  v i o l e n t .  I t  o c c u r r e d  a t  t h e  
f a c e  i n  c l a y e y  fo rma t ions  3 m above t h e  c o n t a c t  zone w i t h  l i m e s t o n e s ,  and 
t h e  w a t e r  p a r t l y  p r o j e c t e d  and p a r t l y  e n t r a i n e d  a t o t a l  o f  1400 m' o f  mainly 
c o a r s e  m a t e r i a l ,  which made t h e  l a s t  300 m o f  t h e  t u n n e l  i n a c c e s s i b l e .  The 
wa te r  f lowed a t  h igh  r a t e s  ( c l o s e  t o  100 l/s) on ly  f o r  4 days .  On t h a t  
occas ion  t h e  p r e s s u r e  o f  t h e  wa te r  a t  t h e  f a c e  (no rma l ly  9 a tm) r o s e  t o  
1 3  atm f o r  a few months b e f o r e  t h e  i n r u s h ,  9 atm one day b e f o r e  i t ,  and 
1 atm s i x  days  a f t e r .  The mlning o f  t h e  t u n n e l  was suspended a few days  
b e f o r e  t h e  i n r u s h  a s  i t  was noted t h a t  t h e  wa te r  i n f l u x  had i n c r e a s e d  and 
a l s o  t h e  g a s  c o n c e n t r a t i o n  i n  t h e  t u n n e l  had r i s e n .  

Thus, f o r  c a s e s  analogous t o  t h o s e  o f  Se lvena ,  t h e r e  is a r i s k  o f  wa te r  
i n r u s h  i n  a zone o f  a t u n n e l  when t h e  f o l l o w i n g  is r e g i s t e r e d  i n  it: 

- i n c r e a s e s  o f  t h e  p i ezomet r i c  l o a d ;  
- v a r i a t i o n s  i n  t h e  mine a tmosphere  o f  t h e  c o n c e n t r a t i o n s  o f  t h e  g a s  t h a t  

is g i v e n  o f f  by t h e  w a t e r  and,  i n  t h e  c a s e  o f  s e v e r a l  gaseous  components,  
v a r i a t i o n s  i n  t h e  r a t i o s  of t h e  c o n c e n t r a t i o n  o f  each  component w i t h  
r e s p e c t  t o  t h a t  o f  each  o f  t h e  o t h e r s ;  

- i n t e n s i f i c a t i o n s ,  d e t e c t a b l e  s h o r t l y  b e f o r e  t h e  i n r u s h ,  o f  t h e  wa te r  
i n f l u x  and t h e  gaseous  emanat ions .  

A f t e r  t h e  i n r u s h ,  t h e r e  is a r i s k  o f  f l o o d i n g  o f  t h e  l e v e l s  s i t u a t e d  above 
when t h e  f o l l o w i n g  is r e g i s t e r e d  i n  i t :  

- r e d u c t i o n  o f  t h e  wa te r  i n f l u x ;  
- new gaseous  emanat ions  and ( o r )  i n c r e a s e s  i n  t h e  f low r a t e s  o f  t h o s e  

a l r e a d y  p r e s e n t .  

Sudden breakage o f  t h e  rock  a t  t h e  p o i n t  o f  t h e  wa te r  i n r u s h ,  I n  e v e n t s  
s i m i l a r  t o  t h o s e  j u s t  c i t e d ,  may depend on t h e  f o l l o w i n g  c a u s e s ,  which may 
a l s o  o c c u r  s imu l t aneous ly :  

- g r a d u a l  weakening o f  t h e  " n a t u r a l  b a r r i e r "  due t o  e r o s i v e  a c t i o n  o f  t h e  
w a t e r ;  

- u p l i f t i n g ,  even i f  s low,  o f  t h e  p i ezomet r i c  s u r f a c e  u n t i l  i t  produces  
p r e s s u r e s  s u f f i c i e n t  t o  make t h e  rock c o l l a p s e ;  - a b r u p t  i n c r e a s e  o f  t h e  p i ezomet r i c  head a s  a r e s u l t  o f  t h e  r e j o i n i n g  o f  
perched w a t e r s  (due ,  f o r  example, t o  t h e  pr iming o f  n a t u r a l  s i p h o n s  o r  
t h e  g i v i n g  way o f  impermeable diaphragms) .  

Fur thermore,  t h e  g a s  i t s e l f ,  whose emanat ions  seemed t o  depend on t h e  
hydrodynamics, cou ld  cause  an  i n r u s h  o f  water :  

- because  i t  cou ld ,  f o r  example, connec t  up a t u n n e l  w i t h  a n a t u r a l  
r e s e r v o i r  l o c a t e d  a t  a s u f f i c i e n t l y  h igh  l e v e l ;  o r  because ,  hav ing  
accumulated i n  t h e  r e s e r v o i r ,  i t  compresses  t h e  w a t e r  u n t i l  i t  makes i t  
ove r f low o r  because  i t  a c t s  a s  v e c t o r  f l u i d  e n t r a i n i n g  t h e  w a t e r  



d i r e c t l y ,  A p r i l  1975 [ l ] ;  - because  i f  i t  comes i n t o  proximity  w i t h  a mine w i t h  wa te r  unde r  p r e s s u r e ,  
i t  could  suddenly  expand, supp ly ing  its e l a s t i c  energy t o  f r a c t u r e  and 
p r o j e c t  t h e  rock.  

Bagni  San F i l i p p o  Mercury Mine 

The o r e  b o d i e s  o f  Bagni San F i l i p p o  ( S i e n a ) ,  composed o f  l i t t l e  mine ra l i zed  
columnar c l u s t e r s  - mainly  c innaba r  i n  c l ayey-ca l ca reous  gangue - is a l s o  
o f  hydrothermal  o r i g i n ,  bu t  u n l i k e  t h e  one a t  Se lvena  i t  is i r r e g u l a r ,  a t  
p l a c e s  i t  is d i s l o c a t e d ,  and is r a r e l y  c l e a r l y  d e l i m i t e d  by t h e  c o n t a c t s  
w i t h  t h e  banks. 

The mine which was fo rmer ly  e x p l o i t e d ,  d i v i d e d  i n t o  t h r e e  l e v e l s ,  was 
e s s e n t i a l l y  comprised o f  two s h a f t s ,  one f o r  a i r  i n t a k e  and one f o r  r e t u r n ,  
connected by t u n n e l s  and pas ses .  With t h e  excep t ion  o f  t h e  downcast,  dug i n  
compact Rhaet ian l imes tone ,  a l l  t h e  o t h e r  passages  had been dug i n  ve ry  
a l t e r e d  Rhaet ian l imes tone  benea th  a c l ayey  cove r ,  n o t  a lways o f  low perm- 
e a b i l i t y ,  which o f t e n  p e n e t r a t e d  i n t o  t h e  c a v i t i e s  o f  t h e  l imes tones  
themselves .  

Hydrothermal m a n i f e s t a t i o n s  were p r e s e n t  bo th  o u t s i d e  and i n s i d e  t h e  mine, 
b u t  i n  s p i t e  o f  t h e  mining o p e r a t i o n s  t h e y  had neve r  undergone s i g n i f i c a n t  
v a r i a t i o n s  o f  p o s i t i o n ,  no r  i r r e g u l a r  f low r a t e  v a r i a t i o n s :  underground a 
mix tu re  o f  CO and H2S emanated d i r e c t l y  from t h e  rock and bubbled through 
t h e  wa te r  t h a g  had p e r c o l a t e d  i n t o  t h e  mine, whose o v e r a l l  f l o w  r a t e  had 
normal ly  ranged between 12  and 30 l /s.  

I n  March o f  1976, t h e  mine was f looded  f o r  t h e  f i r s t  t ime. T h i s  f i r s t  
f l o o d i n g  was fo l lowed  by o t h e r s  which g r a d u a l l y  became more v i o l e n t  
because  t h e  c i r c u l a t i n g  wa te r  con t inued  t o  i n c r e a s e  t h e  p e r m e a b i l i t y  o f  t h e  
t e r r a i n s .  At 6.15 am on 10 March, i n  p rox imi ty  t o  a r a i s e ,  a t  a d e p t h  o f  
140 m from t h e  s u r f a c e ,  a t  t h e  f a c e  o f  a s h o r t  t u n n e l ,  wa te r  coming i n  a t  a 
r a t e  o f  2 - 3 l/s was no ted  f o r  t h e  f i r s t  t ime.  A f t e r  8 hours  t h i s  
became 12 l/s. Subsequen t ly ,  an  i n c r e a s e  i n  t h e  r a t e  o f  t h e  wa te r  i n f l u x  
from a f r a c t u r e  a t  t h e  base  o f  t h e  upcas t  was r e g i s t e r e d .  On t h e  1 1 t h  t h e  
o v e r a l l  f l ow r a t e  s t a y e d  c o n s t a n t ,  on t h e  1 2 t h  a r e d u c t i o n  was obse rved ,  
probably  on accoun t  o f  t h e  ground s e t t l e m e n t  and r e s u l t i n g  r e d u c t i o n  i n  t h e  
ground p e r m e a b i l i t y ,  Brown 1982 [2]. On t h e  1 3 t h  bo th  t h e  f low r a t e s  c i t e d  
and t h a t  o f  t h e  wa te r  i n f l u x  i n  an  e x p l o r a t o r y  t u n n e l  on t h e  middle  l e v e l  
s t a r t e d  t o  i n c r e a s e  s t e a d i l y  a g a i n  and t h e  deepe r  t u n n e l s  were g r a d u a l l y  
invaded,  d e s p i t e  t h e  p e r f e c t  e f f i c i e n c y  o f  t h e  pumping p l a n t s  ( F i g  2 ) .  

On 17 March t h e  wa te r  l e v e l  reached a h e i g h t  o f  20 m above t h e  deepes t  
t u n n e l  and then  began t o  descend. 

[ l ]  - An example o f  dependence o f  t h e  f low o f  t h e  wa te r  on t h a t  o f  t h e  g a s  
is found a t  Terme d i  Montepulciano ( S i e n a ) ,  where t h e  wa te r  f l ows  i n  
on ly  i f  t h e  o u t f l o w  o f  CO is pe rmi t t ed  from a w e l l  i n  a nearby g a s  
f i e l d  and where t h e  f low g a t e  o f  t h e  w a t e r ,  a s - t h a t  of t h e  g a s  
i n c r e a s e s ,  f i r s t  i n c r e a s e s  and then  d e c r e a s e s  u n t i l  i t  c a n c e l s  i t s e l f  
o u t .  

[2] - Concomitant ly ,  at 6 m below t h e  base  p l ane  o f  t h e  i n t e r m e d i a t e  l e v e l ,  
i n  a zone n e a r  t h e  upcas t ,  t h e r e  had been a subs idence  o f  t h e  t e r r a i n s ,  
w i t h  t h e  fo rma t ion  o f  a chasm 4 - 5 m i n  d i ame te r .  



F i g u r e  2: Bagni San F i l i p p o  mine: p l an .  The s q u a r e s  and t h e  numbers i n s i d e  
i n d i c a t e ,  r e s p e c t i v e l y ,  t h e  p o i n t s  of t h e  w a t e r  i n f l u s h e s  t h a t  
f l ooded  t h e  underground and t h e  o r d e r  i n  which they  occu r red ;  t h e  
s t a r s  i n d i c a t e  t h e  measur ing s t a t i o n s  f o r  t h e  g a s  f low r a t e s .  

Fol lowing t h e  main f l o o d i n g ,  t h e  subsequen t  i nunda t ion  fo l lowed  - each 
u s u a l l y  w i t h  h i g h e r  i n f low r a t e s  (due  t o  t h e  i n c r e a s e d  p e r m e a b i l i t y  o f  t h e  
t e r r a i n s )  and a s h o r t e r  d u r a t i o n  (because  o f  t h e  i n c r e a s e d  power used f o r  
t h e  e d u c a t i o n )  w i t h  r e s p e c t  t o  t h e  p reced ing  f l o o d i n g s .  It was p o s s i b l e  
t o  i n v e s t i g a t e  t h e  i n f l u e n c e  o f  t h e  hydrodynamics i n  t h e  su r round ing  a r e a  
underground on t h e  i n f l u x e s  o f  g a s e s  i n  t h e  mine and t o  r e l a t e  t h e  v a r i a t -  
i o n  o f  t h e  f low r a t e  o f  t h e  g a s  m i x t u r e  g e t t i n g  i n t o  t h e  mine and t h e  
v a r i a t i o n  o f  t h e  r a t i o  between t h e  c o n c e n t r a t i o n s  o f  t h e  two components 
w i t h  t h e  s e n s e ,  s eed and e x t e n t  o f  t h e  s h i f t  o f  t h e  l e v e l  o f  t h e  w a t e r  i n  
t h e  s h a f t s ,  Anon f3]. Mainly, t h e  e f f e c t s  t h a t  appeared most impor t an t  
were: t h e  i n c r e a s e  o f  t h e  g a s  f low r a t e  and t h e  i n c r e a s e  i n  t h e  r a t i o  
between t h e  CO2 and H2S c o n t e n t s ,  i n  t h e  c a s e  o f  a r i s e  o f  t h e  p i ezomet r i c  
s u f a c e ;  t h e  d e c r e a s e ,  i n  t h e  c a s e  o f  its lowering.  E f f e c t s  t h a t  seemed, 
however, a l s o  t o  b e  i n f l u e n c e d  by t h e  p reced ing  o s c i l l a t i o n s  o f  t h e  
pe i zomet r i c  s u r f a c e .  

On t h e  b a s i s  o f  t h e  c o r r e l a t i o n s  c i t e d  h e r e ,  i n  t h e  same mine, i n  t h e  
y e a r s  1977 and 1978, it was p o s s i b l e  t o  u s e  t h e  v a l u e s  o f  t h e  g a s  f low 
r a t e s ,  measured i n  t h e  v e n t i l a t i o n  a i r ,  t o  a r r i v e  a t  t h e  s h i f t s  o f  t h e  
p i ezomet r i c  s u r f a c e ,  i n d i c a t i n g  r i s k s  o f  impending f l o o d i n g s  which some- 
t i m e s  a c t u a l l y  occu r red  i n  t h e  d e e p e s t  l e v e l .  The v a l i d i t y  o f  t h e  method 

[3]  - From t h e s e  f a c t o r s  depended t h e  v a r i a t i o n s  o f  t h e  p r e s s u r e  g r a d i e n t  
between c a v i t i e s  f i l l e d  by t h e  g a s e s  and t u n n e l s ,  o f  t h e  p r e s s u r e  
o f  t h e  w a t e r  on t h e  g a s  i n f l u x e s ,  and o f  t h e  mass o f  g a s  t h a t  could  be  
d i s s o l v e d .  



was continuously confirmed by the trend of the flow rate of the water 
pumped out and by the trend of the water level in a shaft. 

Consequently, since the spontaneous inrushes of water in mines are usually 
caused and preceded by the rise of the piezometric surface around the 
underground area, in the case of the presence or appearance of gases in the 
ventilation fluid, the use of the correlations cited here and of others 
that are analogous and always specific for the underground area they refer 
to, represents another means of forecasting, in addition to the ones 
mentioned previously. 

As far as the causes are concerned, among those already listed with regard 
to Selvena, for Bagni San Filippo, the possibility of an abstraction 
towards the underground area of part of the water of a stream located above 
is to be included. The flow rate of the stream dropped simultaneously 
with the flooding episodes and with the appearance on the outside of two 
new sulphureous exhalations, formed either due to veritable explosions 
caused by the rapid expansion of gas compressed by underlying water or, 
more likely, due to splitting of the ground, eroded below by the water. By 
seeping in, the stream water could have brought about the swell of nappes 
around the workings and consequently the formation in the mine of new 
influxes and the intensification of those already existing. This hypothesis 
is strengthened by the subsequent disappearance at the surface of the stream 
water, which had seeped into the sink that had formed in correspondence 
with one of the two sulphureous exhalations. Hence, variations of surface 
watercourses could also give warning of possible water inrushes underground. 

Campiano-Boccheggiano Pyrite Mine 

In the Campiano mine (Grosseto), the downward continuation of a vein of 
ore bodies at a depth greater than 500 m from the surface mainly composed 
of pyrite formed by substitution of buhrstones and evaporites (Upper Trias) 
is exploited. The vein runs along a large fault trending NW-SE, having a 
throw of over 1000 m and an average dip of 4 5 O .  

This fault brings Permo-Triassic phyllitic schists, at times intercalated 
by evaporites, into contact with schistose-clayey flysch formations. The 
latter outcrop at the top of the fault and make up a substantially 
impermeable complex. At the bottom of the fault, on the other hand, the 
phyllitic schists outcrop, permeable only in correspondence with fractures 
and surrounded to the S and W by outcrops of buhrstone, characterized by a 
high capacity of absorption and entrainment due to karst phenomena and 
fractures. Both the phyllites and the buhrstones seem to be affected by 
secondary faults, outcropping or laid bare by the mining. 

The topmost part of the vein mentioned above was exploited in the past, 
in successive stages, down to 200 m above the site of the Campiano mine 
now under exploitation. The mine, moreover, is located 8 km S of the 
stream-dominated geothermal fields of Travale and Monte Gabbro, in which the 
stream is encountered at depths of 100, 700 and more than 2000 m. The mine 
is thus characterized by geothermal gradients nearly three times higher 
than the average ones of the earth's crust. It follows that in the 
Campiano mine the water may come from above, from the permeable structures 
and from the voids of the old mining working and from below, from deep 
natural reservoirs connected or not with the steam ones, containing remote 
meteoric waters and, probably, juvenile fluids. The mine essentially 
consists of two twin shafts and a helicoidal ramp that winds around them, to 
provide access to the ore bodies, exploited by sublevel stoping and 



subsequen t  back f i l l i n g .  The mine network e x t e n d s  i n t o  t h e  roof  t e r r a i n s ,  
which were a lways found t o  be  d r y ,  up t o  450 m from t h e  s u r f a c e ,  and i n  t h e  
bed t e r r a i n s ,  where a dep th  o f  740 m was reached.  The v e i n  had j u s t  been 
i n t e r s e c t e d  when, i n  January  1977, d u r i n g  p e n e t r a t i o n  at t h e  bed, a v i o l e n t  
i n r u s h  o f  wa te r  occur red  by a p lugho le  and t h e  mine was f looded .  

Befo re  t h i s  e v e n t  t h e r e  had been wa te r  i n f l u x e s  from t h e  bed and from t h e  
v e i n ,  bo th  i n  t h e  o l d  mine l o c a t e d  above t h e  Campiano mine a s  d e s c r i b e d  
e a r l i e r  and i n  t h e  Campiano mine i t s e l f .  

Hot Water Inundat ion:-  On s e v e r a l  o c c a s i o n s ,  i n  t h e  o l d  mine, t h e  
excava t ion  r e s u l t e d  i n  i n f l u x e s  o f  ho t  wa te r  from t h e  lowes t  l e v e l  reached.  
I n  1901 an i n f l u x  of  20 l /s of  wa te r  at  45OC brough t  a b o u t  p a r t i a l  f l o o d i n g  
o f  t h e  mine and t h e  d i sappea rance  at t h e  s u r f a c e  o f  a few s p r i n g s .  

I n  t h e  Campiano mine, a f i r s t  i n f l u x  o f  0 .8  l/s o f  w a t e r  a t  52OC was found 
whi l e  r each ing  t h e  v e i n  a t  an e l e v a t i o n  o f  75 m above sea l e v e l  w i t h  a test 
ho le .  I n  December 1976, a second occur red  when t h e  v e i n  was r eached  by 
a n o t h e r  t e s t  h o l e  e x a c t l y  a t  s e a  l e v e l .  T h i s  was an i n t e r m i t t e n t  i n f l u x ,  
o c c u r r i n g  a t  two minute  i n t e r v a l s ,  o f  wa te r  a t  58OC and o f  g a s ;  t h e  ave rage  
f low r a t e  o f  t h e  wa te r  was j u s t  o v e r  0.04 Us. A t h i r d  i n f l u x  occur red  on 
27 December 1976 a t  33 a s 1  from t h e  f a c e  o f  t h e  ramp, w i t h  which t h e  v e i n  
had t o  be c r o s s e d  i n  d e s c e n t  and which had j u s t  made c o n t a c t  w i t h  t h e  r o o f .  
A s  t h e  4 1 s t  p lugho le  was b e i n g  d r i l l e d ,  t h e  wa te r  had f lowed o u t  at a r a t e  
o f  9 l /s and a t empera tu re  o f  53OC. Both t h e  c e n t r a l  i n f o r m e r  h o l e  and t h e  
p rev ious  40 p lugho les  had appeared d ry .  

To pump o u t  t h e  wa te r  o f  t h e  t h i r d  i n f l u x  and any which would might be met 
i n  c r o s s i n g  t h e  v e i n ,  a b a s i n  and a pumping p l a n t  were p repa red  a t  33 m asl. 
Then t h e  c r o s s i n g  o f  t h e  v e i n  was resumed w i t h  a r i s i n g  t u n n e l  a l o n g s i d e  
t h a t  o f  t h e  t h i r d  i n f l u x .  A f t e r  t h e  m i n e r a l i z e d  v e i n  and a few met res  o f  
p h y l l i t e s  a t  t h e  bottom had been c r o s s e d  and a f t e r  t h e  c e n t r a l  i n fo rmer  h o l e  
and no  l e s s  than  26 p lugho les  had been d r i l l e d  w i t h o u t  e n c o u n t e r i n g  wa te r ,  
a t  3.00 pm on 26 January  1977, from t h e  2 7 t h  p lugho le ,  j u s t  completed on t h e  
w a l l  n e a r e s t  t h e  t u n n e l  o f  t h e  t h i r d  i n f l u x ,  t h e r e  was a sudden and v i o l e n t  
i n f l u x  o f  w a t e r  t h a t  caused p a r t  o f  t h e  w a l l  and t h e  f a c e  t o  c o l l a p s e  and,  
p r o j e c t i n g  c o a r s e  m a t e r i a l  f o r  some d i s t a n c e ,  e n l a r g e d  t h e  h o l e ,  q u i c k l y  
r e a c h i n g  a f low r a t e  of approx ima te ly  150 l/s. 

The mine was f looded .  Nine days  l a t e r ,  when t h e  w a t e r  l e v e l ,  c o n t i n u i n g  t o  
r i s e ,  had r eached  t h e  e l e v a t i o n  o f  +328 (100 m below t h e  presumed l o c a l  
groundwater  l e v e l ) ,  e d u c t i o n  from t h e  ramp was begun w i t h  raft-mounted 
pumps. 

During t h e  e d u c t i o n  t h e  f low r a t e  o f  t h e  wa te r  r u n n i n g  i n t o  t h e  mine, 
a l though  t e n d i n g  t o  f a l l ,  o s c i l l a t e d  c o n s i d e r a b l y  on accoun t  o f  t h e  v a r y i n g  
speed  a t  which t h e  l e v e l  o f  t h e  w a t e r  downstream s i d e  o f  i n f l u x e s  reduced.  
The f low rate g r a d u a l l y  i n c r e a s e d  a f t e r  sudden d rops  o f  t h a t  l e v e l  and 
s lowly  dec reased  a f t e r  h a l t s  o r  s low d e c l i n e s .  

On 2 October  1977, when t h e  dewa te r ing  o f  t h e  mine had been completed a f t e r  
pumping o u t  o v e r  one m i l l i o n  m3 o f  w a t e r ,  it was no ted  t h a t  t h e  i n g r e s s  o f  
wa te r  from t h e  boreho le  a t  +33 m,  s topped  comple te ly  and t h a t  31 l / s  o f  
w a t e r  a t  46°C i n f lowed  from t h e  boreho le  at +38 m ,  and t h a t  t h e  f low r a t e s  
o f  t h e  w a t e r  o f  t h e  v e i n  a t  0 m and a t  +75 m had f a l l e n  o f f  t o  0 and 0.2  l / s  
r e s p e c t i v e l y .  (The g a s  i n f l u x e s  had g r e a t l y  d imin i shed  a s  w e l l . )  



N e i t h e r  i n  t h e  s t a g e  i n  which t h e  wa te r  r o s e  i n  t h e  ramp nor  d u r i n g  t h e  
pumping were f l o w  r a t e  v a r i a t i o n s  observed i n  t h e  s p r i n g s  o u t s i d e  t h e  mine, 
However, w h i l e  t h e  w a t e r  l e v e l  f e l l  i n  t h e  ramp, t h e  l e v e l s  i n  t h e  o l d  
mining r e c e s s e s  above and i n  a few w e l l s  d r i l l e d  from t h e  e x t e r i o r  which 
c r o s s e d  t h e  v e i n  descended,  a l t hough  more s lowly .  

A s  subsequen t  e p i s o d e s ,  b u t  which can  s t i l l  be l i n k e d  up w i t h  t h e  one 
d e s c r i b e d  and a r e  t h e r e f o r e  u s e f u l  f o r  f o r m u l a t i n g  hypotheses  on t h e  
c a u s e s  and t h e  dynamics o f  t h e  e v e n t ,  t h e  f o l l o w i n g  a r e  r epor t ed :  t h e  
d i scove ry  i n  t h e  bed o f  t h e  v e i n  o f  two g a s  pocke t s  a t  a p r e s s u r e  o f  9 and 
20 atm r e s p e c t i v e l y  w i t h  a h o l e  v e r t i c a l  towards  t h e  bottom 150 m l o n g  and 
w i t h  a h o l e  s l a n t i n g  45O towards  t h e  bottom 140 m l o n g ,  both  d r i l l e d  from 
t h e  f a c e  o f  t h e  last i n f l u x  a t  +38 m: and t h e  i n s t a n t a n e o u s  l i b e r a t i o n  o f  
CO , which occu r red  f o l l o w i n g  a v o l l e y  a t  -170 m (170 m below s e a  l e v e l )  
t h z t  r e s u l t e d  i n  t h e  b l a s t i n g  and c r u s h i n g  o f  160 m' o f  p h y l l i t e s .  The 
CO con t inued  t o  come o u t  o f  a f r a c t u r e ,  i n  1 5  days  dropping o f f ,  i n  

2 hyperbo l i c  d e c l i n e ,  from 0.6 t o  0.05 N m 3 / s .  

Ground Water I n v e s t i g a t i o n s  around t h e  Campiano Mine 

From o b s e r v a t i o n  i t  seems t h a t  t h e  wa te r  a r r i v e s  i n  t h e  mine through 
f r a c t u r e s  l o c a t e d  i n  t h e  mine ra l i zed  v e i n  and i n  t h e  bed e v a p o r i t e s  and 
p h y l l i t e s  n e a r  t h e  c o n t a c t .  But i t  may a l s o  happen t h a t  t h e  p h y l l i t e s  f a r  
away from t h e  c o n t a c t s ,  c o n t r a r i l y  t o  what was no ted  i n  workings  c l o s e  t o  
Campiano, Anon [ 4 ] ,  a r e  n o t  d ry .  Indeed,  deep i n t o  t h e  qua r t zose -  
p h y l l i t i c  basement,  s team i n  s u f f i c i e n t  amounts f o r  e l e c t r i c  power 
g e n e r a t i o n  was encoun te red  by advance bo reho le s  even a t  d e p t h s  o f  ove r  
3000 m. Thus, t h e  p r o b a b i l i t y  o f  wa te r  i n r u s h e s  is h i g h e r  i n  p rox imi ty  t o  
t h e  d e p o s i t ,  i t  canno t  be  r u l e d  o u t  t h a t  i n r u s h e s  a l s o  may occu r  i n  t h e  bed 
a t  a c o n s i d e r a b l e  d i s t a n c e  from t h e  ve in .  

What made t h e  d e s c r i b e d  i n r u s h  ve ry  v i o l e n t  is t h e  p robab le  o u t b u r s t  o f  g a s  
unde r  p r e s s u r e  w i t h  t h e  wa te r  behind t h e  workings. The n e a r n e s s  o f  wa te r  i n  
f r a c t u r e s  cou ld  be  i n d i c a t e d  by t h e  time dependent  emana t i e s  o f  g a s ,  and 
h i g h e r  t empera tu re  o f  t h e  rock.  

I n  any c a s e ,  s i n c e  t h e  fo rewarn ing  e l emen t s  a r e  few and n o t v e r y e v i d e n t ,  i t  
is necessa ry  t o  know i n  advance t h e  a c t u a l  c i r c u l a t i o n  network o f  t h e  wa te r ,  
i n  t h e  immediate v i c i n i t y  o f  t h e  mine workings ,  i n  o r d e r  t o  p rov ide  adequa te  
p r o t e c t i v e  b a r r i e r s  and a l s o  t o  de t e rmine  t h e  s o u r c e s  o f  t h e  in f lows .  

Fo r  t h e  Campiano mine a s t u d y  was under taken t o  o b t a i n  an  e q u i v a l e n t  
c i r c u l a t i o n  network f o r  t h e  g iven  p o s i t i o n s  o f  t h e  p r e s e n t  wa te r  i n f l u x e s  
i n  t h e  mine ( F i g  3 ) ,  i n f l o w  r a t e s ,  s t a t i c  head ( h e i g h t  o f  t h e  groundwater  
l e v e l  b e f o r e  t h e  o u t f l o w ) ,  and t h e  e x i s t i n g  c o r r e l a t i o n s  e x i s t i n g  between 
i n f l u x  and t h e  r a i n f a l l  ( F i g  4 ) .  

The a c t u a l  s p a t i a l  d i s t r i b u t i o n  o f  t h e  network must be  p r e d i c t e d  t a k i n g  i n t o  
c o n s i d e r a t i o n  t h e  g e o l o g i c a l  and s t r u c t u r a l  s i t u a t i o n s ,  t h e  p re sence  o f  
s i t u a t i o n s  analogous t o  s m e  t h a t  a r e  a l r e a d y  known, t h e  dimensions  o f  t h e  
a q u i f e r s  (which c a n  sometimes be  determined by making u s e  o f  any t r a n s i e n t s  
a v a i l a b l e ,  such a s ,  f o r  example, t h o s e  connected w i t h  t h e  dewa te r ing  o f  t h e  

4 - I n  t h e  nearby N i c c i o l e t a  p y r i t e  mine t h e  e x p l o i t a t i o n  con t inued ,  
w i thou t  problems o f  e d u c a t i o n s ,  f o r  o v e r  t h r e e  k i l o m e t r e s ,  among 
p h y l l i t e s  below a t u n n e l  from which a lmos t  500 l /s  o f  wa te r  coming 
from o v e r l y i n g  l i m e s t o n e s  is pumped. 
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Figure  3: Campiano mine: l o c a t i o n  map of wa te r  i n r u s h e s  ( f i l l e d  c i r c l e s )  
encountered by t h e  t e s t  h o l e s  (broken l i n e s )  d r i l l e d ,  t o  d e f i n e  
t h e  o r e  body, from t h e  base  t u n n e l s  of t h e  -80 l e v e l .  

F igu re  4: Campiano mine: t e n  days '  r a i n f a l l  ( a ) ,  o v e r a l l  f low r a t e  o f  t h e  
wa te r  i n f l u s h e s  i n  t h e  Campiano mine ( b ) ,  and o v e r a l l  f low r a t e  o f ,  
t h e  wa te r  from t e s t  bo reho le s  from t h e  o l d  mine ( c )  a s  a  f u n c t i o n  
of t ime;  t h e  marked and immediate i n f l u e n c e  o f  t h e  r a i n f a l l  on t h e  
f low r a t e  of t h e  wa te r  from t h e  o l d  mine s t a n d s  o u t  c l e a r l y .  



flooded mine), water chemistry, temperature, and the geological origin. 

The circulation network relating to a given situation must be kept updated 
as the mine is developed since the structure of the network is modified not 
only by the action of the waters, which sometimes plugs (Fig 5 )  and some- 
times erodes, but also due to the succession of static and dynamic stresses 
transmitted to the rocks around the workings as a consequence of extension. 
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Figure 5: Campiano mine: Example of reduction of flow rate due to gradual 
plugging of the outflow routes: time trend of the flow rate of the 
water coming from the vein (+75 m). 

From Fig 6, where the time trend of the cumulative amount of pumped water 
and of the cumulative rainfall is shown, it can be seen how the flow rate of 
the water coming into the mine gradually increases as the mine is extended. 
From the end of 1983, ie from when the exploitation was intensified, a 
greater slope of the curve related to the pumped water with respect to the 
curve of the rainfall is noted, with the exception of the last period of 
registration corresponding to the drainage ofthe mine located above, 
which significantly influenced the inrushes in the Campiano mine. 



F i g u r e  6: Time t r e n d  of t h e  cumula t ive  r a i n f a l l  ( a )  and o f  t h e  cumula t ive  
q u a n t i t y  o f  w a t e r  pumped from t h e  Campiano mine ( b ) .  

CONCLUSIONS 

The spontaneous  i n r u s h e s  examined i n  t h i s  paper  o c c u r r e d  i n  t e r r a i n s  t h a t  
were s u b s t a n t i a l l y  permeable due t o  p o r o s i t y ,  w i t h  t h e  p e r m e a b i l i t y  i n  an 
u n p r e d i c t a b l e  way on account of t h e  c i r c u l a t i n g  w a t e r s .  S i n c e  i t  is d i f f -  
i c u l t  t o  a d a p t  mathematical  o r  ana logue  models t o  t h e  f low o f  f l u i d s  inhom- 
ogeneous and a n i s o t r o p i c  media w i t h  t h e  p e r m e a b i l i t y  v a r y i n g  w i t h  space  
and t ime,  it is d i f f i c u l t  t o  f o r e c a s t  i n f l o w s  by means of models. There- 
f o r e ,  i n  c a s e s  s i m i l a r  t o  t h o s e  examined, t h e  f o r e c a s t s  must  r e l y  on t h e  
o b s e r v a t i o n  and c o r r e c t  i n t e r p r e t a t i o n  o f  a l l  t h e  phenomena t h a t  p recede  
i n r u s h e s ,  whether they  be new e v e n t s  o r  a l t e r a t i o n s  o f  ones  a l r e a d y  
e x i s t i n g .  

TO avoid  induced i n r u s h e s ,  ana logous  t o  t h e  one  d e s c r i b e d ,  t y p i c a l  o f  rocks  
t h a t  a r e  a lmos t  e x c l u s i v e l y  permeable due t o  j o i n t i n g ,  i t  is  n e c e s s a r y  t o  
c o n c e n t r a t e  on t h e  p r e v e n t i v e  measures r a t h e r  than  on p r e d i c t i o n ,  a s  t h e  
e v e n t s  t h a t  can  g i v e  advance warning of them a r e  very  r a r e .  The more 
e x a c t  t h e  knowledge o f  t h e  a c t u a l  c i r c u l a t i o n  network around t h e  underground 
a r e a  a l r e a d y  developed and i n  t h e  whole zone t h a t  might p o s s i b l y  be  
a f f e c t e d  by mining,  and t h e  deeper  t h e  unders tanding  o f  t h e  e f f e c t s  t h a t  
might o c c u r  due t o  t h e  r e c i p r o c a l  i n f l u e n c e s  between a q u i f e r s  and workings,  
t h e  s u r e r  t h e  prevent ion  w i l l  be. 
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