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hRp://www-‐icdp.icdp-‐online.org/front_content.php?idcat=695	  

Summary	  of	  boreholes	  drilled	  into	  crystalline	  rock	  to	  >	  1,500	  m	  depths	  

P	  =	  petroleum	  explora7on;	  
G	  =	  geothermal;	  	  
H	  =	  hot	  dry	  rock;	  	  
S	  =	  scien7fic	  

Juhlin	  and	  Sandstedt,	  	  1989.	  

Beswick et al, 2014	  
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Data	  are	  available	  from	  super-‐deep	  boreholes	  in	  crystalline	  rocks	  
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Kola	  >12	  km	  

Krivoy	  Rog	  >6.6	  km	  
Tyrnauz	  4km	  

•  The	  Kola	  and	  Krivoy	  Rog	  boreholes	  penetrate	  ancient	  
(2.3	  billion	  years)	  Lower	  Proterozoic	  and	  Archaean	  
complexes.	  	  

•  Tes7ng	  geophysical	  seismic	  and	  magne7c	  methods	  	  
•  The	  Tyrnauz	  borehole	  is	  located	  at	  the	  junc7on	  of	  the	  

young	  (Cenozoic)	  Caucasian	  fold	  belt	  and	  the	  ancient	  
Skif-‐Turansky	  plate,	  and	  penetrates	  young	  (2	  million	  
years)	  granite.	  

hRps://www.youtube.com/watch?
v=xy5LNWrWYsQ	  



Scien;fic	  Findings	  of	  Kola	  Superdeep	  Borehole	  

•  No	  transi7on	  from	  granite	  to	  basalt	  was	  found	  at	  the	  depth	  of	  about	  7	  km,	  
where	  the	  velocity	  of	  seismic	  waves	  has	  a	  discon7nuity.	  	  

•  The	  change	  in	  the	  seismic	  wave	  velocity	  is	  caused	  by	  a	  metamorphic	  transi7on	  in	  
the	  granite	  rock.	  	  

•  The	  rock	  at	  that	  depth	  had	  been	  thoroughly	  fractured	  and	  was	  saturated	  with	  
water.	  	  This	  water,	  unlike	  surface	  water,	  must	  have	  come	  from	  deep-‐crust	  
minerals	  and	  had	  been	  unable	  to	  reach	  the	  surface	  because	  of	  a	  layer	  of	  
impermeable	  rock.	  

•  A	  large	  quan7ty	  of	  hydrogen	  gas.	  	  The	  mud	  that	  flowed	  out	  of	  the	  hole	  was	  
described	  as	  "boiling"	  with	  hydrogen.	  

•  The	  temperature	  gradient	  suddenly	  began	  to	  increase	  at	  the	  depth	  of	  10,000	  
feet.	  

•  Microscopic	  plankton	  fossils	  at	  depths	  of	  4	  miles.	  
•  	  

hRp://www.mnn.com/lifestyle/eco-‐tourism/stories/the-‐worlds-‐deepest-‐hole-‐lies-‐hidden-‐
beneath-‐this-‐rusty-‐metal-‐cap#ixzz3cdGWhqqw	  

•  hRp://en.wikipedia.org/wiki/Kola_Superdeep_Borehole	  
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Nuclear	  Energy	  and	  Sources	  of	  Nuclear	  Waste	  In	  Ukraine	  

•  4	  NPPs	  with	  15	  opera7ng	  reactors	  (2	  WWER-‐440	  +	  13	  WWER-‐1000)	  
•  3	  decommissioned	  reactors	  (RBMK-‐1000)	  
•  Total	  capacity	  is	  13.8	  GW.	  	  	  
•  NPPs	  produce	  50%	  	  of	  electricity.	  
•  Plan	  to	  build	  addi7onal	  reactors.	  	  	  

Industrial	  and	  research	  
sources	  
•  U	  mining	  &	  milling	  
•  NPP’s	  opera7on	  
•  NPP’s	  decommissioning	  	  
•  Industry,	  medicine,	  

science	  
•  Research	  reactors	  
•  Military	  installa7on	  

Chernobyl	  accident:	  
•  Abandoned	  ChNPP	  
•  Contaminated	  soils	  
•  Temporary	  storage	  

facili7es	  
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Nuclear	  Waste	  Inventory	  in	  Ukraine	  

Total	  volume	  of	  waste	  in	  Ukraine	  
is	  >3.4	  million	  m3	  	  	  	  

~	  3.3	  million	  m3	  (96%)	  of	  waste	  
are	  from	  the	  accidents	  	  

97–98%	  of	  waste	  is	  short-‐lived,	  
which	  can	  be	  disposed	  in	  the	  
surface/near	  surface	  
repositories	  	  	  

~59	  000	  m3	  of	  long-‐lived	  waste	  
must	  be	  disposed	  in	  the	  
geological	  	  repository	  

95%	  of	  total	  volume	  of	  long-‐lived	  
waste	  are	  stored	  at	  the	  
Chernobyl	  Exclusion	  Zone	  
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Evalua;on	  of	  efficacy	  of	  deep	  borehole	  repositories	  

If ILW and HLW are disposed of separately in different repositories, the costs 
will decrease by 40 times (DBE, 2012).  



9	  

Preliminary	  inves;ga;ons	  of	  different	  forma;ons	  for	  
geological	  NW	  disposal	  (1993-‐2000)	  

Salts	  –	  Dnieper-‐Donetsk	  
depression,	  Donetsk	  
basin,	  Precarpa7an	  and	  	  
Trans-‐Carpa7an	  regions	  
	  
	  
Crystalline	  rocks	  –	  
Ukrainian	  Shield	  

[TACIS	  U	  4.02/93,	  1996]	  Clays	  	  –	  Precarpa7an	  region	  
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Based	  on	  geological	  and	  geophysical	  inves;ga;ons	  (2001-‐2003),	  
two	  areas	  within	  the	  Ukrainian	  Shield	  were	  selected	  for	  deep	  

boreholes	  	  

 1 – Veresnia    2 – Tovsty Lis  

1 

2 Chernobyl	  NPP	  

Chernobyl	  Exclusion	  Zone	  
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Advantages	  of	  Chernobyl	  Exclusion	  Zone	  

§  No population 
§  Suitable geology 
§  Radioactively contaminated area 
§  Short transport routes 
§  Security (physical protection) 
§  Advanced infrastructure 

Available	  data:	  
•  Airborne	  and	  space	  images	  
•  Geology	  
•  Hydrogeology	  
•  Drilling	  
•  Geophysical	  surveys:	  

	  -‐	  seismic	  	  
	  -‐	  magne;cs	  
	  -‐	  gravimetry	  
	  -‐	  petrophysics	  	  
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Geological	  and	  geophysical	  studies	  of	  Veresnia	  site	  
(2004-‐2006)	  

•  Seismic	  
•  Magne;cs	  
•  Gravimetry	  
•  Geoelectrics	  	  
•  Gases	  survey	  (He,	  Rn)	  
•  Airborne	  imaging	  

	  

•  Monolithic	  block	  3×3	  km	  
in	  the	  crystalline	  rock	  has	  
been	  chosen	  for	  drilling	  

Monolithic	  block	  

3000 

6000 

[STCU 3187, 2006] 

Core	  logging	  produces	  uncertain	  results.	  	  	  
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Hydrogeological	  condi;ons	  are	  favorable	  for	  NW	  
disposal	  in	  deep	  boreholes	  
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Comparison	  with	  Scandinavian	  Sites	  

Pros	  of	  Ukrainian	  sites	  
•  Sedimentary cover 200-350 m deep with 

several aquifers	  
•  Dilu7on	  and	  sorp7on	  of	  nuclides	  in	  the	  

sediments	  	  
•  Lower salinity on the depth of repository 

location 
•  Lower	  corrosion	  of	  engineered	  barriers	  	  
•  Lower	  mechanical	  and	  geochemical	  effects	  of	  

glacia7ons	  
•  Lower neotectonic activity 
•  Lower influence of glaciations  
	  
Cons	  
•  Complexity	  of	  studies	  of	  deep	  crystalline	  rocks	  
•  Colloidal	  form	  of	  radionuclide	  migra7on	  

SCANDINAVIAN	  SITES	  	  
•  Forsmark,	  Simpevarp,	  

Laxemar	  (Sweden),	  	  
•  Olkiluoto	  (Finland)	  
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2D	  Modeling	  of	  radionuclide	  migra;on	  from	  the	  deep	  borehole	  at	  
Veresnia	  site	  

Forecast of the time evolution of radionuclide plume. No sorption scenario.  
Containers are located at 2-4 km depths 
 

Max. plume length is 0.6 km.  After 100,000 years the plume remains constant. 
[STCU 3187, 2006] 

Maximum plume length 

Modeling	  of	  radionuclides:	  59Ni,	  99Tc,	  237Np,	  238U,	  239Pu,	  240Pu,	  241Am,	  243Am,	  245Cm	  	  
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2D	  modeling	  of	  sorp;on	  effects	  

The	  contamina7on	  plume	  spreading	  (rela7ve	  concentra7on	  is	  10-‐6	  in	  comparison	  to	  
source	  concentra7on)	  for	  different	  Kd	  =	  0	  (Cl,	  I),	  0.1	  (C,	  Se,	  Sr)	  and	  1	  (Cs,	  Ra)	  L/kg	  	  

•  for	  Tc,	  U,	  Np,	  Pu,	  Am,	  Cm	  value	  of	  Kd	  >	  1000	  L/kg	  (>	  1	  m3/kg)	  
•  	  	  rela7ve	  concentra7on	  10-‐6	  for	  129I	  is	  equal	  to	  0.04	  Bq/m3	  (permissible	  concentra7on	  

of	  129I	  in	  the	  drinking	  water	  is	  700	  Bq/m3)	  

H = -2 m in the well  
H = -3 m in the river 
Forecast = 1 Million years 

[IAEA CRP T2.10.24, 2010] 
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Timeline	  	  of	  the	  DGR	  program	  
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Adopted	  recommenda;ons	  of	  the	  2010	  Sandia-‐MIT	  
Workshop	  on	  technical	  challenges	  and	  R&D	  
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•  Design	  Pilot	  Tests:	  (a)	  shallow	  depth	  –	  tes7ng	  emplacement	  engineering;	  (b)	  full	  depth	  
–	  prove	  DBD	  can	  be	  done	  and	  containers	  recovered.	  

•  Borehole	  sealing/drilling:	  assess	  consequences	  if	  the	  borehole	  cannot	  be	  sealed.	  	  
•  Geochemistry:	  evalua7on	  of	  deep	  hydrogeochemical	  stability	  and	  heterogeneity,	  	  
•  Drilling:	  evaluate	  whether	  the	  borehole	  drilling	  perturbs	  by	  surrounding	  rock,	  
•  Reliability	  and	  Surveillance:	  demonstrate	  key	  aspects	  of	  deep	  borehole	  and	  

emplacement	  system	  design,	  including	  sensors	  network,	  
•  Hydrogeology:	  establish	  how	  lithological	  heterogeneity	  controls	  large-‐scale	  fluid	  

convec7on	  in	  the	  borehole	  disturbed	  zone.	  
•  Waste	  Form	  and	  Package	  Design:	  materials	  for	  packaging;	  the	  use	  of	  consolida7on	  for	  

SF.	  
•  Downhole	  Tes;ng:	  tools	  that	  may	  need	  development,	  e.g.	  acous7c	  and	  

electromagne7c	  techniques	  that	  allow	  con7nuous	  surveillance	  of	  ver7cal	  fluid	  mo7on.	  
•  Geology:	  how	  to	  detect,	  predict	  or	  pre-‐screen	  for	  geopressured	  zones	  at	  depth	  and	  

how	  to	  determine	  if	  and	  when	  this	  is	  important.	  
•  Drilling/casing:	  evaluate	  the	  casing	  design	  of	  deep	  boreholes	  	  



Summary	  of	  deep	  boreholes	  in	  Russia	  
and	  Ukraine	  
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Na;onal	  Legisla;on	  of	  
Radioac;ve	  Waste	  Management	  

1.	  Ukraine	  ra7fied	  several	  Joint	  Conven7ons,	  including	  the	  Joint	  Conven7on	  on	  
Safety	  for	  SF	  and	  RW	  Management,	  2000.	  

2.	  Ukraine	  passed	  all	  needed	  basic	  laws,	  including:	  	  
“On	  U7liza7on	  of	  Nuclear	  Power	  and	  Radia7on	  Safety,”	  1995	  
“On	  Radioac7ve	  Waste	  Management,”	  1995	  

3.	  State	  Principal	  Program	  of	  Radioac7ve	  Waste	  Management	  acts	  from	  2008	  
(including	  the	  tasks	  for	  the	  next	  10	  years)	  

4.	  Na7onal	  Strategy	  of	  Radioac7ve	  Waste	  Management	  is	  adopted	  by	  the	  
Cabinet	  of	  Ministers	  in	  2009	  	  

	  	  



Interna;onal	  Studies	  of	  DBD	  –	  Denmark,	  Finland,	  France,	  Germany,	  
Sweden,	  Switzerland,	  UK,	  Ukraine,	  USA,	  IAEA	  

Åhäll,	  K-‐I,	  Final	  Deposi0on	  of	  High-‐level	  Nuclear	  Waste	  in	  Very	  Deep	  Boreholes:	  an	  
evalua0on	  based	  on	  recent	  research	  of	  bedrock	  condi0ons	  at	  great	  depths.	  MKG	  Report	  
No	  2.	  Miljöorganisa7onernas	  kärnavfallsgranskning,	  Stockholm,	  Sweden,	  2010.	  

“…very	  deep	  borehole	  disposal	  appears	  to	  permit	  emplacement	  of	  the	  waste	  at	  depths	  
where	  the	  en5re	  repository	  zone	  would	  be	  surrounded	  by	  stable,	  density-‐stra5fied	  
groundwater	  having	  no	  contact	  with	  the	  surface…”	  
	  
“This	  hydrogeological	  difference	  is	  a	  major	  safety	  factor,	  which	  is	  par0cularly	  apparent	  
in	  all	  scenarios	  that	  envisage	  leakage	  of	  radioac0ve	  substances.	  Another	  advantage	  of	  a	  
repository	  at	  a	  depth	  of	  3	  to	  5	  km	  is	  that	  it	  is	  less	  vulnerable	  to	  impacts	  from	  expected	  
events	  (e.g.,	  changes	  in	  groundwater	  condi0ons	  during	  future	  ice	  ages)	  as	  well	  as	  
undesired	  events	  (e.g.	  such	  as	  terrorist	  ac0ons,	  technical	  malfunc0on	  and	  major	  local	  
earthquakes).”	  
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