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Abstract	  

Many	  areas	  of	  the	  ArcTc	  are	  undergoing	  rapid	  permafrost	  and	  ecosystem	  transiTons	  resulTng	  from	  a	  combinaTon	  of	  industrial	  development	  and	  climate	  change	  as	  summer	  sea	  ice	  retreats	  and	  abundant	  ArcTc	  natural	  resources	  
become	  more	  accessible	  for	  extracTon.	  The	  Bovanenkovo	  Gas	  Field	  (BGF)	  in	  Russia	  and	  the	  Prudhoe	  Bay	  Oilfield	  (PBO)	  in	  Alaska	  are	  among	  the	  oldest	  and	  most	  extensive	  industrial	  complexes	  in	  the	  ArcTc,	  and	  both	  are	  situated	  in	  
areas	  with	  extensive	  ice-‐rich	  permafrost.	  Case	  studies	  of	  the	  two	  hydrocarbon	  fields	  provide	  an	  overview	  of	  the	  socio-‐ecological	  condiTons,	  rates	  of	  hydrocarbon	  development,	  and	  percepTons	  of	  change	  by	  local	  cultures	  in	  these	  
two	  remote	  ArcTc	  areas.	  	  

Bovanenkovo	  gas	  field,	  Yamal	  Peninsula	  Russia:	  Highly	  erodible	  sands	  and	  the	  presence	  of	  massive	  tabular	  ground	  ice	  near	  the	  surface	  contributes	  to	  landslides	  and	  thermo-‐denudaTon	  of	  slopes.	  A	  large	  set	  of	  cryogenic	  landslides	  
occurred	  in	  Bovanenkovo	  region	  in	  Central	  Yamal	  peninsula,	  ArcTc	  Russia	  in	  late	  1980’s.	  Mega	  size	  Bovanenkovo	  gas	  field	  was	  found	  in	  1970’s	  and	  in	  2012	  producTon	  began	  a`er	  large	  infrastructure	  construcTon.	  In	  central	  Yamal	  peninsula	  both	  natural	  and	  
anthropogenic	  changes	  has	  occurred	  during	  the	  past	  40	  years.	  These	  range	  from	  physical	  obstrucTons,	  such	  as	  roads,	  railways,	  and	  pipelines,	  to	  direct	  and	  indirect	  ecological	  impacts,	  such	  as	  changes	  in	  vegetaTon	  and	  hydrology.	  Analysis	  summarized	  from	  
Kumpula	  et	  al.	  (2011),	  Kumpula	  et	  al.	  (2012),	  Khomutov	  &	  Leibman	  (2010),	  Khomutov	  et	  al.	  (2012)	  and	  Leibman	  et	  al.	  (2014).	  

Figure	  1.	  (a)	  Loca0on	  of	  Bovanenkovo	  gas	  field	  on	  the	  Yamal	  Peninsula.	  The	  gas	  field	  was	  discovered	  in	  1972.	  (b)	  Extent	  of	  the	  gas	  field	  and	  interac0on	  with	  reindeer	  herd	  
migra0on	  corridors.	  	  In	  late	  1980’s	  gas	  field	  construcTon	  began.	  In	  1988,	  direct	  and	  indirect	  impacts	  of	  Bovanenkovo	  gas	  field	  have	  affected	  summer	  pastures	  primarily	  on	  the	  
territories	  used	  by	  brigades	  4	  and	  8.	  Brigade	  2	  had	  been	  relaTvely	  unaffected	  unTl	  2011.	  As	  Soviet	  Union	  collapsed	  in	  early	  1990’s	  development	  stopped	  in	  Bovanenkovo.	  In	  
2006	  Gasprom	  made	  new	  plan	  to	  start	  producTon	  and	  heavy	  construcTon	  phase	  began.	  	  Since	  then	  pipeline	  construcTon	  has	  increased	  impacts	  significantly	  on	  lands	  used	  by	  
herders	  south	  of	  the	  Mordy-‐yakha	  River.	  The	  main	  gas	  field	  no	  longer	  funcTons	  as	  an	  island	  as	  since	  it	  connects	  directly	  to	  southern	  transportaTon	  networks.	  	  (c)	  PaCerns	  of	  
mechanical	  surface	  disturbance	  and	  revegeta0on	  in	  the	  vicinity	  of	  Kekh.	   	  This	  gas-‐worker	  seelement	  was	  established	  in	  the	  late	  1980s.	  The	  top	  scene	  from	  1988,	  when	  the	  
development	  had	  just	  began,	  reveals	  a	  large	  zone	  of	  exposed	  mineral	  soils	  (marine	  clay)	  denuded	  of	  vegetaTon	  by	  heavy	  off-‐road	  vehicle	  traffic	  and	  construcTon	  acTviTes.	  The	  
black	   polygon	   circumscribes	   the	   extent	   of	   disturbance	   beginning	   in	   1988	   and	   remains	   consistent	   across	   all	   three	   images	   for	   spaTal	   reference.	   In	   the	  middle	   scene,	   VHR	  
Quickbird-‐2	  shows	  the	  extent	  of	  revegetaTon	  a`er	  14	  years	  of	  natural	  regeneraTon.	  The	  boeom	  Landsat	  TM	  scene	  indicates	  that	  much	  of	  the	  bare	  ground	  has	  been	  totally	  
revegetated	  by	  2011.	  In	  addiTon,	  a	  significant	  amount	  of	  new	  permanent	  infrastructure	  has	  been	  built	  since	  2004.	  	  

Extent	  of	  Bovanenkovo	  gas	  field	  

Figure	  2.	  (a)	  Layered	  map	  illustrates	  the	  stages	  of	  visibly	  affected	  area	  expansion	   	  encompassing	  off-‐road	  tracks,	  roads,	  quarries	  and	  residenTal	  or	  
other	  buildings.	  A`er	  only	  modest	  development	   from	   the	  mid-‐1990’s	   to	  2009,	   a`er	   that	   infrastructure	  expansion	  has	  been	  very	   rapid,	   including	  
railroad,	   pipeline	   and	   airfield	   building.	   (b)	  2nd	   layered	  map	   illustrates	   the	   stages	   of	   permanent	   infrastructure	   development	   encompassing	   roads,	  
quarries	  and	  residenTal	  or	  other	  buildings	  in	  the	  core	  area	  of	  Bovanenkovo.	  (c	  and	  d)	  Nenets	  social-‐ecological	  systems	  have	  adapted	  to	  a	  variety	  of	  
pressures	  from	  oil	  &	  gas	  extracTon	  in	  recent	  decades.	  There	  are	  cultural	  aspects	  of	  resilience	  that	  have	  helped	  them	  to	  persist	  (Forbes	  2013,	  Ecology	  
and	  Society).	  	  

Historical	  changes	  

•  Reindeer	  herders	  have	  lost	  many	  tradi0onal	  camp	  sites	  and	  they	  have	  had	  to	  change	  their	  tradi0onal	  routes.	  	  
• Main	  aim	  for	  herders	  nowadays	  is	  to	  pass	  the	  gas	  field	  soon	  as	  possible	  to	  access	  coastal	  pastures.	  	  

Examples	  of	  typical	  
cryogenic	  landslides	  
and	  thermocirques	  	  
Note	  the	  tabular	  ice	  below	  the	  layer	  of	  

soil	  in	  right	  photo.	  	  
	  

A	   C	  

Prudhoe	  Bay	  oilfield,	  Alaska:	  Thermokarst	  in	  the	  form	  ice-‐wedge	  degradaTon,	  is	  expanding	  along	  ice-‐wedges	  adjacent	  to	  roads	  and	  in	  areas	  away	  from	  roads.	  Between	  1990	  and	  2001,	  coincident	  with	  strong	  atmospheric	  warming	  during	  the	  
1990s,	  natural	  thermokarst	  resulted	  in	  conversion	  of	  low-‐centered	  ice-‐wedge	  polygons	  to	  high-‐centered	  polygons,	  more	  acTve	  lakeshore	  erosion	  and	  increased	  landscape	  and	  habitat	  heterogeneity.	  These	  geoecological	  changes	  have	  local	  and	  regional	  
consequences	  to	  wildlife	  habitat,	  land-‐use,	  and	  infrastructure.	  Analysis	  summarized	  from	  Raynolds	  et	  al.	  (2014),	  Walker	  et	  al.	  (1980,	  2014),	  Romanovsky	  et	  al.	  (2012),	  Kanevskiy	  et	  al.	  (2013).	  

Figure	  1.	  LeL:	  Alaska	  North	  Slope	  oilfields.	  Major	  oilfields	  (red	  boundaries)	  and	  extent	  
of	  infrastructure.	  Gray	  lines	  and	  areas	  are	  gravel	  roads,	  airstrips	  and	  construcIon	  pads.	  
Green	   lines	   are	  major	   pipelines.	   Small	   black	   squares	   A,	   B	   and	   C	   are	   locaIons	   of	   the	  
detailed	  22-‐km2	  map	  areas	  of	  this	  study.	   	  Note	  the	  Iñupiat	  village	  of	  Nuiqsut	  at	   le\	  in	  
the	   NaIonal	   Petroleum	   Reserve	   Alaska	   (NPRA),	   the	   Trans	   Alaska	   Pipeline	   System	  
(TAPS),	   and	  Dalton	  Highway	   that	   link	   the	   oilfields	   to	   southern	  Alaska.	   Inset:	   LocaIon	  
within	   Alaska.	  Map	   courtesy	   of	   Aerometric,	   Inc.	   and	   BP	   Alaska,	   Inc.	  Above:	  Detail	   of	  
Area	  B	  showing	   typical	   terrain	  consisIng	  of	   the	  meandering	  Putuligayuk	  River	  and	   its	  
floodplain,	   thaw	   lakes,	   drained	   lake	   basins,	   and	   primary	   surfaces	   between	   lakes.	   The	  
infrastructure	  network	  consists	  of	  network	  of	  roads,	  drill	  sites,	  and	  processing	  faciliIes.	  
The	  width	  of	  the	  area	  shown	  is	  4.7	  km.	  NASA	  GeoEye	  image,	  14	  Aug	  2006.	  	  

Map	  B	  Extent	  of	  North	  Slope	  oil	  fields	  and	  
intensive	  study	  areas	  

Figure	  2.	  Roadside	  disturbances	  related	  to	  dust	  and	  thermokarst	  at	  Prudhoe	  Bay,	  AK.	  Most	  changes	  in	  landscapes	  along	  roads	  are	  caused	  by	  a	  combinaIon	  of	  (a)	  flooding	  due	  to	  the	  
elevated	  road	  beds	  that	  interrupt	  natural	  drainage	  flow	  pa<erns;	  (b)	  heavy	  road	  dust,	  which	  smothers	  the	  vegetaIon	  and	  changes	  the	  albedo	  of	  the	  tundra	  surface;	  and	  snow	  banks	  
that	  form	  along	  the	  edges	  of	  the	  elevated	  roads.	  (c)	  All	  of	  these	  factors	  tend	  to	  elevated	  soil	  temperatures,	  which	  in	  turn	  increase	  the	  acIve	  layer	  thickness	  near	  roads,	   leading	  to	  
altered	  microtopography	   (low-‐centered	   ice-‐wedge	  polygons	  converted	   to	  high-‐centered	  polygons)	  with	  drier	  vegetaIon	   in	   the	  polygon	  centers	  and	  subsiding	  and	  eroding	  polygon	  
troughs	  with	  deep	  thermokarst	  ponds.	  Display	  of	  white	  flowers	  on	  polygon	  centers	  is	  caused	  by	  Dryas	  integrifolia	  	  that	  has	  replaced	  previously	  dominant	  sedges.	  
	  

Roadside	  disturbances	  related	  to	  dust	  and	  thermokarst	  

Infrastructure	  of	  the	  North	  Slope	  oilfields	  as	  of	  2011	  
Count	  of	  facili0es:	  127	  producTon	  pads,	  25	  facility	  pads,	  145	  support	  pads	  (power	  staTons,	  camps	  
staging	   areas,	   etc.),	   103	   exploraTon	   sites,	   13	   offshore	   exploraTon	   islands,	   7	   offshore	   producTon	  
islands,	  9	  airstrips,	  4	  exploraTon	  airstrips,	  2037	  culverts,	  27	  bridges,	  50	  caribou	  crossings,	  and	  one	  
acTve	  landfill.	  	  
Length	  of	  facili0es:	  roads,	  669	  km;	  pipelines,	  790	  km;	  powerlines,	  541	  km.	  	  
Area	  of	  facili0es:	  gravel	  mines,	  2,737	  ha;	  gravel	  pads,	  2,345	  ha;	  gravel	  roads	  669	  ha;	  other,	  612	  ha;	  
areas	  where	  pads	  have	  been	  removed	  and	  are	  in	  the	  process	  of	  recovery,	  190	  ha.	  

Historical	  changes	  	  

Figure	  3.	  Historical	  changes:	  (a)	  Total	  extent	  of	  infrastructure	  in	  the	  Prudhoe	  Bay	  oil	  field.	  Most	  of	  the	  oilfield	  infrastructure	  was	  built	  within	  18	  years	  of	  the	  iniIal	  
discovery	  of	  oil,	  covering	  6,722	  ha	  by	  1988.	  (b)	  Areas	  covered	  by	  roads	  and	  pads	  (direct	  effects,	  solid	  lines)	  and	  flooding	  and	  thermokarst	  (indirect	  effects,	  dashed	  
lines)	  within	  the	  three	  intensively	  studied	  areas	  (A,	  B,	  C	  in	  Fig.	  1).	  Infrastructure-‐related	  thermokarst	  (red-‐dashed	  line	  in	  (b))	  nearly	  quadrupled	  between	  1990	  and	  
2010.	  (c)	  Non-‐infrastructure-‐related	  thermokarst	  within	  the	  same	  three	  areas.	  	  Nearly	  half	  of	  the	  total	  non-‐infrastrucuture	  related	  (climate-‐related)	  thermokarst	  
occurred	  a\er	  1990.	  This	  is	  likely	  due	  to	  very	  warm	  summers	  in	  1989,	  1998	  and	  2012	  (climate	  graph	  in	  next	  panel).	  (d)	  Time	  series	  of	  aerial	  photographs	  of	  a	  sec0on	  of	  
heavily	  traveled	  road	  at	  Prudhoe	  Bay.	  	  A	  major	  increase	  in	  thermokarst	  began	  in	  about	  1989,	  corresponding	  to	  a	  spike	  in	  summer	  temperatures	  (Fig.	  4b).	  Such	  changes	  
are	  typical	  of	  roadside	  areas	  and	  older	  surfaces	  with	  ice-‐rich	  permafrost.	  

Vegeta0on	  change	  &	  climate	  controls	  of	  thermokarst	  
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Figure	  4	   (a).	  Vegeta0on	  maps	  of	   road	  transect	   in	  1972	  and	  2013.	  Most	  changes	  are	   related	  to	  
conversion	  of	  low-‐centered	  polygons	  dominated	  by	  wet	  tundra	  in	  1972	  to	  high-‐centered	  polygons	  
dominated	   by	  moist	   to	   dry	   tundra	   in	   the	   polygon	   centers	   and	  water	   in	   the	   polygon	   troughs	   by	  
2013.	   	  (b)	  Time	  series	  of	  summer	  warmth	  index	  (sum	  of	  the	  monthly	  mean	  temperatures	  above	  
freezing).	  Major	   peaks	   in	   1989,	   1998,	   and	   2012	   corresponds	   to	   years	   of	   major	   thermokarst	  
increase.	   (c)	  Percent	  cover	  of	  broad	  vegeta0on	  types	   in	  1972	  and	  2013.	   	  The	  north	  side	  of	   the	  
road	  became	  relaIvely	  well	  drained,	  whereas	  the	  the	  south	  side	  of	  the	  road	  became	  much	  we<er.	  	  
AquaIc	  tundra	  and	  water	  became	  more	  common	  on	  both	  sides	  of	   the	  road	  due	  to	   thawing	  and	  	  
subsidence	  of	  ice	  wedges	  and	  flooding	  of	  polygon	  troughs.	  
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(c)	   Cryogenic	  earth	  flows	  and	  recent	  climate	  fluctua0ons	  

•  Cryogenic	   earth	   flows	   are	   associated	   with	   thawing	   of	  	  
tabular	  ground	  ice.	  	  
•  They	   have	   increased	   in	   number	   and	   size	   in	   recent	   years	  
corresponding	   to	   very	   warm	   summer	   temperatures	   and	  
deeper	  ac0ve	  layers.	  

Thermocirque	  (TC)	  monitoring	  

Figure	  3.	  (a)	  Map	  of	  cryogenic	  features	  and	  monitoring	  near	  Vaskiny-‐Dachi	  
(Leibman	  et	  al.	  2014	  and	  Khomutov	  20140).	  Many	  new	  landslides	  appeared	  
in	  2012-‐2013.	  More	  than	  90	  acTve	  thermal	  denudaTon	  landforms	  occurred	  
within	  345	  km2,	  varying	   in	  size	  from	  66	  to	  25000	  m2.	  Most	   landslides	  were	  
earth	   and	   mud	   flows	   forming	   thermocirques	   (TCs),	   which	   once	   triggered,	  
develop	   unTl	   either	   the	   ice	   is	   exhausted,	   or	   insulated	   by	   landslide	   bodies	  
from	  further	  thaw.	   (c)	  Ac0ve	   layer	  and	  summer	  warmth	  (1999-‐2015).	  This	  
new	  acTvity	  corresponded	  to	  very	  warm	  summer	  temperatures	  and	  extreme	  
deepening	  of	  the	  acTve	  layer.	  	  

Cryogenic	  features	  near	  Obskaya-‐
Bovanenkovo	  Railroad,	  Vaskiny	  Dachi	  
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(b)	   Monitoring	   of	   thermocirques	   (following	   Khomutov	  
et	  al.	  2014).	  Six	  TCs	  originaTng	  from	  the	  thaw	  of	  	  tabular	  
and/or	   ice-‐wedge	   ice	   have	   high	   retreat	   rates	   and	   are	  
annually	  monitored	   since	  2012-‐2013.	   Two	  examples	   at	  
TCs	  1	  and	  2	  are	  shown	  in	  the	  images	  at	  le`:	  
•  The	   rate	   of	   retreat	   is	   the	   highest	   during	   the	   iniTal	  

stage	  of	  acTvaTon.	  	  
•  The	  rate	  slows	  down	  during	  the	  	  following	  years.	  
•  ln	  gradual	  increase	  of	  their	  total	  area.	  However,	  field	  

measurements	  of	  2015	  shows	   that	  backwall	   retreat	  
rate	  is	  sTll	  high.	  	  
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