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ABSTRACT
	  

Mercury	  (Hg)	  is	  a	  neurotoxic	  pollutant	  that	  exists	  in	  both	  inorganic	  (Hg0,	  Hg2+)	  and	  

organo-‐metallic	  (monomethyl	  mercury:	  MMHg)	  chemical	  forms.	  Inorganic	  Hg	  (IHg)	  has	  

been	  released	  to	  aquatic	  environments	  during	  its	  historical	  use	  in	  mining	  and	  industry.	  In	  

these	  environments	  IHg	  can	  be	  converted	  to	  MMHg,	  a	  potent	  developmental	  neurotoxin	  

that	  bioaccumulates	  in	  the	  food	  web	  and	  can	  pose	  a	  risk	  to	  humans	  and	  wildlife.	  Therefore,	  

identifying	  the	  distribution	  of	  legacy	  IHg	  sources,	  and	  understanding	  their	  transformation	  

to	  MMHg	  is	  of	  great	  interest.	  In	  this	  dissertation,	  we	  report	  Hg	  stable	  isotope	  ratios	  in	  

sediment	  and	  food	  webs	  from	  North	  American	  streams	  contaminated	  by	  legacy	  Hg	  sources.	  

In	  Chapter	  2	  and	  3,	  we	  use	  Hg	  isotopes	  in	  stream	  and	  estuarine	  sediment	  to	  fingerprint	  

multiple	  Hg	  sources	  and	  trace	  their	  transport	  and	  deposition.	  In	  Chapters	  4	  and	  5,	  we	  

measure	  Hg	  isotopes	  in	  both	  sediment	  and	  aquatic	  food	  webs	  to	  identify	  MMHg	  formation,	  

degradation	  and	  exposure	  pathways	  in	  streams	  and	  wetlands	  contaminated	  by	  historical	  

gold	  and	  mercury	  mining.	  This	  work	  demonstrates	  that	  Hg	  stable	  isotope	  measurements	  

can	  be	  used	  to	  trace	  the	  spatial	  and	  temporal	  distribution	  of	  legacy	  Hg	  sources	  and	  identify	  

relevant	  biogeochemical	  processes	  and	  exposure	  pathways	  leading	  to	  MMHg	  

bioaccumulation	  in	  aquatic	  environments.	  
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CHAPTER	  1:	  	  Introduction	  	  

1.1	  Mercury	  as	  a	  Global	  Pollutant	  

Mercury	  (Hg)	  is	  a	  neurotoxic	  pollutant	  that	  exists	  in	  inorganic	  (Hg0,	  Hg2+)	  and	  

organo-‐metallic	  (monomethyl	  mercury:	  MMHg)	  chemical	  forms.	  Humans	  and	  wildlife	  can	  

be	  exposed	  to	  inorganic	  Hg	  (IHg)	  from	  consumer	  products	  (e.g.,,	  fluorescent	  lights,	  

thermometers,	  dental	  amalgams)	  or	  occupational	  activities	  (e.g.,	  mining	  or	  industry).	  The	  

primary	  route	  of	  MMHg	  exposure	  is	  from	  fish	  consumption	  because	  MMHg	  biomagnifies	  in	  

organisms	  and	  bioaccumulates	  in	  food	  webs.	  Human	  MMHg	  exposure	  in	  utero	  and	  during	  

early	  childhood	  can	  lead	  to	  permanent	  developmental	  impairment	  while	  significant	  

exposure	  in	  adults	  results	  in	  neurologic	  symptoms	  (e.g.,	  sensory	  impairment,	  motor	  skills,	  

coordination).1	  Wildlife	  such	  as	  mammals,	  birds	  and	  fish	  are	  exposed	  to	  high	  levels	  of	  

MMHg	  through	  their	  diets	  resulting	  in	  behavioral,	  reproductive	  and	  physiological	  effects.2	  

Therefore,	  identification	  of	  Hg	  sources	  and	  exposure	  pathways	  in	  aquatic	  environments	  is	  

of	  great	  interest.	  

	  Mercury	  undergoes	  dynamic	  biogeochemical	  cycling	  in	  the	  environment	  after	  being	  

emitted	  from	  natural	  and	  anthropogenic	  sources.	  In	  geologic	  materials,	  Hg	  is	  typically	  

associated	  with	  sulfide	  minerals	  and	  natural	  Hg	  emissions	  result	  from	  volcanic	  and	  

hydrothermal	  activity.3	  Human	  activities,	  such	  as	  mining	  and	  fossil	  fuel	  combustion,	  have	  

mobilized	  geologic	  reservoirs	  of	  Hg	  and	  significantly	  increased	  the	  quantity	  of	  Hg	  actively	  
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cycling	  in	  the	  environment.4,	  5	  For	  example,	  humans	  have	  long	  mined	  cinnabar	  ore	  (HgS)	  to	  

produce	  metallic	  Hg0	  for	  use	  in	  precious	  metal	  mining,	  industrial	  processes	  (e.g.,	  chloralkali	  

process),	  and	  consumer	  products.	  3	  6	  Although	  Hg	  use	  has	  decreased	  throughout	  North	  

America	  in	  the	  past	  few	  decades,	  Hg	  released	  during	  historical	  mining	  and	  industrial	  use	  

(i.e.,	  “legacy	  Hg”)	  persists	  in	  aquatic	  environments.	  In	  these	  environments	  Hg	  is	  subject	  to	  a	  

variety	  of	  biotic	  and	  abiotic	  reactions	  (e.g.,	  oxidation,	  photochemical	  reduction,	  

degradation)	  including	  microbial	  methylation,	  which	  converts	  a	  fraction	  of	  IHg	  to	  the	  more	  

neurotoxic	  and	  bioaccumulative	  MMHg.7	  	  This	  dissertation	  reports	  on	  measurements	  of	  

natural	  Hg	  stable	  isotope	  ratios	  in	  sediments	  and	  biota	  from	  aquatic	  environments	  to	  

advance	  our	  understanding	  of	  the	  transport	  and	  transformation	  of	  legacy	  Hg	  sources	  in	  the	  

San	  Francisco	  Bay	  watershed	  (CA)	  and	  in	  streams	  near	  Oak	  Ridge,	  TN.	  	  

1.2	  Mercury	  Stable	  Isotopes	  

In	  the	  past	  decade	  there	  have	  been	  significant	  analytical	  advances	  for	  the	  

measurement	  of	  Hg	  stable	  isotope	  ratios	  in	  environmental	  matrices.	  This	  has	  allowed	  

researchers	  to	  fingerprint	  diffuse	  and	  point	  sources	  of	  Hg	  and	  elucidate	  biogeochemical	  

processes	  in	  the	  environment.	  Mercury	  has	  seven	  stable	  isotopes	  (204Hg,	  202Hg,	  201Hg,	  200Hg,	  

199Hg,	  198Hg,	  196Hg)	  and	  Hg	  isotope	  ratios	  are	  measured	  by	  multi	  collector	  inductively	  

coupled	  plasma	  mass	  spectrometer	  (MC-‐ICP-‐MS),	  using	  a	  cold	  vapor	  generation	  system	  to	  

introduce	  Hg	  as	  a	  gas	  to	  the	  inlet	  of	  the	  mass	  spectrometer.	  Specific	  analytical	  details	  are	  

outlined	  in	  Chapters	  2,	  3,	  4,	  and	  5	  and	  general	  information	  can	  be	  found	  elsewhere.8	  

Mercury	  isotopic	  compositions	  are	  typically	  reported	  in	  units	  of	  permil	  (‰)	  using	  delta	  

notation	  (δxxxHg)	  relative	  to	  NIST	  SRM	  3133	  (eq.	  1).	  Mercury	  undergoes	  mass	  dependent	  
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fractionation	  (MDF)	  following	  the	  kinetic	  mass	  fractionation	  law,	  however	  odd	  isotopes	  

also	  exhibit	  mass	  independent	  fractionation	  (MIF),	  which	  is	  a	  deviation	  from	  the	  δxxxHg	  

value	  predicted	  by	  MDF	  alone.	  Throughout	  this	  dissertation,	  MDF	  is	  reported	  using	  the	  

202Hg/198Hg	  ratio	  (δ202Hg)	  whereas	  MIF	  is	  reported	  using	  capital	  delta	  notation	  (ΔxxxHg)	  for	  

199Hg	  and	  201Hg	  with	  β	  =	  0.252	  for	  Δ199Hg	  and	  β	  =	  0.752	  for	  Δ201Hg	  in	  eq.	  2.8	  	  

	  

Equation	  [1]:	  δxxxHg	  (‰)	  =	  {[(xxxHg/198Hg)sample/(xxxHg/198Hg)NIST3133]-‐1}	  *	  1000	  

Equation	  [2]:	  ΔxxxHg	  =	  δxxxHg	  –	  (δ202Hg	  *	  β)	  

	  

MDF	  has	  been	  observed	  experimentally	  during	  biotic	  methylation,9,	  10	  mer-‐mediated	  

MMHg	  degradation,11	  Hg2+	  reduction,12-‐14	  and	  sorption	  and	  binding	  reactions.15,	  16	  Variation	  

in	  Hg	  isotopic	  composition	  has	  been	  reported	  in	  a	  number	  of	  environmental	  Hg	  reservoirs	  

including	  coal	  and	  HgS	  ores,17-‐24	  sediment,25,	  26	  soil,18,	  27-‐29	  precipitation,19,	  27,	  30-‐32	  

vegetation24,	  27	  and	  lichens.33-‐35	  Large	  magnitude	  MIF	  (>0.5‰)	  occurs	  for	  the	  odd	  mass	  

isotopes	  (199Hg	  and	  201Hg)	  due	  to	  the	  magnetic	  isotope	  effect,	  where	  differences	  in	  the	  

magnetic	  spin	  result	  in	  differences	  in	  reaction	  rates	  between	  odd	  and	  even	  mass	  

isotopes.36-‐38	  Lesser	  magnitude	  MIF	  can	  occur	  from	  the	  nuclear	  volume	  effect	  (i.e.,	  due	  to	  

differences	  in	  nuclear	  radii	  between	  odd	  and	  even	  mass	  isotopes)39	  during	  kinetic	  or	  

equilibrium	  reactions	  and	  there	  is	  evidence	  for	  MIF	  of	  even	  mass	  Hg	  isotopes	  (of	  200Hg	  and	  

204Hg),	  although	  the	  mechanism	  remains	  unknown.40	  Large	  magnitude	  MIF	  has	  been	  

demonstrated	  experimentally	  during	  photochemical	  MMHg	  degradation	  and	  

photoreduction	  of	  Hg2+,	  36,	  37,	  41	  and	  MIF	  is	  generally	  not	  believed	  to	  occur	  during	  

bioaccumulation	  or	  trophic	  transfer.42,	  43	  Therefore,	  the	  isotopic	  composition	  of	  Hg	  in	  
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sediment	  and	  aquatic	  organisms	  reflects	  Hg	  sources	  and	  biogeochemical	  processes	  prior	  to	  

bioaccumulation.	  	  

	  

1.3	  Dissertation	  Narrative	  

In	  this	  dissertation,	  we	  report	  Hg	  stable	  isotope	  ratios	  in	  sediment	  and	  food	  webs	  

from	  North	  American	  streams	  contaminated	  by	  legacy	  mining	  and	  industrial	  Hg	  sources.	  In	  

Chapter	  2,	  3,	  4	  and	  5	  we	  use	  the	  Hg	  isotopic	  composition	  of	  sediment	  to	  fingerprint	  Hg	  

sources	  and	  trace	  their	  transport	  and	  deposition.	  In	  Chapters	  4	  and	  5,	  we	  also	  use	  Hg	  

isotopes	  in	  stream	  and	  wetland	  biota	  (e.g.,	  benthic	  macroinvertebrates	  and	  fish)	  to	  

estimate	  the	  MMHg	  isotopic	  composition	  and	  better	  understand	  MMHg	  formation,	  

degradation	  and	  exposure	  pathways.	  In	  Chapter	  6,	  the	  key	  findings	  are	  summarized	  and	  we	  

develop	  questions	  to	  direct	  future	  research	  on	  the	  fate	  of	  Hg	  in	  aquatic	  environments.	  

	   In	  Chapter	  2,	  published	  in	  Environmental	  Science	  &	  Technology,44	  we	  investigated	  Hg	  

in	  sediment	  upstream	  and	  downstream	  of	  the	  Y-‐12	  National	  Security	  Complex	  (Y12).	  The	  

use	  of	  metallic	  Hg	  at	  Y12	  in	  the	  1950’s	  and	  1960’s,	  released	  hundreds	  of	  thousands	  kg	  of	  Hg	  

to	  the	  surrounding	  environment.45	  We	  characterized	  the	  isotopic	  composition	  of	  high	  

concentration	  sediment	  directly	  downstream	  of	  Y12	  in	  East	  Fork	  Poplar	  Creek,	  and	  traced	  

this	  Hg	  source	  to	  locations	  40	  km	  downstream.	  We	  also	  characterized	  low	  concentration	  

sediment	  upstream	  of	  Y12.	  In	  large	  streams,	  the	  low	  THg	  sediment	  isotopic	  composition	  

reflected	  Hg	  accumulated	  from	  geogenic	  and	  atmospheric	  sources	  across	  the	  watershed.	  In	  

small	  streams	  located	  nearby,	  but	  unaffected	  by	  Y12,	  we	  identified	  an	  additional	  Hg	  source	  

likely	  derived	  from	  local	  atmospheric	  deposition.	  This	  work	  established	  the	  use	  of	  Hg	  

isotopes	  as	  a	  conservative	  tracer	  in	  stream	  sediment	  and	  laid	  the	  foundation	  for	  future	  
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investigation	  of	  Hg	  isotopes	  in	  water,	  floodplain	  soils,	  benthic	  macroinvertebrates	  and	  fish	  

in	  the	  region.	  	  

	   In	  Chapters	  3,	  4,	  and	  5	  we	  investigated	  legacy	  Hg	  sources	  and	  their	  fate	  in	  the	  San	  

Francisco	  Bay	  (SF	  Bay)	  and	  its	  surrounding	  watersheds.	  Hg	  in	  the	  SF	  Bay	  watershed	  is	  

uniquely	  tied	  to	  its	  upstream	  mining	  history.	  Since	  the	  mid-‐19th	  century,	  HgS	  ores	  were	  

mined	  and	  processed	  in	  the	  CA	  Coast	  Range	  in	  watersheds	  that	  drain	  to	  the	  Sacramento	  

Valley	  and	  eventually	  SF	  Bay.	  The	  metallic	  Hg	  produced	  was	  used	  for	  hydraulic	  gold	  mining	  

in	  the	  Sierra	  Nevada,	  which	  mobilized	  large	  sediment	  volumes	  downstream	  towards	  SF	  

Bay.	  Consequently,	  there	  are	  two	  distinct	  sediment	  sources	  of	  Hg	  entering	  SF	  Bay.	  	  

Chapter	  3,	  published	  in	  Chemical	  Geology,46	  follows	  up	  on	  an	  earlier	  study	  of	  Hg	  

sources	  to	  SF	  Bay	  intertidal	  sediment.25	  We	  measured	  Hg	  in	  subtidal	  sediment	  cores	  to	  

identify	  the	  pre-‐mining	  sediment	  isotopic	  composition	  and	  investigate	  temporal	  changes	  in	  

the	  delivery	  of	  Hg	  sources	  to	  SF	  Bay.	  Using	  Hg	  isotopic	  compositions,	  we	  quantified	  the	  

relative	  contribution	  of	  various	  Hg	  sources	  to	  subtidal	  locations	  at	  different	  time	  periods:	  

pre-‐mining,	  circa	  1960	  and	  present	  day.	  The	  spatial	  variation	  of	  Hg	  sources	  observed	  in	  

c.1960	  sediment	  was	  consistent	  with	  intertidal	  surface	  sediment,	  and	  we	  attributed	  this	  to	  

the	  historical	  delivery	  of	  mining	  sources	  to	  SF	  Bay.	  This	  study	  further	  demonstrated	  the	  

utility	  of	  Hg	  isotopes	  to	  trace	  sediment	  Hg	  sources	  and	  to	  assess	  spatial	  and	  temporal	  

trends	  when	  multiple	  Hg	  sources	  are	  present.	  	  	  

In	  Chapter	  4,	  which	  we	  plan	  to	  submit	  for	  publication,47	  we	  investigated	  the	  sources	  

and	  processes	  leading	  to	  MMHg	  bioaccumulation	  in	  the	  lower	  Yuba	  River.	  The	  lower	  Yuba	  

River	  is	  located	  downstream	  of	  former	  gold	  mining	  districts	  and	  contains	  a	  large	  

anthropogenic	  sediment	  fan	  with	  elevated	  THg	  concentrations.	  We	  measured	  THg,	  MMHg	  
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and	  Hg	  stable	  isotope	  ratios	  in	  sediment	  and	  biota	  to	  estimate	  the	  isotopic	  composition	  of	  

IHg	  and	  MMHg.	  The	  MMHg	  isotopic	  composition	  was	  compared	  to	  a	  variety	  of	  Hg	  sources	  

in	  the	  watershed.	  Based	  on	  these	  comparisons,	  we	  proposed	  two	  plausible	  explanations	  for	  

the	  origin	  of	  MMHg.	  Either	  (1)	  the	  MMHg	  is	  derived	  from	  upstream	  and	  not	  sourced	  from	  

the	  local	  contaminated	  sediment	  or	  (2)	  in	  situ	  Hg	  methylation	  results	  in	  negative	  MDF	  

between	  IHg	  and	  MMHg.	  We	  argue	  that	  in	  situ	  methylation	  is	  the	  most	  plausible	  

explanation	  for	  the	  origin	  of	  MMHg	  and	  speculate	  on	  possible	  mechanisms	  to	  explain	  the	  

net	  negative	  MDF.	  

In	  Chapter	  5,	  which	  we	  also	  plan	  to	  submit	  for	  publication,48	  we	  investigated	  Hg	  

sources	  and	  biogeochemical	  transformations	  in	  Cache	  Creek	  and	  wetlands	  in	  Yolo	  Bypass.	  

Cache	  Creek	  drains	  multiple	  Hg	  mining	  districts	  that	  contain	  HgS	  mine	  wastes	  (HgS	  ore,	  

calcine,	  etc.).	  Yolo	  Bypass	  is	  an	  engineered	  flood	  bypass	  for	  the	  Sacramento	  River	  that	  

receives	  inputs	  from	  the	  Yuba	  River	  (Chapter	  4)	  and	  Cache	  Creek.	  We	  measured	  THg,	  

MMHg	  and	  Hg	  isotope	  ratios	  in	  sediment	  and	  biota	  to	  estimate	  the	  isotopic	  composition	  of	  

IHg	  and	  MMHg.	  Variation	  in	  the	  Hg	  isotopic	  composition	  of	  biota	  suggests	  the	  presence	  of	  

multiple	  MMHg	  sources	  or	  exposure	  pathways.	  The	  isotopic	  composition	  of	  MMHg	  was	  

compared	  with	  different	  Hg	  sources	  in	  each	  location.	  In	  Cache	  Creek	  we	  found	  net	  negative	  

MDF	  between	  IHg	  and	  MMHg,	  which	  is	  consistent	  with	  observations	  in	  the	  Yuba	  River.	  In	  

contrast,	  the	  Yolo	  Bypass	  wetlands	  had	  net	  positive	  MDF	  between	  IHg	  and	  MMHg	  similar	  to	  

previous	  studies	  in	  lakes	  and	  coastal	  ocean	  environments.	  Consequently,	  we	  hypothesize	  

that	  differences	  in	  net	  biotic	  MDF	  might	  result	  from	  ecosystem	  level	  differences	  in	  MMHg	  

degradation	  processes	  between	  streams	  (Cache	  Creek,48	  Yuba	  River47	  and	  Eel	  River49)	  and	  

wetland	  (Yolo	  Bypass)48,	  lake50,	  51	  or	  coastal	  ocean	  environments.52-‐54	  	  	  	   	  
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CHAPTER	  2:	  	  Identification	  of	  multiple	  mercury	  sources	  	  
to	  stream	  sediments	  near	  Oak	  Ridge,	  TN,	  USA	  
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Abstract:	  Sediments	  were	  analyzed	  for	  total	  Hg	  concentration	  (THg)	  and	  isotopic	  

composition	  from	  streams	  and	  rivers	  in	  the	  vicinity	  of	  the	  Y-‐12	  National	  Security	  Complex	  

(Y12)	  in	  Oak	  Ridge,	  TN	  (USA).	  	  In	  the	  stream	  directly	  draining	  Y12,	  where	  industrial	  

releases	  of	  mercury	  (Hg)	  have	  been	  documented,	  high	  THg	  (3.26	  to	  60.1	  μg/g)	  sediments	  

had	  a	  distinct	  Hg	  isotopic	  composition	  (δ202Hg	  of	  0.02	  ±	  0.15‰	  and	  Δ199Hg	  of	  -‐0.07	  ±	  

0.03‰;	  mean	  ±	  1SD,	  n=12)	  compared	  to	  sediments	  from	  relatively	  uncontaminated	  

streams	  in	  the	  region	  (δ202Hg	  =	  -‐1.40	  ±	  0.06‰	  and	  Δ199Hg	  of	  –0.26	  ±	  0.03‰;	  mean	  ±	  1SD,	  

n=6).	  Additionally,	  several	  streams	  that	  are	  nearby	  but	  do	  not	  drain	  Y12	  had	  sediments	  

with	  intermediate	  THg	  (0.06	  to	  0.21	  μg/g)	  and	  anomalous	  δ202Hg	  (as	  low	  as	  -‐5.07‰).	  We	  

suggest	  that	  the	  low	  δ202Hg	  values	  in	  these	  sediments	  provide	  evidence	  for	  the	  contribution	  

of	  an	  additional	  Hg	  source	  to	  sediments,	  possibly	  derived	  from	  atmospheric	  deposition.	  In	  
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sediments	  directly	  downstream	  of	  Y12	  this	  third	  Hg	  source	  is	  not	  discernible	  and	  the	  Hg	  

isotopic	  composition	  can	  be	  largely	  explained	  by	  the	  mixing	  of	  low	  THg	  sediments	  with	  

high	  THg	  sediments	  contaminated	  by	  Y12	  discharges.	  	  

2.1	  Introduction	  

Mercury	  (Hg)	  is	  a	  toxic	  pollutant	  that	  is	  widely	  distributed	  in	  most	  aquatic	  and	  

terrestrial	  ecosystems.	  Anthropogenic	  activities	  such	  as	  coal	  fired	  power	  generation,	  waste	  

incineration,	  mining	  and	  industrial	  processes	  have	  increased	  the	  amount	  of	  Hg	  actively	  

cycling	  in	  the	  environment.1	  The	  region	  surrounding	  Oak	  Ridge,	  TN	  (USA)	  contains	  both	  

current	  and	  historic	  anthropogenic	  Hg	  sources	  including	  coal	  fired	  power	  generation	  and	  

industrial	  discharges	  to	  the	  atmosphere	  and	  waterways.	  In	  the	  mid-‐20th	  century,	  liquid	  

elemental	  Hg	  (Hg0)	  was	  utilized	  for	  an	  amalgam	  exchange	  process	  to	  isolate	  Lithium-‐6	  for	  

thermonuclear	  weapons	  at	  the	  Y-‐12	  National	  Security	  Complex	  (Y12)	  near	  Oak	  Ridge,	  TN.2,	  

3	  The	  Y12	  facility	  was	  built	  at	  the	  headwaters	  of	  the	  East	  Fork	  of	  Poplar	  Creek	  (EFPC)	  and	  

discharged	  process	  water	  and	  storm	  sewer	  effluent	  directly	  into	  the	  stream.	  As	  a	  result,	  the	  

watershed	  was	  contaminated	  by	  a	  variety	  of	  pollutants	  used	  at	  Y12,	  including	  Hg.3	  During	  

operations	  at	  Y12,	  liquid	  Hg	  was	  spilled	  onsite	  (166,000	  to	  242,000	  kg	  of	  Hg	  lost)	  and	  

remains	  in	  Y12	  soils	  and	  building	  foundations.2,	  4	  At	  that	  time,	  large	  quantities	  of	  Hg	  

(128,000	  ±	  35,000	  kg	  of	  Hg)	  were	  discharged	  to	  EFPC	  in	  Y12	  effluents,	  mainly	  as	  dissolved	  

or	  particulate	  Hg2+	  species,2	  which	  were	  eventually	  deposited	  in	  riparian	  sediments	  and	  

soils5,	  6.	  Active	  use	  of	  Hg	  at	  Y12	  ceased	  in	  the	  mid-‐1960’s	  and	  since	  then,	  remedial	  actions	  

have	  lowered	  dissolved	  Hg	  concentrations	  in	  upper	  EFPC	  surface	  waters7	  and	  have	  

removed	  contaminated	  soils	  (THg	  of	  	  >400	  μg/g)	  at	  two	  EFPC	  floodplain	  sites	  outside	  of	  the	  
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Y12	  boundary.	  	  However,	  a	  significant	  quantity	  of	  Hg	  persists	  in	  soils	  and	  sediments	  and	  

the	  majority	  of	  Hg	  exported	  from	  EFPC	  (>80%)	  is	  believed	  to	  result	  from	  streambank	  

erosion	  and	  streambed	  sediment	  resuspension.5,	  8	  	  

In	  addition	  to	  industrial	  Hg	  discharges,	  the	  study	  region	  also	  contains	  multiple	  

significant	  (>1	  kg/yr)	  atmospheric	  Hg	  emission	  sources	  (Figure	  2.1).9,	  10	  The	  Oak	  Ridge,	  TN	  

area	  typically	  has	  prevailing	  winds	  out	  of	  the	  southwest	  or	  the	  northeast	  following	  the	  

valley	  and	  ridge	  topography11	  and	  atmospheric	  Hg	  concentrations	  are	  elevated	  above	  

background	  levels10,	  12,	  13.	  In	  the	  past,	  Y12	  released	  large	  quantities	  of	  vapor	  phase	  Hg	  

(33,000	  ±	  13,000	  kg)	  to	  the	  atmosphere	  from	  process	  gas	  venting	  and	  during	  the	  recovery	  

of	  Hg	  from	  contaminated	  soils.2	  Recently,	  estimated	  total	  Hg	  emissions	  from	  the	  Tennessee	  

Valley	  Authority	  (TVA)	  Kingston	  Fossil	  Plant	  and	  Bull	  Run	  Fossil	  Plant,	  both	  located	  less	  

than	  20	  km	  from	  Y12,	  were	  274	  kg/yr	  and	  25	  kg/yr,	  respectively.9	  In	  2008	  waste	  

incineration	  and	  coal	  fired	  steam	  generation	  at	  Department	  of	  Energy	  facilities	  (Y12	  and	  

K25,	  a	  former	  uranium	  enrichment	  facility;	  Figure	  2.1)	  were	  estimated	  to	  emit	  a	  combined	  

~4.5	  kg	  Hg/yr,9	  although	  since	  then	  coal	  has	  been	  replaced	  by	  natural	  gas	  and	  biomass	  fuel	  

for	  steam	  generation.	  Additionally,	  Hg	  contaminated	  EFPC	  floodplains	  have	  been	  estimated	  

to	  re-‐emit	  between	  1	  and	  10	  kg	  Hg/yr	  to	  the	  atmosphere.12	  Thus,	  the	  Oak	  Ridge,	  TN	  region	  

has	  multiple	  sources	  of	  atmospheric	  Hg	  emissions	  both	  past	  and	  present.	  	  

Mercury	  has	  seven	  stable	  isotopes	  and	  can	  undergo	  both	  mass	  dependent	  and	  mass	  

independent	  isotope	  fractionation	  (MDF	  and	  MIF)	  during	  its	  cycling	  in	  the	  environment.	  

MDF	  has	  been	  shown	  to	  occur	  during	  biotic	  and	  abiotic	  processes	  (e.g.,14-‐16)	  while	  MIF	  

takes	  place	  primarily	  during	  photochemical	  reactions	  such	  as	  Hg2+	  photoreduction	  and	  

monomethyl	  mercury	  (MMHg)	  photodegradation	  (e.g.,	  17,	  18).	  The	  measurement	  of	  Hg	  
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isotopes	  in	  environmental	  reservoirs	  (i.e.,	  soils,	  sediments,	  and	  the	  atmosphere)	  has	  

proven	  useful	  for	  the	  identification	  of	  anthropogenic	  Hg	  sources	  and	  can	  help	  trace	  Hg	  

pathways	  through	  the	  environment19-‐29	  and	  into	  biota30-‐33.	  However,	  the	  utility	  of	  Hg	  

isotopes	  as	  source	  tracers	  in	  regions	  with	  multiple	  atmospheric	  and	  aquatic	  Hg	  sources	  has	  

not	  been	  extensively	  tested.	  Although	  studies	  have	  assessed	  the	  spatial	  distribution	  of	  Hg	  in	  

EFPC	  soils	  and	  sediments5,	  34-‐36	  and	  estimated	  the	  speciation	  and	  mobility	  of	  sediment-‐

bound	  Hg6,	  37-‐40,	  the	  Hg	  isotope	  composition	  of	  sediments	  in	  EFPC	  and	  its	  tributaries	  have	  

not	  been	  extensively	  studied.	  In	  this	  study	  we	  measured	  the	  Hg	  isotopic	  composition	  of	  

streambed	  sediments	  in	  the	  vicinity	  of	  Oak	  Ridge,	  TN	  to	  identify	  relevant	  Hg	  sources	  in	  the	  

region	  and	  help	  elucidate	  their	  fate	  in	  nearby	  biota	  and	  downstream	  environments.	  

Specifically,	  we	  (1)	  determined	  the	  Hg	  isotope	  composition	  of	  Y12	  contaminated	  

streambed	  sediments	  and	  (2)	  isotopically	  characterized	  sediments	  in	  the	  region	  that	  are	  

not	  directly	  impacted	  by	  Y12	  discharges.	  Lastly,	  we	  (3)	  employed	  Hg	  isotopes	  to	  quantify	  

the	  contribution	  of	  Y12	  derived	  Hg	  to	  sediments	  downstream	  in	  the	  Clinch	  River.	  

2.2.	  Materials	  and	  Methods	  

2.2.1.	  Regional	  Setting	  

The	  study	  was	  carried	  out	  in	  a	  network	  of	  streams	  and	  rivers	  in	  the	  vicinity	  of	  Oak	  

Ridge,	  TN	  (Figure	  2.1).	  EFPC	  originates	  as	  a	  storm	  drain	  inside	  the	  Y12	  facility	  that	  

outflows	  into	  a	  channelized	  ditch	  at	  a	  location	  known	  as	  “Outfall	  200”,	  approximately	  26	  

km	  upstream	  of	  its	  confluence	  with	  Poplar	  Creek.2	  After	  EFPC	  exits	  the	  Y12	  boundary,	  23	  

km	  upstream	  of	  Poplar	  Creek	  (EFK23.4;	  also	  termed	  Station	  17),	  it	  flows	  for	  6	  km	  nearby	  

the	  town	  of	  Oak	  Ridge	  through	  a	  mixture	  of	  channelized	  and	  non-‐channelized	  flow	  
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pathways.3	  Beyond	  Oak	  Ridge,	  EFPC	  follows	  a	  relatively	  natural	  sinuous	  channel	  for	  the	  

next	  18	  km	  through	  residential	  areas	  and	  woodlands.	  Three	  small	  tributaries	  (drainage	  

area	  of	  5.6	  to	  6.6	  km2)	  enter	  EFPC	  during	  this	  stretch	  at	  20,	  16	  and	  10	  km	  upstream	  of	  

Poplar	  Creek.	  	  EFPC	  enters	  the	  main	  stem	  of	  Poplar	  Creek	  8	  km	  upstream	  of	  the	  Clinch	  

River.	  Poplar	  Creek	  has	  no	  headwater	  Hg	  point	  sources,34	  however	  its	  western	  tributaries	  

drain	  portions	  of	  the	  Appalachian	  Plateau	  where	  historic	  coal	  mining	  has	  taken	  place.41	  The	  

stretch	  of	  Poplar	  Creek	  downstream	  of	  EFPC,	  known	  as	  the	  Poplar	  Creek	  Embayment	  of	  the	  

Watts	  Bar	  Reservoir,	  is	  the	  first	  reach	  influenced	  by	  Y12	  discharges	  that	  exhibits	  

widespread	  sediment	  deposition	  and	  accumulation.42	  The	  Poplar	  Creek	  Embayment	  flows	  

into	  the	  Clinch	  River	  ~31	  km	  downstream	  of	  the	  Y12	  facility	  and	  the	  Clinch	  River	  flows	  for	  

another	  19	  km,	  becoming	  increasingly	  lacustrine	  and	  depositional,	  to	  the	  Tennessee	  

River.42	  The	  reference	  stream	  for	  this	  study,	  Hinds	  Creek,	  enters	  the	  Clinch	  River	  ~116	  km	  

upstream	  of	  the	  Tennessee	  River	  and	  has	  no	  headwater	  Hg	  point	  sources.	  This	  sampling	  

location	  is	  ~25	  km	  northeast	  of	  the	  Y12	  facility	  (Figure	  2.1).	  Streams	  sampled	  in	  this	  study	  

have	  a	  range	  of	  watershed	  sizes.	  The	  EFPC	  watershed	  area	  is	  76.9	  km2	  at	  its	  confluence	  

with	  Poplar	  Creek	  whereas	  the	  Poplar	  Creek	  watershed	  drains	  352	  km2	  at	  its	  confluence	  

with	  the	  Clinch	  River.	  The	  Clinch	  River	  watershed	  is	  much	  larger,	  draining	  an	  area	  of	  6,669	  

km2.	  	  

	  

2.2.2	  Sediment	  Collection,	  Processing	  and	  Analysis	  

We	  collected	  streambed	  sediments	  from	  EFPC,	  EFPC	  tributaries,	  Poplar	  Creek,	  Hinds	  

Creek	  and	  the	  Clinch	  River.	  All	  sampling	  locations	  were	  assigned	  an	  identification	  code	  

based	  on	  the	  stream	  sampled	  (East	  Fork	  (EF),	  Poplar	  Creek	  (PC),	  Clinch	  River	  (CR),	  Hinds	  
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Creek	  (HC))	  and	  the	  distance	  in	  river	  km	  (i.e.,	  distance	  following	  the	  river	  channel)	  from	  

the	  confluence	  with	  the	  next	  largest	  stream	  (Figure	  2.S1).	  EFPC	  tributary	  sampling	  sites	  

were	  identified	  similarly	  (distance	  in	  km	  upstream	  of	  Poplar	  Creek)	  and	  were	  termed	  

Trib20,	  Trib16	  and	  Trib10.	  	  Sampling	  locations	  in	  these	  tributaries	  were	  2.9,	  4.0,	  and	  6.9	  

km	  from	  the	  Y12	  facility,	  respectively.	  Sediments	  in	  Poplar	  Creek	  and	  the	  Clinch	  River	  were	  

sampled	  using	  either	  a	  stainless	  steel	  petite	  ponar	  grab	  sampler	  or	  a	  polycarbonate	  core	  

between	  June	  2011	  and	  April	  2012.	  With	  each	  sampling	  method,	  the	  top	  10-‐15	  cm	  of	  bed	  

sediment	  was	  collected	  from	  depositional	  locations	  within	  the	  stream	  channel.	  Sediments	  

from	  EFPC,	  EFPC	  tributaries,	  and	  Hinds	  Creek	  were	  collected	  between	  October	  2011	  and	  

April	  2012.	  At	  these	  locations,	  3-‐5	  grab	  samples	  of	  surface	  sediment	  (0-‐6	  cm)	  from	  the	  mid-‐

channel	  were	  composited	  and	  then	  sieved	  through	  acid-‐cleaned	  mesh	  to	  obtain	  two	  size	  

fractions.	  The	  first	  size	  fraction	  included	  all	  sediment	  less	  than	  2	  mm	  (<2	  mm;	  hereafter	  

referred	  to	  as	  bulk	  sediment).	  The	  second	  size	  fraction	  included	  only	  sediments	  that	  passed	  

through	  a	  125	  μm	  mesh	  (<125	  μm;	  hereafter	  referred	  to	  as	  fine	  sediment	  or	  fines).	  All	  

sediments	  were	  immediately	  placed	  on	  ice	  in	  the	  field,	  transferred	  back	  to	  the	  laboratory	  

and	  frozen	  at	  -‐18°C	  for	  storage.	  

Prior	  to	  analysis,	  sieved	  sediments	  were	  dewatered	  by	  centrifugation,	  freeze-‐dried,	  

and	  homogenized.	  Sediment	  samples	  were	  combusted	  in	  an	  offline	  two-‐stage	  furnace	  to	  

isolate	  Hg	  for	  isotope	  analysis.32,	  43	  Between	  30	  and	  2500	  mg	  of	  sediment	  was	  placed	  in	  the	  

first	  stage	  of	  the	  furnace	  and	  slowly	  heated	  to	  750°C	  over	  6	  hours	  while	  the	  second	  stage	  of	  

the	  furnace	  was	  held	  at	  1000°C.	  The	  Hg	  released	  from	  the	  sediment	  matrix	  was	  carried	  in	  

Hg-‐free	  O2	  through	  the	  second	  furnace	  and	  into	  a	  1%KMnO4/1.8	  M	  H2SO4	  oxidizing	  solution	  

(1%KMnO4	  trap).	  The	  recovery	  of	  Hg	  during	  offline	  combustion	  averaged	  105	  ±	  16%	  
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(mean	  ±	  1SD,	  n=17;	  minimum	  =	  86%)	  for	  a	  subset	  of	  the	  samples,	  based	  on	  independent	  

concentration	  analysis	  by	  online	  combustion	  (Nippon	  MA-‐2000).	  Prior	  to	  isotopic	  analysis,	  

Hg	  in	  the	  original	  1%KMnO4	  trap	  was	  transferred	  into	  a	  secondary	  1%KMnO4/1.8M	  H2SO4	  

oxidizing	  solution	  (secondary	  1%KMnO4	  trap)	  to	  avoid	  any	  potential	  matrix	  effects	  from	  

combustion	  residues.33	  The	  recovery	  of	  Hg	  during	  this	  process	  averaged	  97	  ±	  5%	  (mean	  ±	  

1SD,	  n=	  41;	  minimum	  =	  88%).	  The	  Hg	  isotope	  composition	  of	  the	  secondary	  trap	  solution	  

was	  then	  measured	  using	  cold-‐vapor	  multi-‐collector	  inductively-‐coupled-‐plasma	  mass-‐

spectrometry	  (CV-‐MC-‐ICP-‐MS;	  Nu	  Plasma).	  The	  secondary	  trap	  solution	  was	  pre-‐reduced	  

by	  adding	  2%	  (w/w)	  of	  30%	  hydroxylamine	  hydrochloride	  (NH2OH�HCl)	  and	  diluted	  to	  

THg	  between	  3.6	  and	  5.0	  ng/g.	  The	  Hg2+	  in	  solution	  was	  reduced	  online	  to	  Hg0	  by	  addition	  

of	  SnCl2	  and	  then	  separated	  from	  solution	  using	  a	  frosted	  tip	  gas-‐liquid	  phase	  separator	  

and	  transported	  in	  Hg-‐free	  Ar	  gas	  to	  the	  MC-‐ICP-‐MS.	  Instrumental	  mass	  bias	  was	  corrected	  

by	  the	  introduction	  of	  an	  internal	  Tl	  standard	  (NIST	  997)	  as	  a	  dry	  aerosol	  to	  the	  Ar	  gas	  

stream	  and	  by	  sample-‐standard	  bracketing	  using	  NIST	  3133.44	  Here	  we	  report	  mercury	  

isotope	  compositions	  in	  delta	  notation,	  relative	  to	  the	  National	  Institute	  of	  Standards	  and	  

Technology	  (NIST)	  Standard	  Reference	  Material	  (SRM)	  3133	  using	  Equation	  [1]	  with	  MDF	  

based	  on	  the	  202Hg/198Hg	  ratio	  (δ202Hg).44	  MIF	  is	  the	  deviation	  from	  the	  theoretically	  

predicted	  δxxxHg	  and	  is	  reported	  with	  capital	  delta	  notation	  (ΔxxxHg)	  using	  Equation	  [2].	  In	  

the	  text	  we	  use	  Δ199Hg	  to	  denote	  MIF	  and	  calculate	  Δ199Hg	  using	  β	  =	  0.2520	  in	  Eq.	  [2].44	  All	  

β	  values	  and	  ΔxxxHg	  and	  δxxxHg	  values	  for	  samples	  and	  standards	  are	  presented	  in	  the	  

supporting	  information.	  

Equation	  [1]:	  δxxxHg	  (‰)	  =	  [[(xxxHg/198Hg)sample/(xxxHg/198Hg)NIST3133]-‐1]	  *	  1000	  

Equation	  [2]:	  ΔxxxHg	  =	  δxxxHg	  –	  (δ202Hg	  *	  β)	  
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Procedural	  blanks	  and	  sediment	  SRMs	  (NRC	  MESS-‐3	  and	  NIST	  1944)	  were	  

combusted	  and	  processed	  with	  samples	  in	  an	  identical	  manner.	  Procedural	  blanks	  yielded	  

between	  0.08	  and	  0.21	  ng	  of	  Hg	  (n=6),	  which	  was	  less	  than	  0.3%	  of	  the	  Hg	  in	  the	  final	  trap	  

solutions.	  The	  THg	  of	  sediment	  SRMs	  measured	  by	  offline	  combustion	  agreed	  within	  10%	  

of	  certified	  values.	  The	  yield	  for	  the	  secondary	  purge	  and	  trap	  procedure	  for	  sediment	  

SRMs	  averaged	  95	  ±	  4%	  (1SD;	  n=9;	  min	  =	  88%)	  and	  their	  Hg	  isotope	  composition	  was	  

consistent	  with	  previously	  reported	  measurements	  of	  the	  same	  materials	  (Table	  2.S2).23,	  27,	  

33,	  45	  We	  estimated	  the	  long-‐term	  analytical	  uncertainty	  of	  Hg	  isotope	  measurements	  using	  

the	  standard	  deviation	  (2SD)	  of	  the	  analytical	  session	  mean	  Hg	  isotopic	  composition	  of	  UM-‐

Almaden.	  We	  estimated	  external	  reproducibility	  from	  the	  standard	  error	  (2SE)	  of	  Hg	  

isotope	  measurements	  on	  replicate	  processing	  of	  SRMs.	  The	  2SD	  of	  UM-‐Almaden	  was	  

always	  less	  than	  the	  2SE	  of	  replicate	  SRMs,	  therefore	  we	  use	  the	  2SE	  of	  SRMs	  to	  represent	  

the	  uncertainty	  associated	  with	  Hg	  isotope	  measurements	  in	  this	  study:	  ±0.11‰	  for	  δ202Hg	  

and	  ±0.06‰	  for	  Δ199Hg.	  	  

2.3	  Results	  and	  Discussion	  	  

2.3.1	  Mercury	  Concentrations	  in	  Sediments	  near	  Oak	  Ridge,	  TN	  

Total	  Hg	  concentrations	  (THg)	  in	  the	  sampled	  sediments	  varied	  over	  more	  than	  

three	  orders	  of	  magnitude	  between	  relatively	  uncontaminated	  streams	  and	  streams	  

directly	  affected	  by	  Y12	  discharges	  (Figure	  2.2).	  Sediments	  in	  EFPC,	  directly	  downstream	  of	  

Y12,	  had	  THg	  between	  3.26	  and	  60.1	  μg/g	  (mean	  =	  24.4	  μg/g)	  whereas	  nearby	  streams	  that	  

do	  not	  receive	  Y12	  effluents	  had	  variable	  but	  relatively	  low	  THg	  (0.011	  to	  0.212	  μg/g;	  mean	  

=	  0.07	  μg/g).	  	  Although	  unaffected	  by	  Y12	  effluents,	  intermediate	  THg	  was	  measured	  in	  fine	  
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sediments	  from	  EFPC	  tributaries	  (THg	  between	  0.077	  and	  0.212	  μg/g)	  and	  sediments	  from	  

Poplar	  Creek	  (THg	  of	  0.062	  and	  0.118	  μg/g).	  In	  contrast,	  sediments	  from	  the	  Clinch	  River	  

not	  influenced	  by	  Y12	  had	  a	  maximum	  THg	  of	  0.051	  μg/g	  and	  mean	  of	  0.028	  μg/g	  (±0.016	  

μg/g,	  1SD;	  n=4)	  and	  bulk	  and	  fine	  Hinds	  Creek	  sediments	  had	  THg	  of	  0.011	  and	  0.031	  μg/g,	  

respectively.	  Consistently	  low	  THg	  sediments	  in	  Hinds	  Creek	  and	  the	  Clinch	  River	  are	  

comparable	  to	  uncontaminated	  terrestrial	  soils	  and	  non-‐point	  source	  impacted	  stream	  

sediments	  from	  across	  the	  United	  States	  (median	  THg	  of	  0.030	  μg/g;	  n=259).13,	  46	  

Sediments	  downstream	  of	  EFPC,	  and	  therefore	  impacted	  by	  Y12	  effluents,	  had	  

elevated	  THg	  compared	  to	  sediments	  in	  the	  same	  streams	  that	  were	  not	  affected	  by	  Y12	  

(Figure	  2.2).	  Poplar	  Creek	  embayment	  sediments	  had	  THg	  between	  2.16	  and	  3.87	  μg/g	  and	  

relatively	  high	  concentrations	  persisted	  downstream	  into	  the	  Clinch	  River	  where	  THg	  was	  

between	  0.242	  and	  0.763	  μg/g.	  Measured	  THg	  was	  similar	  to	  previous	  studies	  of	  the	  Y12	  

influence	  on	  downstream	  sediments26,	  34,	  47,	  48	  and	  is	  consistent	  with	  the	  export	  of	  

sediment-‐bound	  Hg	  from	  EFPC5.	  However,	  multiple	  Hg	  sources	  exist	  in	  the	  region	  and	  their	  

influence	  on	  the	  sampled	  sediments,	  both	  upstream	  and	  downstream	  of	  Y12	  influence,	  

cannot	  be	  quantified	  by	  THg	  alone.	  

	  

2.3.2	  Mercury	  Isotopic	  Variation	  in	  Sediments	  near	  Oak	  Ridge,	  TN 

Sediments	  from	  the	  Oak	  Ridge	  region	  have	  a	  large	  range	  of	  δ202Hg	  (-‐5.07	  to	  

+0.26‰)	  and	  a	  small	  but	  significant	  range	  of	  Δ199Hg	  (-‐0.28	  to	  -‐0.01‰).	  This	  isotopic	  

variation	  could	  result	  entirely	  from	  the	  mixing	  of	  multiple	  Hg	  sources,	  but	  only	  if	  in-‐situ	  

environmental	  processes	  did	  not	  significantly	  alter	  sediment	  Hg	  isotope	  ratios.	  Hg	  isotopes	  

in	  sediment	  can	  be	  fractionated	  only	  if	  a	  significant	  mass	  of	  Hg	  with	  a	  contrasting	  isotopic	  
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composition,	  is	  preferentially	  lost	  from	  (or	  added	  to)	  the	  sediments.	  Although	  Hg	  isotope	  

fractionation	  occurs	  during	  Hg	  binding	  with	  solids49,19	  and	  redox	  transformations	  of	  

dissolved	  Hg2+	  18,	  50	  or	  liquid	  Hg0,51	  fractionation	  of	  Hg	  bound	  to	  sediments	  has	  not	  been	  

directly	  demonstrated.	  Hypothetically,	  to	  produce	  a	  shift	  in	  δ202Hg	  of	  1‰	  from	  Hg2+	  

reduction	  (and	  complete	  removal	  of	  Hg0),	  using	  typical	  fractionation	  factors	  for	  microbial	  

or	  photochemical	  reduction	  and	  a	  Rayleigh-‐type	  fractionation	  model,16	  on	  the	  order	  of	  50%	  

of	  the	  Hg	  in	  sediment	  would	  have	  to	  be	  removed.	  In	  EFPC	  sediments	  and	  soils	  the	  majority	  

of	  Hg	  is	  strongly	  bound	  to	  organic	  matter	  or	  solid	  phases	  such	  as	  sulfides,	  and	  typically	  only	  

a	  small	  fraction	  of	  Hg	  (<5%)	  is	  thought	  to	  be	  labile	  or	  volatile.5,	  37,	  39,	  40	  It	  has	  been	  estimated	  

that	  EFPC	  floodplains	  soils	  emit	  1-‐10	  kg	  Hg/yr	  to	  the	  atmosphere,12	  yet	  this	  annual	  flux	  is	  

less	  than	  0.02%	  of	  the	  total	  Hg	  stored	  in	  floodplain	  soils	  (70,000-‐80,000	  kg)52.	  Thus,	  

floodplain	  evasion	  is	  unlikely	  to	  measurably	  alter	  Hg	  isotope	  ratios	  of	  floodplain	  soils	  even	  

if	  the	  evaded	  Hg	  has	  a	  highly	  contrasting	  Hg	  isotopic	  composition.	  A	  nearby	  study	  in	  the	  

Clinch	  and	  Emory	  Rivers	  further	  demonstrated	  the	  stability	  of	  Hg	  isotope	  values	  over	  

multiple	  months	  of	  sediment	  sampling.26	  Therefore,	  we	  expect	  that	  in	  situ	  fractionation	  is	  

not	  likely	  to	  appreciably	  alter	  sediment	  Hg	  isotopic	  compositions	  in	  our	  study.	  	  

In	  the	  absence	  of	  significant	  environmental	  fractionation,	  we	  suggest	  that	  the	  best	  

explanation	  for	  the	  variation	  in	  sediment	  Hg	  isotope	  values	  in	  the	  study	  area	  is	  the	  input	  of	  

multiple	  Hg	  sources.	  Sediments	  directly	  downstream	  of	  Y12	  have	  a	  narrow	  range	  of	  δ202Hg	  

and	  Δ199Hg	  that	  is	  distinct	  from	  the	  low	  THg	  sediments	  in	  the	  Clinch	  River	  and	  Hinds	  Creek	  

(Figure	  2.3).	  Sediments	  located	  downstream	  of	  Y12	  in	  the	  Clinch	  River	  have	  Hg	  isotope	  

values	  between	  these	  two	  endmember	  Hg	  isotope	  compositions	  (Figure	  2.4).	  However,	  

intermediate	  THg	  sediments	  from	  EFPC	  tributaries	  and	  Poplar	  Creek	  have	  more	  variable	  
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and	  sometimes	  much	  lower	  δ202Hg	  than	  either	  reference	  sediments	  or	  Y12	  impacted	  

sediments.	  Therefore,	  we	  suggest	  that	  there	  is	  a	  third	  Hg	  source	  to	  sediments	  in	  the	  study	  

area	  that	  is	  characterized	  by	  low	  δ202Hg	  and	  Δ199Hg	  near	  zero.	  	  Below	  we	  examine	  the	  

origin	  of	  each	  of	  the	  three	  proposed	  Hg	  isotope	  endmembers	  required	  to	  explain	  the	  

distribution	  of	  data	  on	  Figures	  2.3	  and	  2.4.	  	  

	  

	  2.3.2.1	  Regional	  Background	  Hg	  	  

Sediments	  from	  the	  Clinch	  River	  and	  Hinds	  Creek	  that	  were	  not	  affected	  by	  Y12	  

discharges	  have	  consistently	  low	  THg	  (0.026	  ±	  0.014	  μg/g;)	  and	  a	  narrow	  range	  in	  Hg	  

isotopic	  composition	  with	  δ202Hg	  of	  -‐1.40	  ±	  0.06‰	  and	  Δ199Hg	  of	  -‐0.26	  ±	  0.03‰	  (mean	  ±	  

1SD,	  n=6).	  	  Streambed	  sediments	  are	  a	  mixture	  of	  geogenic	  mineral	  particles,	  soil	  particles	  

and	  terrestrial	  organic	  matter	  derived	  from	  the	  watershed.	  Similar	  Hg	  isotope	  values	  (low	  

δ202Hg	  and	  negative	  Δ199Hg)	  have	  previously	  been	  measured	  in	  soils,	  coal	  and	  terrestrial	  

foliage43,	  53,	  54	  and	  are	  characteristic	  of	  a	  mixture	  of	  geogenic	  and	  atmospheric	  Hg	  

accumulation	  in	  terrestrial	  environments.43	  Consequently,	  we	  interpret	  these	  sediments	  

from	  the	  Clinch	  River	  to	  be	  a	  reasonable	  representation	  of	  a	  mixture	  of	  background	  Hg	  

sources	  in	  the	  region	  (i.e.,	  geogenic	  Hg	  and	  long-‐range	  atmospheric	  Hg	  deposition)	  that	  

have	  accumulated	  in	  the	  watershed.	  Low	  THg	  (0.021	  ±	  0.008	  μg/g)	  sediments	  from	  the	  

Emory	  River,	  a	  similarly	  sized	  watershed	  (~2250	  km2)	  that	  is	  partially	  located	  within	  our	  

study	  area	  (Figure	  2.1),	  had	  comparable	  δ202Hg	  of	  -‐1.17	  ±	  0.13‰	  and	  Δ199Hg	  of	  -‐0.21	  ±	  

0.06‰	  (mean	  ±	  1SD,	  n=6).26	  This	  supports	  our	  interpretation	  of	  a	  regionally	  integrated	  

background	  Hg	  isotope	  signal	  in	  Clinch	  River	  sediments	  when	  not	  directly	  impacted	  by	  Hg	  

point	  sources.	  	  
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2.3.2.2	  Y12	  Derived	  Hg	  	  

EFPC	  streambed	  sediments	  were	  directly	  contaminated	  by	  discharges	  of	  high	  THg	  

effluents	  from	  Y12	  and	  these	  sediments	  are	  isotopically	  distinct	  from	  all	  non-‐Y12	  impacted	  

sediments	  in	  the	  region.	  There	  is	  some	  variation	  between	  Hg	  isotopes	  in	  fine	  and	  bulk	  

sediment,	  yet	  combined	  they	  exhibit	  a	  small	  range	  in	  δ202Hg	  (-‐0.28	  to	  +0.26	  ‰)	  and	  Δ199Hg	  

(-‐0.03	  to	  -‐0.13	  ‰).	  We	  cannot	  rule	  out	  the	  possibility	  that	  processes	  within	  Y12,	  such	  as	  

evaporation	  or	  oxidation,	  might	  fractionate	  Hg	  between	  the	  liquid	  Hg	  source	  and	  Hg	  in	  

sediments.	  Nonetheless,	  the	  Hg	  isotope	  values	  in	  EFPC	  sediments	  are	  generally	  comparable	  

to	  measured	  values	  for	  liquid	  metallic	  Hg	  from	  a	  variety	  of	  sources51,	  55,	  56	  and	  consistent	  

with	  sediments	  contaminated	  by	  industrial	  Hg	  discharges19,	  23,	  27,	  31.	  Moreover,	  the	  Hg	  

isotope	  values	  display	  no	  systematic	  longitudinal	  changes	  in	  δ202Hg	  or	  Δ199Hg	  (δ202Hg	  was	  

independent	  of	  the	  sampling	  distance	  downstream	  of	  Y12;	  distance	  vs.	  δ202Hg	  for	  bulk	  and	  

fine	  sediments	  had	  r2	  =	  0.03,	  p	  =	  0.74,	  n=6	  and	  r2	  =	  0.01,	  p	  =	  0.85,	  n=6,	  respectively;	  Figure	  

2.S2)	  and	  thus	  our	  data	  provide	  no	  evidence	  of	  in-‐situ	  fractionation	  between	  the	  furthest	  

upstream	  sampling	  location	  (EFK22.3)	  and	  Poplar	  Creek.	  Therefore,	  we	  use	  the	  mean	  Hg	  

isotopic	  composition	  of	  all	  EFPC	  sediments	  (both	  fine	  and	  bulk	  fractions)	  to	  approximate	  

the	  Y12	  derived	  Hg	  endmember:	  δ202Hg	  of	  0.02	  ±	  0.15‰	  and	  Δ199Hg	  of	  -‐0.07	  ±	  0.03‰	  with	  

mean	  sediment	  THg	  of	  24.4	  ±	  18.6	  μg/g	  (mean	  ±	  1SD,	  n=12).	  	  

As	  mentioned	  above,	  there	  are	  slight	  variations	  in	  the	  Hg	  isotopic	  composition	  

between	  EFPC	  sediment	  size	  fractions	  (Figure	  2.S2).	  The	  THg	  of	  fines	  at	  each	  location	  was	  

between	  1.8	  and	  18	  times	  higher	  (mean	  difference	  =	  28.3	  μg/g,	  p=0.010,	  n=6)	  than	  the	  co-‐

occurring	  bulk	  sediment	  (Figure	  2.2).	  	  This	  is	  consistent	  with	  other	  studies,	  which	  have	  



24	  

demonstrated	  that	  Hg	  in	  EFPC	  is	  primarily	  bound	  to	  fine	  sediments	  and	  fine	  sediments	  

constitute	  a	  significant	  but	  variable	  proportion	  of	  the	  streambed	  sediment.5,	  8	  In	  this	  study	  

we	  did	  not	  measure	  the	  mass	  proportion	  of	  sediment	  in	  the	  <125	  μm	  fraction,	  but	  it	  is	  

possible	  that	  the	  variable	  THg	  enrichment	  between	  fine	  and	  bulk	  sediments	  could	  largely	  

be	  explained	  by	  dilution	  with	  a	  varying	  mass	  of	  coarse	  materials.	  Nonetheless,	  the	  

difference	  in	  δ202Hg	  between	  fine	  and	  bulk	  sediments,	  expressed	  as	  an	  isotope	  enrichment	  

factor:	  ε202fine-‐bulk	  (ε202fine-‐bulk	  =	  δ202Hgfine	  -‐	  δ202Hgbulk	  and	  Ε199fine-‐bulk	  =	  Δ199Hgfine	  -‐	  Δ199Hgbulk),	  

was	  significant	  at	  the	  uppermost	  (EFK22.3)	  and	  lowermost	  (EFK5)	  sampling	  sites	  (ε202fine-‐

bulk	  of	  +0.45‰	  and	  +0.33‰,	  respectively;	  Figure	  2.S2).	  At	  midstream	  locations	  (EFK9.8,	  

EFK13.8,	  EFK17.8,	  and	  EFK18.2),	  the	  ε202fine-‐bulk	  values	  (0.18,	  0.00,	  -‐0.10	  and	  0.07‰,	  

respectively)	  were	  close	  to	  the	  limits	  of	  analytical	  uncertainty.	  Overall,	  the	  magnitude	  of	  

ε202fine-‐bulk	  at	  EFPC	  locations	  was	  not	  dependent	  on	  the	  degree	  of	  THg	  enrichment	  in	  the	  co-‐

occurring	  fine	  sediments	  and	  the	  Ε199fine-‐bulk	  was	  insignificant	  at	  all	  locations.	  	  

There	  are	  at	  least	  two	  possible	  explanations	  for	  significant	  differences	  in	  δ202Hg	  

between	  sediment	  size	  fractions.	  First,	  it	  is	  possible	  that	  Hg	  released	  from	  Y12	  was	  

preferentially	  associated	  with	  and	  retained	  in	  solids	  of	  a	  specific	  particle	  size	  (i.e.,	  Hg	  

sorbed	  to	  fine	  clays,	  surfaces	  of	  oxides	  or	  in	  Hg-‐sulfide	  particles).	  For	  example,	  

experimental	  studies	  suggest	  that	  during	  Hg	  precipitation	  with	  sulfides19,	  sorption	  to	  

organic	  matter57,	  or	  sorption	  to	  goethite49	  the	  solid	  phases	  would	  be	  initially	  enriched	  with	  

light	  Hg	  isotopes.	  If	  these	  solids	  were	  preferentially	  retained	  in	  the	  fine	  sediments,	  then	  

fines	  would	  exhibit	  lower	  δ202Hg.	  However,	  when	  ε202fine-‐bulk	  is	  significant	  (at	  EFK22.3	  and	  

EFK5)	  the	  fine	  sediments	  exhibit	  higher	  δ202Hg	  than	  the	  bulk	  sediments	  (+ε202fine-‐bulk)	  

rather	  than	  the	  lower	  δ202Hg	  (-‐	  ε202fine-‐bulk)	  that	  would	  be	  expected	  if	  fines	  contained	  Hg	  
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fractionated	  during	  initial	  sorption	  or	  coprecipitation	  reactions	  alone.	  Alternatively,	  

differences	  in	  the	  input	  of	  isotopically	  distinct	  Hg	  sources	  (e.g.,	  riparian	  streambanks	  or	  

soils)	  that	  contribute	  to	  sediment	  size	  fractions	  at	  each	  location	  could	  influence	  the	  ε202fine-‐

bulk.	  	  In	  EFPC	  a	  significant	  portion	  of	  entrained	  fine	  sediments	  in	  the	  streambed	  are	  derived	  

from	  streambank	  erosion	  with	  minor	  contributions	  from	  floodplain	  soils.5,	  8	  Streambank	  

and	  floodplain	  soils	  in	  EFPC	  have	  not	  been	  isotopically	  characterized	  but	  may	  contain	  

different	  Hg	  species	  or	  geochemical	  constituents	  4,	  37,	  39,	  40.	  If,	  for	  example,	  the	  <125	  μm	  

floodplain	  soils	  have	  higher	  δ202Hg	  than	  the	  bulk	  streambed,	  then	  variable	  contributions	  of	  

floodplain	  Hg	  to	  the	  streambed	  at	  each	  location	  could	  explain	  the	  observed	  ε202fine-‐bulk	  

variation.	  At	  the	  present	  time,	  we	  are	  unable	  to	  mechanistically	  explain	  the	  variable	  ε202fine-‐

bulk	  in	  EFPC.	  However,	  future	  work	  to	  investigate	  the	  isotopic	  composition	  of	  specific	  Hg	  

forms	  in	  these	  sediments	  (e.g.,	  Hg-‐sulfides	  or	  organic	  bound	  Hg)	  or	  additional	  Hg	  

reservoirs	  in	  the	  watershed	  (e.g.,	  floodplain	  soils)	  may	  better	  elucidate	  Hg	  isotope	  

differences	  between	  sediment	  size	  fractions.	  	  	  

	  

2.3.2.3	  Origin	  of	  Low	  δ202Hg	  Endmember	  

Very	  low	  δ202Hg,	  and	  Δ199Hg	  near	  zero,	  is	  observed	  in	  stream	  sediments	  in	  the	  Oak	  

Ridge	  region	  that	  have	  intermediate	  THg	  (0.062	  to	  0.212	  μg/g)	  and	  no	  headwater	  Hg	  point	  

sources.	  As	  discussed	  above,	  environmental	  isotope	  fractionation	  might	  potentially	  alter	  Hg	  

isotope	  ratios	  in	  sediments,	  but	  we	  have	  argued	  that	  this	  is	  unlikely	  to	  shift	  isotope	  values	  

significantly	  because	  such	  a	  large	  fraction	  of	  Hg	  in	  sediments	  would	  have	  to	  be	  removed.	  

The	  location	  of	  low	  δ202Hg	  sediments	  is	  scattered	  within	  the	  study	  area	  and	  in	  some	  cases,	  

low	  δ202Hg	  is	  only	  apparent	  in	  the	  fine	  sediments.	  Therefore,	  if	  very	  low	  δ202Hg	  results	  from	  



26	  

fractionation	  in	  the	  environment,	  such	  processes	  must	  also	  be	  unique	  to	  a	  small	  subset	  of	  

streams.	  Alternatively,	  we	  suggest	  that	  low	  δ202Hg	  values	  in	  sediments	  represent	  input	  

from	  an	  additional	  Hg	  source	  with	  a	  distinct	  Hg	  isotopic	  composition	  (Figures	  2.3,	  2.4).	  This	  

putative	  endmember	  is	  evident	  in	  sediments	  from	  Poplar	  Creek	  and	  EFPC	  tributaries;	  both	  

of	  which	  have	  no	  headwater	  Hg	  point	  sources	  but	  are	  in	  close	  proximity	  to	  airborne	  Hg	  

emissions	  from	  Department	  of	  Energy	  facilities	  (Y12	  and	  K25)	  and	  TVA	  coal	  fired	  power	  

plants.	  Therefore,	  although	  speculative,	  we	  suggest	  that	  one	  possible	  explanation	  for	  the	  

low	  δ202Hg	  signal	  observed	  in	  sediments	  is	  the	  input	  of	  Hg	  from	  nearby	  atmospheric	  

sources.	  	  	  

Fine	  and	  bulk	  sediment	  from	  EFPC	  tributaries	  and	  bulk	  sediments	  from	  Poplar	  

Creek	  upstream	  of	  EFPC	  had	  a	  much	  larger	  range	  in	  δ202Hg	  (-‐5.07	  to	  -‐0.84‰)	  and	  Δ199Hg	  (-‐

0.20	  to	  -‐0.01‰)	  than	  other	  non-‐Y12	  influenced	  sediments	  in	  the	  region	  (Figure	  2.3).	  The	  

isotopic	  composition	  of	  these	  sediments	  cannot	  be	  explained	  by	  Y12	  or	  regional	  

background	  Hg	  sources.	  In	  EFPC	  tributaries,	  fine	  sediments	  had	  δ202Hg	  of	  -‐1.32	  to	  -‐3.22‰	  

and	  Δ199Hg	  of	  -‐0.01	  to	  -‐0.16‰,	  whereas	  bulk	  tributary	  sediments	  had	  higher	  δ202Hg	  of	  -‐

0.84	  to	  -‐1.71‰.	  Thus,	  at	  each	  tributary	  location,	  there	  was	  a	  significant	  negative	  ε202fine-‐bulk	  

that	  was	  in	  contrast	  to	  the	  significant	  positive	  ε202fine-‐bulk	  observed	  at	  two	  EFPC	  sampling	  

locations.	  The	  δ202Hg	  values	  for	  Poplar	  Creek	  (as	  low	  as	  -‐5.07‰)	  and	  one	  EFPC	  tributary	  (-‐

3.22‰;	  Trib16)	  are	  among	  the	  lowest	  yet	  reported	  for	  stream	  sediments.	  For	  comparison,	  

other	  low	  δ202Hg	  stream	  sediments	  (δ202Hg	  of	  -‐2.75‰	  to	  -‐4.00‰)	  were	  collected	  in	  

relatively	  uncontaminated	  tributaries	  (THg	  of	  0.09	  to	  0.14	  μg/g)	  that	  were	  near,	  but	  not	  

directly	  receiving	  effluent	  from,	  Hg	  contaminated	  mine	  tailings	  in	  New	  Brunswick,	  

Canada.19	  Similarly	  low	  δ202Hg	  (as	  low	  as	  -‐3.8‰)	  was	  also	  observed	  in	  sediments	  of	  
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shallow	  lakes	  in	  NW	  Quebec	  (Canada)	  that	  were	  in	  close	  proximity	  (21	  km	  or	  less)	  to	  

smelting	  operations	  and	  had	  THg	  of	  0.05	  to	  0.38	  μg/g.58	  However,	  low	  δ202Hg	  values	  (-‐

2.50‰	  to	  -‐2.91‰)	  have	  also	  been	  reported	  for	  lake	  sediments	  near	  Seattle,	  Washington	  

(USA)	  that	  were	  deposited	  prior	  to	  the	  presence	  of	  nearby	  anthropogenic	  Hg	  sources.59	  	  

It	  is	  likely	  that	  all	  streambed	  sediments	  have	  some	  contribution	  from	  atmospheric	  

Hg	  deposition.	  However,	  if	  nearby	  point	  source	  emissions	  are	  the	  dominant	  source	  of	  Hg	  

deposition	  to	  a	  watershed,	  then	  incorporation	  of	  this	  Hg	  into	  sediments	  could	  lead	  to	  low	  

δ202Hg	  values.	  It	  has	  been	  demonstrated	  that	  precipitation	  collected	  in	  close	  proximity	  to	  a	  

coal	  fired	  utility	  boiler	  (CFUB)	  had	  much	  lower	  δ202Hg	  than	  precipitation	  not	  directly	  

adjacent	  to	  the	  CFUB	  (and	  presumably	  containing	  long-‐range	  transported	  Hg).60	  In	  that	  

study,	  precipitation	  collected	  within	  11	  km	  of	  a	  single	  large	  CFUB	  (~300	  kg	  Hg/yr)	  in	  

Florida	  (USA)	  had	  very	  low	  δ202Hg	  (-‐2.56	  ±	  1.10‰;	  mean	  ±	  1SD,	  with	  a	  minimum	  value	  of	  -‐

4.37‰)	  and	  slightly	  positive	  Δ199Hg	  (0.09	  to	  0.62‰).60	  Changes	  in	  the	  source	  of	  feed	  coal	  

and	  emission	  control	  technologies	  likely	  influence	  the	  isotopic	  composition	  of	  CFUB	  

residues	  and	  emissions.60,	  61	  Feed	  coal	  combusted	  at	  TVA	  Kingston	  and	  TVA	  Bull	  Run	  in	  

2011	  was	  primarily	  sourced	  from	  the	  Appalachian	  region,62	  which	  is	  similar	  to	  feed	  coals	  

for	  the	  Florida	  CFUB	  study60.	  Combustion	  residues	  (fly	  ash	  slurry)	  stored	  at	  the	  TVA	  

Kingston	  CFUB	  also	  had	  relatively	  low	  δ202Hg	  and	  negative	  Δ199Hg	  (δ202Hg	  of	  -‐1.78	  ±0.35‰	  

and	  Δ199Hg	  of	  -‐0.21	  ±	  0.03‰;	  mean	  ±	  1SD).26	  Therefore,	  we	  would	  expect	  a	  similarly	  low	  

δ202Hg	  in	  precipitation	  collected	  in	  close	  proximity	  to	  the	  TVA	  CFUBs.	  Thus,	  the	  proximity	  

of	  sampling	  locations	  to	  coal	  fired	  utilities	  may	  be	  important	  when	  interpreting	  Hg	  isotope	  

values	  in	  stream	  sediments	  in	  this	  region.	  
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	   Historical	  vapor	  phase	  Hg	  emissions	  from	  Y12	  are	  well	  documented2	  and	  gaseous	  

Hg	  (Hg0g)	  emissions	  from	  the	  EFPC	  floodplains	  are	  significant12.	  Therefore,	  an	  alternative	  

explanation	  for	  anomalous	  δ202Hg	  in	  stream	  sediments	  could	  be	  the	  incorporation	  of	  

anthropogenic	  Hg0g	  with	  distinctly	  low	  δ202Hg.	  For	  example,	  vapor	  phase	  Hg	  displayed	  

significantly	  lower	  δ202Hg	  (δ202Hg	  of	  -‐0.58	  ±	  0.12‰)	  adjacent	  to	  Hg	  emission	  sources	  near	  

Chicago,	  IL	  (USA)	  when	  compared	  to	  rural	  locations.29	  Low	  δ202Hg,	  between	  -‐2.32	  to	  -‐

1.88‰	  (with	  Δ199Hg	  between	  -‐0.24	  and	  -‐0.34‰),	  was	  also	  measured	  in	  ambient	  gaseous	  

Hg	  collected	  above	  (and	  presumably	  reemitted	  from)	  Hg	  contaminated	  rice	  fields.63	  We	  

would	  expect	  that	  if	  historical	  vapor	  phase	  Hg	  emissions	  from	  Y12	  were	  from	  liquid	  Hg	  

evaporation,	  then	  atmospheric	  Hg0	  would	  have	  lower	  δ202Hg	  than	  the	  primary	  liquid	  Hg	  

source.51	  Additionally,	  flue	  gas	  Hg0	  from	  CFUBs	  would	  be	  expected	  to	  have	  δ202Hg	  that	  is	  

similar	  to	  or	  slightly	  higher	  (+0.3‰)	  than	  the	  feed	  coal.61	  If	  atmospheric	  Hg0,	  either	  from	  

EFPC	  floodplain	  reemissions,	  Y12	  emissions	  or	  CFUB	  flue	  gas,	  was	  incorporated	  into	  foliage	  

through	  leaf	  stomata	  (with	  additional	  negative	  MDF	  of	  up	  to	  2.9‰)43	  then	  Hg	  with	  

extremely	  low	  δ202Hg	  could	  be	  deposited	  to	  the	  forest	  floor	  and	  incorporated	  into	  soils	  or	  

sediments.	  

	   The	  anomalous	  low	  δ202Hg	  values	  measured	  in	  sediments	  from	  Poplar	  Creek	  and	  

EFPC	  Tributaries,	  which	  we	  hypothesize	  are	  derived	  from	  an	  atmospheric	  Hg	  source,	  were	  

not	  discernable	  in	  sediments	  from	  the	  Clinch	  River	  that	  were	  likewise	  collected	  close	  to	  

atmospheric	  Hg	  emission	  sources.	  It	  is	  possible	  that	  regional	  background	  Hg	  stored	  in	  

Clinch	  River	  sediments,	  which	  is	  partially	  derived	  from	  long	  range	  transported	  Hg	  

deposited	  across	  the	  watershed,	  effectively	  dilutes	  the	  isotopically	  anomalous,	  local	  

atmospheric	  Hg	  source	  that	  was	  deposited	  across	  a	  very	  small	  portion	  of	  the	  watershed	  
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area.	  In	  contrast,	  if	  atmospheric	  Hg	  from	  local	  emissions	  (such	  as	  Hg0	  reemission	  or	  CFUB-‐

derived	  Hg	  in	  precipitation)	  were	  deposited	  across	  an	  entire	  small	  watershed	  its	  isotopic	  

composition	  could	  overwhelm	  the	  background	  Hg	  isotope	  signal	  in	  sediments.	  Thus,	  the	  Hg	  

isotope	  composition	  of	  sediments	  from	  streams	  with	  no	  direct	  aquatic	  Hg	  inputs	  and	  small	  

watersheds	  could	  be	  more	  sensitive	  to	  inputs	  from	  atmospheric	  Hg	  emissions	  than	  larger	  

streams	  in	  the	  same	  region.	  	  

	  

2.3.3	  Hg	  Endmember	  Mixing	  Downstream	  of	  Y12	  

Poplar	  Creek	  and	  Clinch	  River	  sediments	  located	  downstream	  of	  EFPC,	  and	  

therefore	  directly	  affected	  by	  Y12,	  had	  Hg	  isotope	  ratios	  similar	  to	  sediments	  from	  EFPC	  

(Figure	  2.3;	  Figure	  2.S3).	  The	  isotopic	  composition	  of	  Poplar	  Creek	  embayment	  sediments	  

(δ202Hg	  of	  0.00	  ±	  0.09‰	  and	  Δ199Hg	  of	  -‐0.11	  ±	  0.04‰;	  mean	  ±	  1SD,	  n=4)	  is	  within	  

analytical	  uncertainty	  of	  EFPC	  sediments,	  suggesting	  that	  sediment	  bound	  Hg	  is	  not	  

fractionated	  significantly	  during	  transport	  to	  Poplar	  Creek.	  Thus,	  Hg	  isotopes	  are	  a	  

sensitive	  tracer	  of	  sediment-‐bound	  Hg	  that	  was	  derived	  from	  Y12,	  resuspended,	  and	  

transported	  downstream.	  The	  stepwise	  decrease	  in	  sediment	  THg	  between	  Poplar	  Creek	  

and	  the	  Clinch	  River	  coincides	  with	  a	  small	  shift	  towards	  lower	  δ202Hg	  (Figure	  2.4).	  

Although	  we	  propose	  three	  Hg	  isotope	  endmembers	  for	  the	  region,	  the	  isotopic	  

composition	  of	  Clinch	  River	  sediments	  downstream	  of	  Y12	  indicates	  that	  the	  third,	  low	  

δ202Hg	  endmember	  is	  either	  not	  present	  or	  is	  overwhelmed	  by	  other	  Hg	  sources.	  Assuming	  

that	  the	  Hg	  isotope	  composition	  and	  THg	  of	  Clinch	  River	  sediments	  is	  relatively	  stable	  over	  

time,26	  the	  Hg	  in	  downstream	  Clinch	  River	  sediments	  can	  be	  most	  simply	  explained	  by	  the	  

mixing	  of	  two	  Hg	  source	  endmembers:	  regional	  background	  Hg	  and	  Y12	  derived	  Hg.	  	  
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Consequently,	  we	  employed	  a	  binary	  mixing	  model	  to	  quantify	  the	  contribution	  of	  

these	  Hg	  sources	  to	  downstream	  Clinch	  River	  sediments.	  Propagation	  of	  analytical	  errors	  

and	  consideration	  of	  endmember	  variability	  resulted	  in	  uncertainties	  of	  less	  than	  ±6%	  

(1SE)	  for	  these	  estimates.	  At	  CRK0	  and	  CRK15,	  the	  Hg	  in	  sediments	  is	  76%	  and	  78%	  

attributable	  to	  Y12,	  whereas	  at	  CRK2	  and	  CRK7,	  δ202Hg	  was	  much	  lower	  (-‐0.80‰	  and	  -‐

0.85‰,	  respectively)	  and	  Hg	  in	  sediments	  was	  only	  41%	  and	  38%	  attributable	  to	  Y12,	  

respectively.	  The	  CRK2	  and	  CRK7	  sampling	  sites	  are	  the	  two	  locations	  nearest	  to	  the	  Clinch	  

River-‐Emory	  River	  confluence.	  This	  confluence	  was	  the	  site	  of	  a	  December	  2008	  spill	  of	  4	  

million	  m3	  of	  coal	  ash	  from	  the	  TVA	  Kingston	  Fossil	  Plant.64	  The	  materials	  from	  this	  spill	  

were	  dispersed	  upstream	  to	  Clinch	  River	  Mile	  5	  (CRK8)	  and	  downstream	  to	  the	  Tennessee	  

River	  (CRK0).64	  Therefore,	  it	  is	  likely	  that	  sediments	  sampled	  downstream	  of	  CRK8	  (CRK0,	  

CRK2	  and	  CRK7)	  consisted	  of	  Y12	  derived	  Hg	  that	  was	  diluted	  with	  both	  regional	  

background	  Hg	  and	  Hg	  in	  fly	  ash	  wastes.	  The	  fly	  ash	  slurry	  had	  THg	  of	  0.133	  ±	  0.023	  μg/g	  

and	  its	  isotope	  composition	  was	  previously	  measured	  as	  δ202Hg	  of	  -‐1.78	  ±	  0.35‰	  and	  

Δ199Hg	  of	  -‐0.21	  ±	  0.03‰	  (mean	  ±	  1SD,	  n=4).26	  We	  suspect	  that	  additional	  dilution	  with	  

either	  Emory	  River	  sediments	  or	  recently	  released	  fly	  ash	  slurry	  may	  partially	  explain	  the	  

lower	  contribution	  of	  Y12	  derived	  Hg	  at	  CRK2	  and	  CRK7.	  Nonetheless,	  it	  is	  clear	  that	  at	  

downstream	  Clinch	  River	  locations,	  Y12	  derived	  Hg	  exported	  from	  EFPC	  and	  Poplar	  Creek	  

is	  a	  significant	  source	  of	  Hg	  to	  the	  sediments.	  	  

	  

2.3.4	  Implications	  for	  Future	  Work	  	  

This	  study	  demonstrates	  that	  sediments	  in	  EFPC	  that	  were	  contaminated	  by	  

industrial	  discharges	  of	  Hg	  from	  Y12	  have	  a	  unique	  Hg	  isotopic	  composition	  when	  
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compared	  to	  sediments	  that	  were	  not	  influenced	  by	  Y12.	  Fish	  from	  EFPC	  have	  THg	  that	  are	  

elevated	  above	  the	  EPA	  recommended	  water	  quality	  criterion	  threshold.7,	  65	  Therefore,	  

ongoing	  work	  to	  measure	  the	  isotopic	  composition	  of	  specific	  Hg	  species	  in	  sediments	  (e.g.,	  

Hg-‐sulfides,	  organic-‐bound,	  etc.)	  and	  the	  isotopic	  composition	  of	  Hg	  in	  biota,	  may	  provide	  a	  

greater	  understanding	  of	  Hg	  bioavailability	  and	  bioaccumulation	  in	  this	  chronically	  

contaminated	  stream.	  Downstream	  in	  the	  Clinch	  River,	  the	  origin	  of	  Hg	  in	  sediments	  can	  be	  

best	  explained	  by	  the	  binary	  mixing	  of	  high	  and	  low	  THg	  (Y12	  derived	  and	  regional	  

background,	  respectively)	  sediment.	  However,	  to	  explain	  the	  variation	  in	  Hg	  isotopic	  

composition	  of	  sediments	  throughout	  the	  study	  area,	  we	  must	  infer	  the	  presence	  of	  a	  third	  

Hg	  endmember	  with	  extremely	  low	  δ202Hg.	  Although	  the	  origin	  of	  this	  third,	  low	  δ202Hg	  Hg	  

source	  is	  highly	  speculative,	  we	  hypothesize	  that	  it	  is	  derived	  from	  atmospheric	  Hg	  

deposition.	  Future	  measurement	  of	  Hg	  isotopes	  in	  additional	  environmental	  reservoirs	  (i.e.,	  

precipitation,	  foliage	  or	  floodplain	  soils),	  coupled	  with	  sediment	  Hg	  isotopes	  from	  this	  

study,	  may	  clarify	  the	  relative	  importance	  of	  various	  Hg	  inputs	  to	  stream	  sediments	  in	  this	  

region.	  
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Figure	  2.1	  Streambed	  sediment	  sampling	  locations	  
Streambed	  sediment	  sampling	  locations	  are	  denoted	  by	  open	  squares	  (Clinch	  River),	  circles	  
(Poplar	  Creek),	  diamonds	  (East	  Fork	  Poplar	  Creek),	  triangles	  (EFPC	  tributaries)	  and	  an	  
inset	  X	  (Hinds	  Creek).	  Arrows	  parallel	  to	  the	  streams	  indicate	  the	  direction	  of	  stream	  flow.	  
Atmospheric	  Hg	  emission	  sources	  greater	  than	  1	  kg	  Hg/year	  (Y12,	  K25,	  TVA	  Bull	  Run	  and	  
TVA	  Kingston)	  are	  located	  on	  the	  map	  with	  shaded	  symbols.9	  	  	  
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Figure	  2.2:	  Location	  vs.	  THg	  for	  all	  streambed	  sediment	  
Location	  (distance	  upstream	  from	  the	  Tennessee/Clinch	  River	  confluence)	  vs.	  THg	  for	  
sediments	  from	  the	  region.	  The	  dashed	  line	  denotes	  the	  median	  THg	  for	  streambed	  
sediments	  from	  the	  United	  States	  that	  are	  not	  downstream	  of	  Hg	  point	  sources	  (0.03	  
μg/g)46.	  Streamflow	  in	  all	  watersheds	  is	  directed	  towards	  the	  Tennessee	  River	  as	  indicated	  
by	  the	  double-‐line	  arrows.	  The	  gray	  background	  represents	  locations	  downstream	  of	  Y12.	  
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Figure	  2.3:	  The	  Hg	  isotope	  composition	  (δ202Hg	  vs.	  Δ199Hg)	  of	  fine	  and	  bulk	  sediment	  
from	  EFPC,	  EFPC	  tributaries,	  Hinds	  Creek,	  Poplar	  Creek	  and	  the	  Clinch	  River	  	  
The	  relative	  THg	  (low,	  intermediate,	  high)	  for	  all	  samples	  is	  indicated.	  Representative	  
uncertainty	  (±0.11‰	  for	  δ202Hg,	  ±0.06‰	  for	  Δ199Hg)	  is	  the	  2SE	  of	  replicate	  measurements	  
of	  sediment	  standard	  reference	  materials.	  Fly	  ash	  slurry	  from	  the	  Kingston,	  TN	  coal	  ash	  
spill	  (*	  from	  26)	  has	  been	  plotted	  and	  error	  bars	  represent	  the	  reported	  1SD	  of	  ±0.35‰	  for	  
δ202Hg	  and	  ±0.03‰	  for	  Δ199Hg.	  	  
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Figure	  2.4:	  Inverse	  THg	  vs.	  δ202Hg	  for	  fine	  and	  bulk	  streambed	  sediment	  from	  all	  
sampling	  locations	  	  
The	  dashed	  lines	  approximate	  mixing	  between	  the	  endmember	  Hg	  sources	  (Y12	  derived	  
Hg,	  Regional	  Background	  Hg	  and	  the	  Low	  δ202Hg	  Endmember).	  Representative	  uncertainty	  
for	  δ202Hg	  (±	  0.11‰)	  is	  the	  2SE	  of	  replicate	  measurements	  of	  standard	  reference	  materials.	  
Fly	  ash	  slurry	  from	  the	  Kingston,	  TN	  coal	  ash	  spill	  (*	  from26;	  error	  bars	  are	  reported	  1SD	  of	  
±0.35‰)	  is	  included	  for	  reference.	  
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2.4	  Supporting	  Information	  

2.4.1.	  Materials	  and	  Methods	  

2.4.1.1	  Sediment	  Collection	  and	  Sieving	  Techniques	  

	   Poplar	  Creek	  and	  Clinch	  River	  sediments	  were	  collected	  between	  June	  2011	  and	  

April	  2012	  in	  depositional	  locations	  that	  had	  an	  overlying	  water	  depth	  between	  1	  and	  11	  

feet.	  The	  top	  10-‐15	  cm	  sediment	  was	  collected	  from	  each	  location	  using	  a	  clean	  stainless	  

steel	  petite	  ponar	  grab	  or	  polycarbonate	  core.	  When	  visible,	  any	  coarse	  materials	  (gravel	  

cobbles	  and	  debris)	  were	  removed	  prior	  to	  further	  processing.	  Sediments	  from	  EFPC,	  

Hinds	  Creek	  and	  EFPC	  tributaries	  were	  collected	  between	  October	  2011	  and	  April	  2012.	  

Sediment	  samples	  at	  each	  location	  consisted	  of	  3-‐5	  scoops	  of	  the	  top	  6	  cm	  of	  streambed	  

sediment	  from	  the	  main	  channel	  that	  was	  removed	  using	  an	  acid	  clean	  polycarbonate	  core.	  

The	  sample	  was	  composited	  and	  then	  sieved	  in	  the	  field	  through	  either	  a	  2	  mm	  (nominal	  

opening)	  acid-‐cleaned	  nylon	  mesh	  or	  a	  125	  μm	  (nominal	  opening)	  acid-‐cleaned	  

polypropylene	  mesh.	  The	  fraction	  that	  passed	  through	  each	  mesh	  was	  retained	  for	  analysis.	  

Thus,	  we	  obtained	  two	  different	  size	  fractions	  of	  streambed	  sediment	  at	  each	  location:	  the	  

<125	  μm	  fraction	  (hereafter	  fine	  sediments	  or	  fines)	  which	  by	  definition	  contains	  very	  fine	  

sand,	  silt	  and	  clay,	  and	  the	  <2	  mm	  fraction	  (hereafter	  bulk	  sediments)	  which	  by	  definition	  

contains	  fine	  to	  coarse	  sand	  and	  gravel,	  silt	  and	  clay.	  All	  streambed	  sediments	  were	  

retained	  as	  a	  wet	  slurry	  in	  the	  field	  and	  immediately	  placed	  on	  ice	  then	  later	  dewatered	  by	  

centrifugation	  for	  10	  min	  at	  3500	  RPM.	  The	  overlying	  water	  was	  decanted	  and	  the	  retained	  

sediments	  were	  immediately	  frozen	  at	  -‐18°C	  for	  storage	  prior	  to	  further	  processing.	  	  

2.4.1.2	  THg	  Concentration	  and	  Hg	  Isotope	  Analysis	  
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Prior	  to	  analysis,	  bulk	  sediment	  (<2mm)	  was	  freeze-‐dried	  and	  then	  homogenized	  to	  

a	  fine	  powder	  in	  an	  alumina	  ball	  mill	  (SPEX	  SamplePrep	  Mixer/Mill).	  Fine	  sediment	  

samples	  (<125μm)	  were	  not	  ground,	  but	  instead	  freeze-‐dried	  and	  manually	  

rehomogenized.	  All	  sediment	  samples	  were	  combusted	  in	  an	  offline	  two	  stage	  furnace	  to	  

isolate	  Hg	  for	  isotopic	  analyses	  as	  has	  been	  described	  elsewhere.1-‐3	  The	  amount	  of	  

sediment	  combusted	  depended	  upon	  the	  mass	  of	  Hg	  needed	  for	  analysis	  (typically	  at	  least	  

25	  ng	  Hg).	  For	  low	  THg	  samples	  (upstream	  Clinch	  River	  and	  Hinds	  Creek	  samples)	  between	  

150	  and	  2500	  mg	  was	  combusted.	  When	  THg	  concentrations	  were	  extremely	  high	  it	  was	  

necessary	  to	  combust	  enough	  sediment	  to	  minimize	  potential	  issues	  with	  sample	  

heterogeneity.	  Therefore,	  for	  all	  high	  THg	  concentration	  samples	  at	  least	  150	  mg	  and	  up	  to	  

340	  mg	  of	  sediment	  was	  combusted.	  The	  only	  exception	  to	  this	  was	  the	  four	  Poplar	  Creek	  

samples	  influenced	  by	  Y12	  (THg	  concentrations	  2	  to	  4	  μg/g),	  in	  which	  we	  were	  sample	  

limited	  and	  could	  only	  combust	  30-‐60	  mg	  of	  sediment.	  For	  consistency,	  between	  40	  and	  

1100	  mg	  of	  similarly	  prepared	  (dried	  and	  sieved)	  high	  concentration	  sediment	  SRM	  (NIST	  

1944;	  3.4	  μg/g,)	  and	  low	  concentration	  sediment	  SRM	  (NRC	  MESS-‐3;	  0.091	  μg/g)	  were	  

combusted	  and	  analyzed	  and	  no	  measurable	  differences	  in	  Hg	  isotope	  composition	  or	  THg	  

resulted	  due	  to	  the	  variable	  sample	  mass	  in	  the	  combustion	  furnace.	  After	  sediment	  was	  

placed	  in	  the	  first	  furnace	  (or	  first	  stage)	  the	  temperature	  was	  slowly	  increased	  to	  750°C	  

over	  the	  course	  of	  6	  hours	  while	  the	  second	  furnace	  (second	  stage)	  was	  held	  constant	  at	  

1000°C.	  The	  Hg	  released	  from	  the	  sediment	  matrix	  during	  this	  procedure	  was	  carried	  in	  a	  

flow	  of	  Hg-‐free	  O2	  (O2	  that	  was	  passed	  through	  a	  gold	  trap	  immediately	  prior	  to	  entering	  

the	  combustion	  furnace)	  through	  the	  second	  furnace	  and	  into	  a	  1%KMnO4/1.8	  M	  H2SO4	  

oxidizing	  trap	  solution	  (1%	  KMnO4	  trap).	  The	  1%KMnO4	  trap	  solutions	  were	  then	  pre-‐
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reduced	  with	  2%	  (w/w)	  of	  30%	  hydroxylamine	  hydrochloride	  (NH2OH�HCl)	  and	  measured	  

by	  CV-‐AAS	  (Nippon	  MA-‐2000).	  Sediment	  dry	  weight	  THg	  concentrations	  were	  calculated	  

based	  on	  the	  mass	  of	  Hg	  in	  the	  1%	  KMnO4	  trap	  (i.e.,	  the	  amount	  of	  Hg	  recovered	  by	  offline	  

combustion)	  and	  the	  mass	  of	  dry	  sediment	  placed	  in	  the	  combustion	  furnace.	  Dry	  weight	  

THg	  concentrations	  measured	  by	  offline	  combustion	  are	  reported	  in	  Tables	  2.S1	  and	  2.S2.	  

For	  a	  subset	  of	  samples	  (n=17),	  we	  completed	  independent	  THg	  concentration	  analysis	  by	  

online	  combustion	  at	  850°C,	  pre-‐concentration	  onto	  a	  gold	  trap,	  followed	  by	  atomic	  

absorption	  spectrometry	  (Nippon	  MA-‐2000).	  The	  dry	  weight	  THg	  concentrations	  via	  online	  

combustion	  were	  compared	  to	  the	  sediment	  dry	  weight	  THg	  concentrations	  determined	  by	  

offline	  combustion	  and	  for	  all	  samples	  the	  yield	  of	  Hg	  recovered	  during	  offline	  combustion	  

could	  be	  calculated	  (105	  ±	  16%,	  mean	  ±	  1SD;	  n=17;	  minimum	  =	  86%).	  	  

Prior	  to	  isotopic	  analysis,	  the	  contents	  of	  the	  original	  1%	  KMnO4	  trap	  (already	  pre-‐

reduced	  with	  2%	  (w/w)	  of	  30%	  hydroxylamine	  hydrochloride	  (NH2OH�HCl))	  were	  

distributed	  evenly	  in	  1-‐5g	  aliquots.	  Each	  aliquot	  was	  treated	  with	  0.3	  ml	  of	  20%	  SnCl2	  and	  

0.3	  ml	  of	  50%	  H2SO0	  to	  reduce	  all	  Hg	  to	  Hg0	  which	  was	  then	  transported	  into	  a	  secondary	  

1%KMnO4/1.8M	  H2SO4	  trapping	  solution.4	  This	  pre-‐concentrates	  Hg	  for	  isotopic	  analysis	  

and	  isolates	  the	  Hg	  in	  the	  original	  trap	  solution	  from	  any	  volatile	  residues	  that	  might	  have	  

accumulated	  in	  the	  original	  trap	  during	  the	  combustion	  process,	  thereby	  reducing	  potential	  

matrix	  effects	  during	  isotopic	  analysis.	  An	  aliquot	  of	  the	  secondary	  trap	  solution	  was	  

analyzed	  for	  THg	  concentration	  by	  CV-‐AAS	  (Nippon	  MA-‐2000)	  and	  a	  transfer	  yield	  was	  

calculated	  based	  on	  the	  mass	  of	  Hg	  in	  the	  initial	  (combustion)	  and	  final	  (post-‐transfer)	  trap	  

solutions.	  The	  transfer	  yield	  for	  all	  samples	  averaged	  97	  ±	  5%	  (mean	  ±	  1SD;	  n=	  41;	  

minimum	  =	  88%).	  	  
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The	  Hg	  isotope	  composition	  of	  the	  secondary	  trap	  solution	  was	  measured	  using	  

cold-‐vapor	  multi-‐collector	  inductively-‐coupled-‐plasma	  mass-‐spectrometry	  (CV-‐MC-‐ICP-‐

MS).	  The	  secondary	  1%	  KMnO4	  trap	  solution	  was	  pre-‐reduced	  with	  NH2OH�HCl	  (2%	  w/w)	  

and	  diluted	  to	  a	  THg	  concentration	  between	  3.6	  and	  5.0	  ng/g.	  The	  Hg2+	  in	  solution	  was	  

reduced	  online,	  by	  addition	  of	  SnCl2,	  to	  Hg0	  which	  was	  separated	  from	  solution	  using	  a	  

frosted	  tip	  gas-‐liquid	  phase	  separator	  and	  transported	  in	  Hg-‐clean	  Ar	  gas	  to	  the	  inlet	  of	  the	  

MC-‐ICP-‐MS.	  Instrumental	  mass	  bias	  was	  corrected	  by	  the	  introduction	  of	  an	  internal	  Tl	  

standard	  (NIST	  997)	  as	  a	  dry	  aerosol	  to	  the	  Ar	  gas	  stream	  and	  by	  strict	  sample-‐standard	  

bracketing	  using	  NIST	  3133	  with	  an	  identical	  concentration	  and	  solution	  matrix	  as	  that	  of	  

the	  sample.5	  In	  Table	  2.S1	  and	  2.S2	  we	  report	  δxxxHg	  and	  ΔxxxHg	  values	  for	  samples	  and	  

standards	  for	  204Hg,	  201Hg,	  200Hg	  and	  199Hg	  based	  on	  Equation	  2	  from	  the	  main	  text	  [ΔxxxHg	  

=	  δxxxHg	  –	  (δ202Hg	  *	  β)]	  where	  β	  =	  1.493,	  0.7520,	  0.5024	  and	  0.2520	  for	  204Hg,	  201Hg,	  200Hg	  

and	  199Hg,	  respectively.5	  

2.4.1.3	  Blanks,	  Reference	  Materials	  and	  Uncertainty	  

Sediment	  standard	  reference	  materials	  (SRMs)	  NRC	  MESS-‐3	  (marine	  sediment	  

reference	  material)	  and	  NIST	  1944	  (New	  York/New	  Jersey	  waterway	  sediment)	  were	  

combusted	  and	  processed	  alongside	  samples	  in	  an	  identical	  manner.	  The	  THg	  

concentrations	  measured	  by	  offline	  combustion	  agreed	  within	  5%	  of	  the	  certified	  THg	  

concentration	  of	  NRC	  MESS-‐3	  (0.091	  μg/g)	  and	  within	  10%	  of	  the	  reported	  THg	  

concentration	  of	  NIST	  SRM	  1944	  (3.40	  μg/g).	  The	  transfer	  yield	  for	  all	  sediment	  SRMs	  

averaged	  95	  ±	  4%	  (1SD;	  n=9;	  min	  =	  88%).	  We	  estimate	  the	  external	  reproducibility	  of	  Hg	  

isotope	  measurements	  based	  on	  the	  standard	  error	  (2SE)	  of	  process	  replicates	  of	  these	  

sediment	  reference	  materials	  (Table	  2.S2).	  The	  in-‐house	  standard	  UM-‐Almaden	  was	  
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analyzed	  five	  times	  per	  analytical	  session,	  at	  run	  concentrations	  between	  3	  and	  5	  ng/g,	  

over	  the	  course	  of	  64	  analytical	  sessions	  between	  December	  2011	  and	  February	  2013	  

during	  which	  samples	  for	  this	  study	  were	  being	  analyzed.	  We	  estimated	  the	  long-‐term	  

analytical	  uncertainty	  of	  Hg	  isotope	  measurements	  based	  on	  the	  standard	  deviation	  (2SD)	  

of	  the	  mean	  Hg	  isotope	  values	  for	  UM-‐Almaden	  from	  each	  analytical	  session	  (Table	  2.S2).	  

The	  analytical	  uncertainty	  of	  UM-‐Almaden	  measurements	  was	  always	  less	  than	  the	  2SE	  of	  

the	  replicate	  process	  standards	  we	  analyzed.	  Thus,	  the	  most	  conservative	  estimate	  of	  

representative	  uncertainty	  for	  Hg	  isotope	  measurements	  of	  sediment	  samples	  in	  this	  study	  

is	  ±0.11‰	  for	  δ202Hg,	  ±0.06‰	  for	  Δ199Hg,	  and	  ±0.06‰	  for	  Δ201Hg	  (see	  Table	  2.S2).	  

Procedural	  combustion	  blanks	  were	  processed	  alongside	  each	  batch	  of	  samples	  and	  

standards	  in	  the	  exact	  same	  manner	  and	  yielded	  between	  0.08	  and	  0.21	  ng	  of	  Hg	  (mean	  =	  

122	  pg;	  n=6)	  whereas	  combustion	  trap	  solutions	  contained	  between	  29	  and	  6,700	  ng	  of	  Hg.	  

For	  each	  batch	  of	  samples	  (6-‐12	  samples),	  the	  corresponding	  blank	  was	  never	  greater	  than	  

0.3%	  of	  the	  Hg	  mass	  in	  the	  final	  1%	  KMnO4	  trap	  solution.	  	  

	  

2.4.2	  Discussion	  

2.4.2.1	  Comment	  on	  ε202fine-‐bulk	  in	  Hinds	  Creek	  Sediments	  

The	  δ202Hg	  of	  bulk	  sediment	  from	  Hinds	  Creek	  was	  -‐1.42‰	  and	  fine	  sediments	  had	  

δ202Hg	  of	  -‐1.31‰	  thus	  the	  ε202fine-‐bulk	  (ε202fine-‐bulk	  =	  δ202Hgfines	  -‐	  δ202Hgbulk)	  was	  within	  

analytical	  uncertainty	  (±0.11‰).	  An	  insignificant	  ε202fine-‐bulk	  in	  Hinds	  Creek,	  and	  the	  

enrichment	  of	  Hg	  in	  fine	  sediments,	  suggests	  that	  Hg	  was	  derived	  from	  a	  similar	  source,	  

with	  fine	  sediments	  containing	  more	  Hg	  per	  unit	  mass	  simply	  due	  to	  their	  greater	  surface	  

area.	  In	  contrast	  to	  the	  reference	  site,	  there	  was	  a	  significant	  ε202fine-‐bulk	  at	  all	  EFPC	  tributary	  
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sampling	  locations	  with	  the	  largest	  occurring	  at	  Trib_16	  (-‐1.51‰)	  due	  to	  the	  extremely	  

low	  δ202Hg	  in	  the	  fine	  sediments	  at	  this	  location	  (-‐3.22‰).	  Sediments	  from	  Trib_10	  and	  

Trib_20	  also	  had	  ε202fine-‐bulk	  in	  the	  opposite	  direction	  (-‐0.42‰	  and	  -‐0.48‰,	  respectively)	  of	  

the	  significant	  offsets	  observed	  in	  EFPC	  (+ε202fine-‐bulk).	  As	  described	  in	  the	  text,	  this	  may	  be	  

explained	  by	  differences	  in	  Hg	  binding	  within	  certain	  size	  classes	  (e.g.,	  clays	  vs.	  sulfides)	  or	  

isotopic	  differences	  in	  Hg	  derived	  from	  different	  Hg	  sources	  (atmospheric	  vs.	  geogenic	  Hg).	  

For	  example	  at	  the	  reference	  or	  non-‐Y12	  influenced	  locations,	  Hg	  sources	  to	  soils	  (and	  

eventually	  sediments)	  include	  leaf	  litter	  and	  foliage,	  which	  can	  have	  unique	  Hg	  isotope	  

ratios	  (e.g.,	  3,	  6).	  If	  bulk	  sediments	  are	  a	  mixture	  of	  these	  components,	  then	  the	  isolation	  of	  

fine	  sediments	  could	  enrich	  one	  size	  class	  with	  a	  particular	  Hg	  source	  (with	  unique	  Hg	  

isotope	  values),	  leading	  to	  significant	  δ202Hg	  differences.	  	  

	  
2.4.2.2	  Binary	  Mixing	  Equations	  

Here	  we	  present	  concentration	  weighted	  isotope	  mixing	  equations	  previously	  

employed	  by	  [7]	  and	  modified	  for	  Hg	  endmembers	  in	  this	  study:	  Y12	  derived	  Hg	  (Y12)	  and	  

regional	  background	  Hg	  (bk).	  	  

δ202Hgsamp	  =	  FY12	  x	  δ202HgY12	  +	  Fbk	  x	  δ202Hgbk	  

1	  =	  FY12	  +	  Fbk	  

FY12	  =	  1-‐	  [THg]bk	  /	  [THg]samp	  
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Sample Size 
Fraction N1 N2 THg δ204Hg  δ202Hg  δ201Hg  δ200Hg  δ199Hg  Δ204Hg Δ201Hg Δ200Hg Δ199Hg 

        µg/g ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 

CRK_80 - 1 2 0.051 -2.02 -1.35 -1.24 -0.66 -0.54 -0.01 -0.23 0.02 -0.20 

CRK_62 - 1 1 0.015 -2.14 -1.42 -1.29 -0.66 -0.61 -0.02 -0.22 0.05 -0.25 

CRK_31 - 1 1 0.021 -2.22 -1.46 -1.33 -0.70 -0.64 -0.04 -0.22 0.03 -0.27 

CRK_28 - 1 1 0.024 -2.20 -1.42 -1.34 -0.71 -0.64 -0.08 -0.27 0.00 -0.28 

CRK_15 - 1 3 0.242 -0.36 -0.28 -0.25 -0.11 -0.14 0.06 -0.04 0.03 -0.07 

CRK_7 - 1 2 0.466 -1.27 -0.85 -0.72 -0.40 -0.29 -0.01 -0.08 0.02 -0.08 

CRK_2 - 1 2 0.258 -1.26 -0.80 -0.68 -0.43 -0.30 -0.07 -0.08 -0.03 -0.10 

CRK_0 - 1 3 0.763 -0.45 -0.31 -0.33 -0.14 -0.16 0.01 -0.09 0.02 -0.08 

        
          PCK_28 - 2 4 0.118 -5.33 -3.53 -2.79 -1.74 -0.98 -0.06 -0.14 0.04 -0.09 

PCK_11 - 2 3 0.062 -7.60 -5.07 -3.89 -2.53 -1.32 -0.04 -0.07 0.02 -0.04 

PCK_8 - 1 1 3.35 0.13 0.03 -0.03 0.02 -0.15 0.08 -0.06 0.01 -0.16 

PCK_5 - 1 2 2.16 0.02 0.01 -0.13 0.00 -0.09 0.01 -0.13 0.00 -0.09 

PCK_3 - 1 2 3.87 0.12 0.09 -0.02 0.05 -0.08 -0.01 -0.09 0.01 -0.11 

PCK_1 - 1 2 2.35 -0.20 -0.13 -0.18 -0.06 -0.11 -0.01 -0.08 0.00 -0.07 

        
          HCK_10 <2mm 1 1 0.011 -2.11 -1.42 -1.37 -0.67 -0.64 0.01 -0.31 0.04 -0.28 

HCK_10 <125um 1 2 0.031 -2.00 -1.31 -1.23 -0.66 -0.59 -0.04 -0.25 0.00 -0.26 

        
          EFK_22.3 <2mm 1 3 5.01 -0.36 -0.23 -0.23 -0.10 -0.09 -0.01 -0.06 0.02 -0.03 

  <125um 1 2 34.4 0.30 0.22 0.11 0.10 -0.03 -0.02 -0.05 -0.01 -0.08 

Trib_20 <2mm 1 2 0.022 -1.29 -0.84 -0.72 -0.39 -0.25 -0.03 -0.09 0.03 -0.04 

  <125um 1 2 0.201 -2.06 -1.32 -1.06 -0.66 -0.35 -0.09 -0.06 0.00 -0.01 

EFK_18.2 <2mm 1 2 14.2 -0.01 0.00 -0.07 0.00 -0.07 -0.01 -0.07 0.00 -0.07 

  <125um 1 2 50.3 0.05 0.07 0.02 0.07 -0.03 -0.05 -0.03 0.04 -0.05 
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EFK_17.8 <2mm 3 8 19.1 0.23 0.13 0.03 0.06 -0.04 0.03 -0.07 -0.01 -0.07 

  <125um 3 7 43.8 0.06 0.03 -0.05 0.03 -0.07 0.01 -0.07 0.02 -0.08 

Trib_16 <2mm 1 1 0.020 -2.68 -1.71 -1.54 -0.80 -0.63 -0.13 -0.26 0.05 -0.20 

  <125um 1 2 0.077 -4.85 -3.22 -2.55 -1.58 -0.97 -0.05 -0.13 0.03 -0.16 

EFK_13.8 <2mm 1 2 9.57 -0.03 -0.02 -0.08 0.01 -0.04 0.00 -0.07 0.01 -0.04 

  <125um 1 2 24.1 -0.06 -0.02 -0.12 0.00 -0.05 -0.03 -0.10 0.01 -0.05 

Trib_10 <2mm 1 2 0.049 -1.53 -1.01 -0.87 -0.48 -0.39 -0.03 -0.11 0.02 -0.13 

  <125um 1 2 0.212 -2.10 -1.43 -1.17 -0.70 -0.41 0.03 -0.10 0.02 -0.05 

EFK_9.8 <2mm 1 2 3.26 0.04 0.08 -0.04 0.05 -0.07 -0.08 -0.10 0.01 -0.09 

  <125um 1 2 60.1 0.34 0.26 0.09 0.13 -0.06 -0.05 -0.11 0.00 -0.13 

EFK_5.0 <2 mm 1 2 10.5 -0.42 -0.28 -0.32 -0.14 -0.15 0.00 -0.10 0.00 -0.08 

  <125 um 1 2 18.9 0.07 0.05 -0.06 0.07 -0.10 -0.01 -0.10 0.05 -0.11 

	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	   	  	  

	  

Table	  2.S1:	  THg	  concentration	  and	  Hg	  isotope	  values	  for	  all	  sediment	  samples	  	  
N1	  represents	  the	  number	  of	  process	  replicates	  (i.e.	  combustion	  and	  transfer)	  whereas	  N2	  denotes	  the	  total	  number	  of	  isotope	  
measurements	  for	  the	  sample	  during	  all	  analytical	  sessions.	  
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Material N1 N2 THg δ204Hg  2σ δ202Hg  2σ δ201Hg  2σ δ200Hg  2σ δ199Hg  2σ Δ204Hg 2σ Δ201Hg 2σ Δ200Hg 2σ Δ199Hg 2σ 

      µg/g ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 

NIST SRM 1944 6 15 3.51 -0.64 0.09 -0.43 0.07 -0.33 0.07 -0.20 0.04 -0.10 0.06 -0.01 0.04 -0.01 0.04 0.01 0.02 0.01 0.06 

NRC MESS-3 3 6 0.089 -2.84 0.14 -1.92 0.11 -1.48 0.12 -0.97 0.06 -0.50 0.07 0.03 0.03 -0.03 0.06 -0.01 0.02 -0.02 0.05 

                                            

UM-Almaden 64     -0.86 0.08 -0.58 0.06 -0.47 0.05 -0.28 0.04 -0.17 0.04 0.00 0.12 -0.04 0.03 0.01 0.06 -0.02 0.03 

	  
	  

Table	  2.S2:	  Hg	  isotope	  values	  for	  UM-‐Almaden	  and	  standard	  reference	  materials	  (SRMs)	  	  
For	  SRMs,	  N1	  represents	  the	  number	  of	  process	  replicates	  (i.e.,	  combustion	  and	  transfer)	  whereas	  N2	  denotes	  the	  total	  number	  
of	  individual	  isotope	  measurements	  during	  all	  analytical	  sessions.	  For	  NIST	  SRM-‐1944	  and	  NRC	  MESS-‐3,	  σ	  represents	  the	  
standard	  error	  of	  the	  mean	  values	  for	  process	  replicates.	  For	  UM-‐Almaden,	  N1	  denotes	  the	  number	  of	  analytical	  sessions	  that	  
UM-‐Almaden	  was	  measured	  and	  σ	  represents	  the	  standard	  deviation	  of	  the	  mean	  Hg	  isotope	  values	  from	  64	  analytical	  
sessions	  between	  December	  2011	  and	  February	  2013	  during	  which	  the	  run	  concentrations	  were	  between	  3	  and	  5	  ng/g.	  
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Figure	  2.S1:	  Detailed	  Sampling	  Map	  
The	  streambed	  sediment	  sampling	  locations	  are	  denoted	  by	  open	  squares	  for	  Clinch	  River,	  
circles	  for	  Poplar	  Creek,	  diamonds	  for	  EFPC,	  triangles	  for	  EFPC	  tributaries	  and	  an	  inset	  x	  
for	  Hinds	  Creek.	  Sampling	  site	  identification	  codes	  are	  denoted	  next	  to	  each	  symbol	  
according	  to	  the	  naming	  scheme	  explained	  in	  the	  main	  text	  (Materials	  and	  Methods).	  A	  
dashed-‐line	  box	  denotes	  the	  approximate	  location	  of	  the	  center	  of	  the	  city	  of	  Oak	  Ridge,	  TN.	  
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Figure	  2.S2:	  Location	  vs.	  δ202Hg	  for	  bulk	  and	  fine	  sediment	  in	  EFPC	  and	  its	  tributaries	  	  
The	  location	  (distance	  upstream	  of	  Poplar	  Creek)	  vs.	  δ202Hg	  for	  bulk	  (<2mm)	  and	  fine	  
(<125μm)	  sediments	  in	  EFPC	  and	  its	  tributaries.	  Tributary	  sediments	  are	  plotted	  at	  the	  
distance	  at	  which	  the	  tributary	  enters	  EFPC	  (not	  the	  exact	  distance	  of	  the	  sampling	  
location).	  Representative	  uncertainty	  for	  δ202Hg	  (±	  0.11‰	  or	  approximately	  the	  height	  of	  
the	  symbols)	  is	  the	  2SE	  of	  replicate	  measurements	  of	  SRMs.	  The	  bracket	  is	  an	  example	  of	  
the	  ε202fine-‐bulk	  for	  Trib_16.	  
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Figure	  2.S3:	  Location	  vs.	  δ202Hg	  for	  regional	  sediment	  
The	  location	  (distance	  upstream	  from	  the	  Tennessee/Clinch	  River	  confluence)	  vs.	  δ202Hg	  
for	  sediments	  from	  the	  region.	  Representative	  uncertainty	  for	  δ202Hg	  (±	  0.11‰	  or	  
approximately	  the	  height	  of	  the	  symbols)	  is	  the	  2SE	  of	  replicate	  measurements	  of	  SRMs.	  
Streamflow	  in	  all	  watersheds	  is	  directed	  towards	  the	  Tennessee	  River	  as	  indicated	  by	  the	  
double-‐line	  arrows	  and	  the	  gray	  background	  denotes	  locations	  downstream	  of	  Y12.	  
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Abstract	  

We	  analyzed	  eight	  sediment	  cores	  from	  wetland	  and	  subtidal	  locations	  around	  San	  

Francisco	  (SF)	  Bay,	  terrace	  sediment	  from	  the	  Yuba	  River,	  CA	  and	  precipitation	  from	  the	  SF	  

Bay	  region.	  We	  defined	  the	  Hg	  isotopic	  composition	  of	  uncontaminated	  SF	  Bay	  sediment,	  

two	  contributing	  endmember	  sediments	  contaminated	  by	  distinct	  Hg	  sources,	  and	  regional	  

precipitation.	  Deep	  subtidal	  sediments	  with	  pre-‐mining	  THg	  concentrations	  (less	  than	  60	  

ng/g)	  have	  δ202Hg	  of	  -‐0.98	  ±	  0.06‰	  and	  Δ199Hg	  of	  0.17	  ±	  0.03‰	  (1	  s.d.;	  n	  =	  5).	  The	  δ202Hg	  

of	  subtidal	  sediment	  in	  SF	  Bay	  systematically	  changed	  between	  pre-‐mining,	  circa	  1960,	  and	  

surface	  sediment.	  In	  circa	  1960	  sediment	  δ202Hg	  ranges	  from	  -‐0.63	  to	  -‐0.32	  ‰	  (±0.10‰)	  

with	  higher	  δ202Hg	  in	  the	  south	  and	  lower	  δ202Hg	  in	  the	  north;	  however	  in	  surface	  sediment	  

δ202Hg	  is	  nearly	  constant	  and	  averages	  -‐0.52	  ±	  0.04‰	  (1	  s.d.;	  n=6).	  These	  latter	  values	  for	  

SF	  Bay	  surface	  sediment	  are	  similar	  to	  those	  for	  terrace	  sediment	  along	  the	  Yuba	  River	  that	  

have	  δ202Hg	  of	  -‐0.57	  ±	  0.10‰	  and	  Δ199Hg	  of	  0.05	  ±	  0.01‰	  (1	  s.d.;	  n=2)	  and	  is	  consistent	  

with	  sediment	  contaminated	  by	  a	  metallic	  Hg	  source	  that	  was	  derived	  from	  Hg	  ore	  in	  the	  
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California	  Coast	  Ranges	  and	  used	  in	  Sierra	  Nevada	  gold	  mining.	  Wetlands	  adjacent	  to	  south	  

and	  central	  SF	  Bay	  have	  high	  THg	  in	  deeper	  sediment	  layers	  (>3000	  ng/g)	  that	  vary	  by	  

~0.6‰	  in	  δ202Hg,	  presumably	  reflective	  of	  various	  anthropogenic	  Hg	  sources.	  The	  three	  

sediment	  endmembers	  (metallic	  Hg,	  Hg	  mining	  and	  background	  Hg)	  were	  defined	  using	  

δ202Hg	  and	  THg	  concentrations.	  Based	  on	  the	  estimated	  contribution	  of	  endmember	  

sediment	  to	  subtidal	  and	  intertidal	  locations,	  we	  suggest	  that	  the	  subtidal	  Hg	  stable	  isotope	  

record	  in	  sediment	  cores	  is	  consistent	  with	  historical	  sediment	  transport	  to,	  and	  deposition	  

in,	  SF	  Bay.	  Thus,	  Hg	  stable	  isotopes	  can	  be	  used	  to	  trace	  sediment	  transport	  in	  locations	  

that	  are	  impacted	  by	  multiple	  anthropogenic	  Hg	  sources.	  

	  

3.1	  Introduction	  

A	  wide	  variety	  of	  contaminants	  have	  been	  delivered	  to	  the	  San	  Francisco	  (SF)	  Bay	  

estuary	  over	  the	  past	  150	  years.1-‐4	  Mercury	  (Hg)	  appears	  as	  one	  of	  the	  first	  anthropogenic	  

metals	  present	  in	  the	  sediment	  record,2,	  5,	  6	  with	  Hg	  mining	  and	  gold	  (Au)	  mining	  

considered	  the	  most	  likely	  early	  sources	  of	  Hg	  in	  the	  Bay.5,	  7-‐11	  Rich	  deposits	  of	  the	  Hg	  ore	  

mineral	  cinnabar	  (HgS)	  in	  the	  California	  Coast	  Range	  allowed	  the	  growth	  of	  an	  industry	  to	  

mine	  and	  process	  Hg	  ore	  into	  metallic	  elemental	  Hg	  (Hg0),	  which	  was	  widely	  used	  to	  

enhance	  Au	  recovery	  through	  amalgamation	  during	  hydraulic	  mining	  of	  placer	  deposits	  in	  

the	  Sierra	  Nevada	  Mountains.9,	  10,	  12	  Although	  the	  use	  of	  Hg	  in	  Au	  mining	  decreased	  in	  

California	  during	  the	  20th	  century,	  especially	  following	  the	  Sawyer	  decision	  that	  stopped	  

hydraulic	  Au	  mining	  in	  1884,	  the	  use	  of	  Hg	  by	  other	  industries	  (e.g.,	  chloralkali,	  

petrochemical)	  and	  in	  products	  such	  as	  fungicides	  and	  slimicides,	  became	  more	  common.3	  

Throughout	  SF	  Bay,	  total	  mercury	  (THg)	  concentrations	  in	  surface	  sediment	  remain	  
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elevated	  2	  to	  8	  times	  pre-‐mining	  levels.5-‐7,	  11,	  13,	  14	  A	  portion	  of	  the	  Hg	  in	  sediment	  may	  be	  

converted	  to	  neurotoxic	  monomethyl	  mercury	  (MMHg),	  contributing	  to	  elevated	  Hg	  

concentrations	  in	  various	  trophic	  levels	  of	  aquatic	  biota	  and	  posing	  a	  risk	  to	  humans	  and	  

wildlife.15-‐20	  Estimating	  the	  contribution	  of	  Hg	  to	  sediment	  in	  SF	  Bay	  from	  an	  array	  of	  

sources	  is	  complicated	  because	  of	  its	  widespread	  use	  and	  changes	  in	  sediment	  transport	  as	  

a	  result	  of	  watershed	  modification	  during	  the	  past	  150	  years.14,	  21-‐24	  This	  study	  utilizes	  Hg	  

stable	  isotopes	  to	  assess	  the	  spatial	  and	  temporal	  distribution	  of	  anthropogenic	  Hg	  in	  SF	  

Bay	  sediment	  and	  builds	  on	  prior	  work	  in	  the	  region	  by	  providing	  a	  discriminant	  tracer	  of	  

various	  sediment	  sources.	  

Mercury	  has	  seven	  stable	  isotopes	  (196,	  198,	  199,	  200,	  201,	  202,	  and	  204	  amu),	  and	  

the	  isotopic	  composition	  of	  Hg	  in	  environmental	  matrices	  can	  now	  be	  determined	  with	  high	  

precision.25,	  26	  Mercury	  stable	  isotopes	  are	  becoming	  a	  useful	  tool	  to	  characterize	  sources	  

and	  identify	  biogeochemical	  transformations	  of	  Hg	  in	  the	  environment.	  	  For	  example,	  the	  

isotopic	  composition	  of	  a	  variety	  of	  Hg-‐bearing	  ores	  has	  been	  determined13,	  26-‐31	  along	  with	  

commercially	  available	  metallic	  Hg.25,	  32-‐34	  Stable	  isotopes	  of	  mercury	  have	  also	  been	  

employed	  to	  trace	  geogenic,	  urban,	  industrial	  and	  atmospheric	  sources	  of	  Hg	  in	  the	  

environment28,	  30,	  31,	  35-‐39	  and	  estimate	  the	  relative	  contribution	  of	  different	  Hg	  sources	  

using	  endmember	  mixing	  calculations.26,	  35,	  40	  	  

An	  initial	  study	  of	  Hg	  stable	  isotopes	  in	  SF	  Bay	  sediments	  was	  conducted	  by	  Gehrke	  

et	  al.	  (2011a).	  	  These	  authors	  measured	  Hg	  in	  intertidal	  surface	  sediment	  throughout	  SF	  

Bay	  and	  investigated	  the	  isotopic	  composition	  of	  roasted	  Hg	  mine	  waste	  (calcine)	  and	  

unroasted	  Hg	  ore	  from	  a	  mine	  in	  the	  California	  Coast	  Range.	  Gehrke	  et	  al.	  (2011a)	  also	  

documented	  a	  present-‐day	  spatial	  gradient	  in	  Hg	  isotopic	  composition	  throughout	  SF	  Bay	  
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and	  demonstrated	  that	  calcine	  and	  unroasted	  Hg	  ore	  have	  significantly	  different	  Hg	  

isotopic	  compositions.	  Based	  on	  this	  spatial	  gradient	  the	  authors	  suggested	  that	  Hg	  in	  SF	  

Bay	  intertidal	  surface	  sediment	  is	  dominated	  by	  two	  regional	  anthropogenic	  sources:	  Hg	  

mining	  (entering	  southern	  SF	  Bay)	  and	  Au	  mining	  (entering	  northern	  SF	  Bay).	  	  Gehrke	  et	  al.	  

(2011)	  did	  not	  constrain	  the	  pre-‐mining	  sediment	  Hg	  isotopic	  composition,	  nor	  did	  they	  

explore	  historical	  variations	  in	  the	  isotopic	  composition	  of	  Hg	  in	  SF	  Bay.	  In	  this	  study,	  we	  

use	  eight	  sediment	  cores,	  dated	  from	  pre-‐1900	  to	  2006,	  to	  constrain	  the	  pre-‐mining	  

sediment	  Hg	  isotopic	  composition.	  We	  use	  Yuba	  River	  terrace	  sediment	  to	  characterize	  the	  

Hg	  isotopic	  signature	  of	  sediment	  predominantly	  contaminated	  by	  Au	  mining.	  To	  assess	  the	  

influence	  of	  Hg	  from	  precipitation	  on	  sediment	  Hg	  stable	  isotopes,	  we	  analysed	  

precipitation	  collected	  at	  three	  locations	  in	  the	  SF	  Bay	  area.	  Finally,	  we	  use	  the	  variation	  in	  

sediment	  Hg	  isotopic	  composition	  in	  sediment	  cores	  to	  estimate	  the	  present	  day	  and	  

historical	  contribution	  of	  sediment	  to	  locations	  in	  SF	  Bay.	  	  

	  

3.2	  Materials	  and	  Methods	  

3.2.1	  Environmental	  Setting	  

San	  Francisco	  Bay	  is	  a	  large	  estuary	  with	  a	  surface	  area	  of	  1240	  km2	  and	  an	  average	  

water	  depth	  of	  6	  meters.41	  It	  is	  separated	  into	  two	  hydrologic	  regions,	  the	  northern	  reach	  

and	  the	  southern	  reach,	  which	  converge	  and	  open	  to	  the	  Pacific	  Ocean	  in	  the	  Central	  Bay.4	  

The	  northern	  reach	  can	  be	  divided	  into	  three	  sub-‐basins:	  the	  Sacramento-‐San	  Joaquin	  

Delta,	  Suisun	  Bay,	  and	  San	  Pablo	  Bay.	  The	  southern	  reach	  includes	  two	  sub-‐basins:	  South	  

Bay	  and	  Lower	  South	  Bay.41	  The	  watersheds	  that	  contribute	  to	  SF	  Bay	  are	  important	  
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because	  changes	  in	  freshwater	  flow	  and	  suspended	  sediment	  delivery	  can	  significantly	  

alter	  circulation	  and	  sediment	  dynamics	  within	  the	  Bay.42-‐44	  The	  Sacramento-‐San	  Joaquin	  

(SSJ)	  watershed,	  which	  flows	  into	  north	  SF	  Bay,	  covers	  nearly	  40%	  of	  the	  land	  area	  of	  the	  

state	  of	  California	  and	  has	  been	  the	  source	  of	  up	  to	  90%	  of	  freshwater	  input	  and	  80%	  of	  

sediment	  input	  to	  SF	  Bay.41	  	  However,	  as	  a	  result	  of	  water	  diversion	  projects,	  freshwater	  

discharge	  from	  the	  SSJ	  watershed	  is	  now	  less	  than	  40%	  of	  pre-‐1850	  levels1	  and	  the	  SSJ	  

delta	  currently	  contributes	  only	  40-‐60%	  of	  the	  total	  sediment	  delivered	  to	  SF	  Bay.42,	  45	  

There	  is	  much	  evidence	  of	  large-‐scale	  sediment	  deposition	  in	  floodplains	  and	  floodways	  of	  

the	  Sacramento	  Valley	  well	  upstream	  of	  the	  delta.22,	  24,	  46,	  47	  The	  south	  SF	  Bay	  watersheds,	  

including	  Guadalupe	  River	  and	  Coyote	  Creek,	  provide	  less	  than	  10%	  of	  freshwater	  input	  to	  

SF	  Bay;3	  however,	  small	  tributaries	  surrounding	  SF	  Bay	  are	  important	  sources	  of	  sediment	  

to	  nearby	  wetlands	  and	  near	  shore	  locations.45	  	  

	  

3.2.2	  Sample	  Locations	  

Six	  sediment	  cores	  from	  subtidal	  locations,	  with	  overlying	  water	  depths	  between	  2.3	  

and	  7.8	  meters,	  and	  two	  sediment	  cores	  from	  wetlands	  adjacent	  to	  SF	  Bay	  were	  analyzed	  

for	  Hg	  stable	  isotope	  composition	  for	  this	  study	  (Figure	  3.1).	  Additional	  details	  on	  sediment	  

coring	  and	  sampling	  are	  provided	  in	  Yee	  et	  al.	  (2011).	  One	  core	  was	  obtained	  from	  each	  

subtidal	  site	  in	  Lower	  South	  Bay	  (LSB),	  Central	  Bay	  (CB),	  San	  Pablo	  Bay	  (SPB),	  and	  Suisun	  

Bay	  (SU)	  and	  two	  subtidal	  cores	  were	  obtained	  from	  South	  Bay	  (SB1,	  SB2).	  One	  wetland	  

core,	  termed	  Coyote	  Creek	  (CoW),	  is	  located	  in	  the	  southern	  slough	  region.	  This	  wetland	  is	  

directly	  downstream	  of	  the	  New	  Almaden	  Hg	  mining	  district,	  the	  largest	  historical	  

producer	  of	  Hg	  in	  the	  United	  States,	  which	  operated	  between	  1847	  and	  the	  early	  1970’s.5,	  8,	  
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48	  The	  second	  wetland	  core	  is	  located	  at	  the	  outlet	  of	  Damon	  Slough	  (DaW)	  and	  is	  adjacent	  

to	  San	  Leandro	  Bay,	  a	  small	  tidally	  influenced	  sub-‐embayment	  in	  central	  SF	  Bay.	  To	  

characterize	  the	  Hg	  stable	  isotope	  composition	  of	  sediment	  associated	  with	  Au	  mining	  in	  

the	  Sacramento	  River	  watershed,	  sediment	  was	  collected	  at	  two	  locations	  within	  a	  large	  

riverside	  terrace	  along	  the	  Yuba	  River.	  This	  site	  is	  a	  dissected	  mine	  tailings	  fan	  from	  a	  

tributary	  basin	  (Dry	  Creek),	  which	  represents	  an	  early	  phase	  of	  hydraulic	  Au	  mining	  

without	  subsequent	  remobilization.24	  The	  Yuba	  and	  Bear	  Rivers,	  tributaries	  of	  the	  Feather	  

River,	  which	  eventually	  joins	  the	  Sacramento	  River	  and	  north	  SF	  Bay	  (Figure	  3.1),	  were	  

sites	  of	  concentrated	  Au	  mining	  activity	  in	  the	  late	  19th	  Century.	  Hydraulic	  Au	  mining	  in	  the	  

Yuba	  River	  watershed	  displaced	  large	  volumes	  of	  Hg-‐laden	  sediment	  into	  piedmont	  and	  

lowland	  valleys,	  some	  of	  which	  remains	  upstream	  behind	  flood	  control	  structures	  or	  as	  

debris	  fans.7,	  21,	  22,	  24,	  49-‐51	  In	  addition	  to	  sediment,	  bulk	  precipitation	  samples	  were	  collected	  

at	  three	  locations	  	  (Moss	  Beach,	  Oakland,	  San	  Jose)	  in	  the	  SF	  Bay	  area	  between	  December	  

2008	  and	  March	  2009	  (Figure	  3.1).	  

	  

3.2.3	  Sample	  Handling	  and	  Analytical	  Methods	  

3.2.3.1	  Core	  Sample	  Dating	  and	  Selection	  for	  Hg	  Isotope	  Analysis	  

Sediment	  cores	  were	  dated	  using	  137Cs	  and	  210Pb	  radiometric	  methods	  and	  analyzed	  

for	  a	  suite	  of	  trace	  elements	  (Ag,	  Al,	  As,	  Cd,	  Cr,	  Cu,	  Fe,	  Mn,	  Ni,	  Pb,	  Se,	  and	  Zn)	  and	  sediment	  

quality	  parameters	  (e.g.,	  moisture	  content,	  Total	  Organic	  Carbon,	  Total	  Nitrogen)	  as	  

previously	  described	  by	  Yee	  et	  al.	  (2011).	  In	  each	  sediment	  core,	  at	  least	  three	  2.5	  cm	  depth	  

intervals	  were	  measured	  for	  Hg	  stable	  isotopic	  composition.	  Typically,	  the	  three	  intervals	  

consisted	  of	  surface	  sediment	  (0-‐2.5	  cm),	  sediment	  at	  the	  greatest	  depth	  available	  in	  the	  



62	  

core	  (greater	  than	  67	  cm),	  and	  sediment	  closest	  to	  the	  first	  appearance	  of	  137Cs,	  reflective	  

of	  bomb	  (nuclear	  weapon)	  testing	  in	  the	  1950’s	  and	  1960’s.	  Because	  of	  the	  non-‐continuous	  

depositional	  history	  of	  subtidal	  locations	  exact	  ages	  were	  not	  used	  for	  subtidal	  core	  

intervals.	  However,	  Yee	  et	  al.	  (2011)	  suggested	  that	  the	  depth	  of	  137Cs	  appearance	  in	  

subtidal	  locations	  marks	  the	  maximum	  depth	  of	  downward	  migration	  of	  137Cs,	  and	  that	  

sediment	  below	  this	  maximum	  depth	  has	  not	  been	  exposed	  to	  the	  surface	  since	  at	  least	  the	  

mid-‐1950’s,	  when	  bomb	  testing	  began.	  Based	  on	  this	  interpretation,	  the	  sediment	  interval	  

analyzed	  that	  is	  closest	  to	  the	  137Cs	  appearance	  in	  subtidal	  cores	  will	  hereafter	  be	  referred	  

to	  as	  “circa	  1960”	  sediment	  or	  “c.	  1960”	  sediment.	  For	  wetland	  cores	  there	  is	  evidence	  of	  a	  

sharp	  137Cs	  peak	  in	  subsurface	  sediment,	  suggesting	  little	  sediment	  re-‐suspension	  or	  

bioturbation.	  In	  wetland	  cores,	  an	  approximate	  age	  was	  assigned	  to	  each	  sediment	  interval	  

by	  Yee	  et	  al.	  (2011)	  based	  on	  estimated	  accumulation	  rates	  with	  the	  137Cs	  peak	  

representing	  deposition	  in	  the	  early	  1960’s	  –	  the	  period	  of	  maximum	  137Cs	  deposition	  in	  

the	  SF	  Bay	  area.52	  

3.2.3.2	  Sediment	  Processing,	  Combustion	  and	  THg	  Concentration	  

Sediment	  intervals	  of	  SF	  Bay	  cores	  were	  stored	  frozen	  in	  glass	  containers	  and	  prior	  

to	  Hg	  analysis,	  sediment	  was	  freeze-‐dried	  and	  ground	  to	  a	  fine	  powder	  with	  a	  clean	  agate	  

mortar	  and	  pestle.	  Terrace	  sediment	  from	  the	  Yuba	  River,	  CA	  was	  dried	  and	  then	  sieved	  to	  

<63	  μm	  and	  stored	  in	  glass	  vials	  prior	  to	  analysis.	  For	  each	  sample	  analyzed,	  at	  least	  200	  

mg	  of	  sediment	  was	  placed	  in	  a	  two-‐stage	  furnace	  and	  progressively	  heated	  to	  release	  all	  

Hg,	  following	  previously	  described	  methods.13,	  36,	  53,	  54	  In	  brief,	  Hg	  was	  released	  from	  the	  

sample	  matrix	  as	  Hg0	  as	  the	  sample	  was	  gradually	  heated	  to	  750°C	  over	  six	  hours.	  

Mobilized	  Hg0	  was	  carried	  in	  a	  flow	  of	  O2,	  through	  a	  second	  furnace	  held	  at	  1000°C,	  after	  
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which	  it	  was	  sparged	  into	  a	  1%	  KMnO4/1.8M	  H2SO4	  trapping	  solution,	  thus	  oxidizing	  Hg0	  to	  

Hg2+.	  Sediment	  THg	  concentrations	  were	  determined	  using	  cold	  vapor	  atomic	  absorption	  

spectroscopy	  (CV-‐AAS;	  Nippon	  MA-‐2000)	  based	  on	  the	  concentration	  of	  Hg	  in	  the	  trapping	  

solution	  and	  the	  mass	  of	  dry	  sediment	  placed	  in	  the	  combustion	  furnace.	  The	  sediment	  THg	  

concentration	  for	  subtidal	  and	  wetland	  sediment	  cores	  via	  combustion	  typically	  yielded	  

THg	  concentrations	  within	  30%	  of	  reported	  THg	  concentrations	  for	  sub-‐samples	  of	  the	  

same	  sediment	  measured	  by	  wet	  acid	  digestion	  at	  Moss	  Landing	  Marine	  Lab	  (Yee	  et	  al.,	  

2011).	  The	  THg	  concentration	  of	  Yuba	  River	  sediment	  measured	  by	  combustion,	  as	  

described	  here,	  agreed	  to	  within	  10%	  of	  the	  THg	  concentration	  measured	  by	  cold	  vapor	  

atomic	  fluorescence	  spectroscopy	  (CVAFS;	  Tekran)	  by	  EPA	  Method	  1631	  at	  the	  USGS	  in	  

Menlo	  Park,	  CA.	  The	  sediment	  standard	  NRC	  MESS-‐3	  (marine	  sediment	  reference	  material)	  

was	  combusted	  and	  processed	  alongside	  samples	  in	  an	  identical	  manner.	  The	  combustion	  

yield	  of	  Hg	  in	  NRC	  MESS-‐3	  averaged	  94	  ±	  4%	  and	  was	  always	  within	  error	  of	  the	  certified	  

THg	  concentration	  (91	  ±	  9	  ng/g).	  	  Prior	  to	  isotopic	  analysis	  the	  original	  trapping	  solution	  

was	  reduced	  with	  SnCl2	  and	  all	  Hg	  was	  purged	  from	  the	  original	  solution	  into	  a	  secondary	  

trapping	  solution	  (1%	  KMnO4/1.8M	  H2SO4)	  to	  minimize	  matrix	  effects	  during	  isotopic	  

analysis	  that	  might	  be	  associated	  with	  combustion	  products.	  The	  yield	  for	  the	  secondary	  

trapping	  procedure	  was	  always	  greater	  than	  92%,	  and	  typically	  greater	  than	  95%.	  The	  

secondary	  purge	  and	  trap	  yield	  was	  at	  least	  96%	  for	  all	  NRC	  MESS-‐3	  aliquots	  that	  were	  

analyzed.	  	  	  

3.2.3.3	  Precipitation	  Hg	  Separation	  and	  THg	  Concentration	  	  

	   At	  each	  location,	  precipitation	  collectors	  were	  assembled	  using	  a	  borosilicate	  glass	  

funnel	  (collection	  area	  of	  181	  cm2),	  Teflon	  adaptor	  with	  glass	  vapor	  lock	  (to	  prevent	  
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evaporation),	  and	  a	  1L	  Teflon	  bottle.55	  Collectors	  were	  located	  away	  from	  overhanging	  

obstacles	  and	  funnels	  were	  left	  open	  for	  periods	  of	  3	  to	  33	  days,	  depending	  on	  rainfall	  

amount,	  collecting	  multiple	  precipitation	  events	  into	  a	  single,	  pre-‐acidified	  (1mL	  trace	  

metal	  grade	  hydrochloric	  acid)	  1L	  Teflon	  bottle.	  A	  total	  of	  six	  bottles	  were	  collected	  at	  each	  

site	  between	  December	  2008	  and	  March	  2009,	  and	  each	  bottle	  was	  preserved	  to	  a	  final	  

concentration	  of	  1%	  BrCl	  upon	  return	  to	  the	  laboratory.	  A	  small	  (5	  ml)	  aliquot	  from	  each	  

collection	  bottle	  was	  analyzed	  by	  CV-‐	  AAS	  (Nippon	  MA-‐2000)	  to	  obtain	  a	  volume-‐weighted	  

average	  THg	  concentration	  for	  each	  site.	  	  Precipitation	  samples	  from	  each	  site	  were	  

combined	  using	  purge	  and	  trap	  methods,	  to	  obtain	  sufficient	  Hg	  for	  stable	  isotope	  

measurements,	  as	  described	  elsewhere.56	  Briefly,	  the	  combination	  of	  precipitation	  samples	  

required	  slowly	  pumping	  the	  entire	  sample	  into	  a	  mixing	  chamber	  with	  5%	  SnCl2	  to	  reduce	  

all	  Hg	  to	  Hg0.	  The	  Hg0	  was	  separated	  using	  a	  frosted	  tip	  phase	  separator	  and	  carried	  into	  an	  

oxidizing	  1%	  KMnO4/1.8M	  H2SO4	  trapping	  solution.	  	  For	  Oakland	  and	  San	  Jose	  collection	  

locations,	  all	  six	  1L	  samples	  were	  combined	  into	  a	  single	  trap	  that	  represented	  the	  entire	  

winter	  2009	  sampling	  period.	  Due	  to	  greater	  precipitation	  volume	  at	  Moss	  Beach,	  the	  six	  1L	  

samples	  collected	  were	  combined	  into	  two	  separate	  traps	  representing	  the	  first	  half	  (MB1;	  

January	  –	  February	  2009)	  and	  the	  second	  half	  (MB2;	  March	  2009)	  of	  the	  collection	  period.	  

The	  THg	  concentrations	  of	  the	  final	  trap	  solutions	  were	  measured	  prior	  to	  Hg	  stable	  

isotope	  analysis.	  Although	  we	  expect	  the	  whole	  sample	  THg	  concentration	  (in	  the	  oxidizing	  

1%	  KMnO4	  trap)	  to	  be	  the	  most	  accurate	  measurement,	  an	  estimated	  yield	  was	  calculated	  

based	  on	  the	  initial	  volume	  weighted	  average	  and	  the	  final	  trap	  THg	  concentrations.	  Three	  

of	  the	  four	  estimated	  sample	  yields	  were	  between	  86%	  and	  99%	  (MB-‐1,	  San	  Jose	  and	  

Oakland),	  however	  one	  sample	  (MB-‐2)	  had	  an	  estimated	  yield	  of	  152%.	  The	  high	  apparent	  
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yield	  suggests	  that	  the	  initial	  5mL	  aliquot	  measured	  had	  a	  lower	  THg	  concentration	  than	  

the	  entire	  sample	  after	  processing,	  which	  can	  occur	  from	  incomplete	  reduction	  of	  Hg	  in	  the	  

CV-‐AAS	  due	  to	  interferences	  in	  the	  original	  sample	  matrix.	  	  

3.2.3.4	  Hg	  Stable	  Isotope	  Analysis	  

The	  Hg	  isotopic	  composition	  of	  the	  trap	  solution	  for	  each	  sample	  was	  measured	  

using	  Cold	  Vapor-‐Multi	  Collector-‐Inductively	  Coupled	  Plasma–Mass	  Spectrometry	  (CV-‐MC-‐

ICP-‐MS;	  Nu-‐Instruments).	  Solutions	  were	  partially	  neutralized	  with	  NH2OH	  then	  diluted	  to	  

a	  concentration	  between	  1	  and	  5	  ng/g.	  Hg2+	  was	  reduced	  on-‐line	  by	  the	  addition	  of	  SnCl2	  

and	  Hg0	  was	  separated	  from	  the	  solution	  using	  a	  frosted	  tip	  liquid-‐gas	  separator.	  

Instrumental	  mass	  bias	  was	  corrected	  by	  the	  introduction	  of	  an	  internal	  Tl	  standard	  (NIST	  

997)	  as	  a	  dry	  aerosol	  to	  the	  Ar	  gas	  stream	  and	  by	  sample-‐standard	  bracketing	  using	  NIST	  

3133	  with	  the	  same	  concentration	  and	  solution	  matrix	  as	  that	  of	  the	  sample.25	  The	  Hg	  

stable	  isotope	  composition	  is	  reported	  in	  delta	  notation	  in	  units	  of	  permil	  (‰)	  and	  

referenced	  to	  the	  NIST	  3133	  standard.25	  Mass	  dependent	  fractionation	  (MDF)	  is	  calculated	  

by	  comparing	  the	  202Hg/198Hg	  ratio	  of	  the	  sample	  to	  the	  202Hg/198Hg	  ratio	  of	  the	  NIST	  3133	  

bracketing	  standards	  and	  is	  reported	  as	  δ202Hg	  using	  equation	  [1].25	  Mass	  independent	  

fractionation	  (MIF)	  is	  a	  measurement	  of	  the	  deviation	  from	  the	  theoretical	  MDF	  and	  is	  

reported	  in	  permil	  (‰)	  as	  Δ199Hg	  and	  Δ201Hg	  using	  equations	  [2]	  and	  [3]:25	  

	  

1.	   δ202Hg	  =	  1000	  *	  ([(202Hg/198Hg)sample]/[(202Hg/198Hg)NIST3133]	  –	  1).	  

2.	   Δ199Hg	  =	  δ199Hg	  –	  (δ202Hg	  *	  0.2520)	  

3.	  	   Δ201Hg	  =	  δ201Hg	  –	  (δ202Hg	  *	  0.7520)	  
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Procedural	  blanks	  and	  replicates	  of	  NRC	  MESS-‐3	  (n=4)	  were	  processed	  alongside	  

sediment	  samples	  in	  an	  identical	  manner.	  	  Procedural	  blanks	  averaged	  0.285	  ng	  Hg	  per	  24	  

gram	  trap	  solution	  (n=5)	  whereas	  samples	  contained	  between	  80	  and	  250	  ng	  Hg.	  Total	  

recovery	  of	  the	  NRC	  MESS-‐3	  process	  replicates	  averaged	  95	  ±	  4%	  (n=4)	  and	  the	  Hg	  isotopic	  

composition	  of	  NRC	  MESS-‐3	  was	  δ202Hg	  =	  -‐1.93	  ±	  0.10‰,	  Δ201Hg	  =	  -‐0.02	  ±	  0.07‰	  and	  

Δ199Hg	  =	  0.01	  ±	  0.02‰	  (mean	  ±	  2	  s.d.;	  n=4).	  	  A	  procedural	  standard	  (NIST-‐3133)	  of	  similar	  

Hg	  concentration	  as	  precipitation	  samples	  demonstrated	  no	  measureable	  fractionation	  

upon	  pre-‐concentration	  into	  the	  trapping	  solution	  (1%	  KMnO4/1.8M	  H2SO4)	  with	  an	  85%	  

process	  yield	  (δ202Hg	  of	  0.02‰	  and	  Δ199Hg	  of	  0.02‰).	  Precipitation	  procedural	  blanks	  

never	  accounted	  for	  more	  than	  1%	  of	  Hg	  in	  the	  final	  trap	  solution.	  

The	  in-‐house	  standard	  UM-‐Almaden	  was	  monitored	  over	  the	  course	  of	  46	  analytical	  

sessions	  during	  which	  sediment	  analyses	  were	  completed	  and	  had	  a	  long-‐term	  average	  

isotopic	  composition	  of	  δ202Hg	  =	  -‐0.58	  ±	  0.05‰,	  Δ201Hg	  =	  -‐0.03	  ±0.04‰	  and	  Δ199Hg	  =-‐0.02	  

±	  0.04‰	  (mean	  ±	  2	  s.d.;	  n=46).	  The	  uncertainty	  associated	  with	  sediment	  Hg	  stable	  isotope	  

measurements	  is	  reported	  as	  the	  greater	  of	  either	  the	  uncertainty	  of	  replicate	  analysis	  of	  

NRC	  MESS-‐3	  or	  the	  long-‐term	  analytical	  uncertainty	  associated	  with	  UM-‐Almaden.	  

Therefore,	  the	  2	  s.d.	  analytical	  uncertainty	  for	  sediment	  Hg	  stable	  isotope	  measurements	  in	  

this	  study	  is	  δ202Hg	  =	  ±0.10‰,	  Δ201Hg	  =	  ±0.07‰,	  and	  Δ199Hg	  =	  ±0.04	  ‰.	  UM-‐Almaden	  was	  

analyzed	  multiple	  times	  at	  identical	  Hg	  concentrations	  as	  the	  precipitation	  samples	  that	  

were	  analyzed	  (1.7	  and	  3.1	  ng/g)	  during	  the	  same	  session.	  UM-‐Almaden	  at	  a	  Hg	  

concentration	  of	  1.7	  ng/g	  had	  an	  average	  isotopic	  composition	  of	  δ202Hg	  =	  -‐0.56	  ±	  0.14‰,	  

Δ201Hg	  =	  -‐0.12	  ±0.15	  ‰	  and	  Δ199Hg	  =-‐0.03	  ±	  0.11‰	  (mean	  ±	  1	  s.d.;	  n=4).	  UM-‐Almaden	  at	  a	  



67	  

concentration	  of	  3.1	  ng/g	  had	  an	  average	  isotopic	  composition	  of	  δ202Hg	  =	  -‐0.57	  ±	  0.05‰,	  

Δ201Hg	  =	  -‐0.04	  ±0.05	  ‰	  and	  Δ199Hg	  =	  0.00	  ±	  0.04‰	  (mean	  ±	  1	  s.d.;	  n=5).	  	  

	  	  

3.3	  Results	  and	  Discussion	  

3.3.1	  Mercury	  Isotopic	  Composition	  of	  Subtidal	  Sediment	  

In	  five	  of	  six	  subtidal	  sediment	  cores	  the	  THg	  concentration	  is	  between	  28	  and	  58	  

ng/g	  at	  sediment	  depths	  greater	  than	  100	  cm	  (Figure	  3.2;	  Table	  3.1).	  The	  THg	  

concentration	  in	  these	  five	  subtidal	  cores	  agrees	  with	  established	  pre-‐mining	  THg	  

concentrations	  from	  north	  SF	  Bay	  sediment	  cores	  (60	  ±	  10	  ng/g)6	  ,	  San	  Pablo	  Bay	  sediment	  

cores	  (30	  to	  80	  ng/g)7	  and	  in	  wetland	  sediment	  cores	  from	  south	  SF	  Bay	  (80±	  30	  ng/g).5	  In	  

the	  five	  subtidal	  cores	  with	  THg	  less	  than	  60	  ng/g,	  δ202Hg	  is	  -‐0.98	  ±	  0.06‰	  and	  Δ199Hg	  is	  

0.17	  ±	  0.03‰	  (1	  s.d.;	  n	  =	  5)	  with	  no	  measureable	  difference	  in	  Hg	  isotopic	  composition	  

among	  the	  five	  different	  locations.	  The	  δ202Hg	  of	  pre-‐mining	  sediment	  is	  within	  error	  of	  

pre-‐anthropogenic	  Mediterranean	  sapropels	  (-‐0.91	  ±	  0.15‰;	  1s.d.,	  n=5)36	  and	  off-‐shore	  

sediment	  from	  the	  Gulf	  of	  Mexico	  (-‐1.00	  ±	  	  0.11‰;	  1s.d.,	  n=6)37	  In	  the	  subtidal	  sediment	  

core	  from	  Suisan	  Bay	  (SU),	  the	  THg	  concentration	  is	  greater	  than	  140	  ng/g	  throughout	  the	  

core	  (Figure	  3.2)	  and	  there	  is	  uncertainty	  in	  depositional	  age	  estimates.52	  	  Due	  to	  lack	  of	  

age	  control,	  and	  because	  THg	  does	  not	  reach	  a	  pre-‐mining	  concentration	  at	  depth,	  results	  

from	  this	  core	  are	  not	  included	  in	  further	  discussion.	  	  

In	  c.	  1960	  and	  surface	  sediment	  intervals	  from	  subtidal	  locations,	  the	  THg	  

concentration	  is	  enriched	  2	  to	  6	  times	  over	  that	  of	  pre-‐mining	  THg	  (Figure	  3.2;	  Table	  3.1).	  

There	  is	  no	  obvious	  spatial	  trend	  in	  THg	  concentrations,	  and	  THg	  concentration	  is	  



68	  

independent	  of	  %TOC	  (r2	  =	  0.09,	  p=	  0.33).	  The	  Hg	  stable	  isotope	  composition	  of	  subtidal	  

sediment	  systematically	  changes	  between	  pre-‐mining,	  c.	  1960	  and	  surface	  sediment.	  In	  c.	  

1960	  sediment,	  δ202Hg	  has	  a	  range	  between	  –0.63	  and	  -‐0.32‰	  with	  the	  highest	  δ202Hg	  in	  

LSB	  and	  lower	  δ202Hg	  in	  SPB	  and	  CB	  (Figure	  3.3),	  following	  the	  same	  geographic	  trend	  as	  

observed	  in	  intertidal	  surface	  sediment.13	  The	  spatial	  and	  temporal	  variation	  in	  sediment	  

δ202Hg	  is	  not	  correlated	  with	  %TOC	  (r2	  =	  0.02,	  p=0.53)	  or	  other	  ancillary	  sediment	  

chemistry	  parameters.	  Interestingly,	  subtidal	  surface	  sediment	  does	  not	  exhibit	  any	  spatial	  

variation	  in	  δ202Hg.	  Rather,	  subtidal	  surface	  sediment	  has	  consistent	  δ202Hg	  (-‐0.52	  ±	  

0.04‰)	  and	  Δ199Hg	  (0.07	  ±	  0.03‰;	  1	  s.d.;	  n	  =	  6)	  regardless	  of	  location	  or	  THg	  

concentration.	  	  

	  

3.3.2	  Mercury	  Isotopic	  Composition	  of	  Wetland	  Sediment	  

3.3.2.1	  Coyote	  Creek	  Wetland	  

In	  the	  deepest	  core	  samples	  from	  the	  Coyote	  Creek	  wetland	  (CoW),	  in	  sediment	  

deposited	  pre-‐1943,	  the	  THg	  concentration	  is	  660	  ng/g,	  which	  is	  significantly	  higher	  than	  

the	  pre-‐mining	  THg	  concentration	  throughout	  SF	  Bay	  (<110	  ng/g).	  In	  sediment	  deposited	  

between	  the	  early	  1940’s	  (98.75	  cm)	  and	  the	  mid	  1950’s	  (78.75	  cm),	  THg	  increases	  from	  

720	  ng/g	  to	  a	  maximum	  of	  3,200	  ng/g	  and	  then	  decreases	  to	  330	  ng/g	  near	  the	  surface	  

(Figure	  3.4).	  The	  elevated	  THg	  concentration	  in	  CoW	  subsurface	  sediment	  is	  consistent	  

with	  other	  wetlands	  in	  south	  SF	  Bay,	  such	  as	  Alviso	  Slough	  and	  Triangle	  Marsh.5,	  13,	  57	  In	  

Triangle	  Marsh,	  peak	  THg	  (~1,200	  ng/g)	  also	  occurs	  in	  mid-‐20th	  century	  sediments	  and	  has	  

been	  attributed	  to	  a	  combination	  of	  increased	  Hg	  mining	  activity,	  changes	  in	  watershed	  

hydrology,	  and	  land	  subsidence	  in	  the	  area.5	  In	  CoW	  sediment,	  the	  THg	  peak	  coincides	  with	  
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a	  0.4‰	  shift	  in	  δ202Hg	  from	  -‐0.20‰	  to	  +0.21‰	  (Figure	  3.4).	  The	  δ202Hg	  in	  the	  highest	  THg	  

sediment	  measured	  in	  CoW	  (this	  study)	  and	  in	  Alviso	  Slough13	  is	  ~0.2‰	  higher	  than	  the	  

only	  Hg	  mine	  waste	  analyzed	  from	  the	  region	  (Figure	  3.5)13	  During	  the	  leaching	  of	  Hg	  mine	  

waste	  the	  more	  soluble	  byproduct	  species	  of	  Hg	  are	  mobilized.58	  Leachates	  of	  calcine	  may	  

contain	  Hg	  with	  up	  to	  ~1.2‰	  higher	  δ202Hg	  than	  the	  parent	  calcine	  29.	  Soluble	  Hg	  will	  

associate	  quickly	  with	  particles,	  such	  as	  iron	  oxyhydroxides,	  and	  travel	  downstream	  via	  the	  

particulate	  phase.58	  As	  a	  result,	  the	  δ202Hg	  of	  sediment	  in	  CoW	  can	  be	  explained	  by	  the	  

isotopic	  variation	  of	  the	  calcine	  and	  its	  leachates	  that	  have	  been	  mobilized	  and	  transported	  

to	  downstream	  wetlands.	  Thus,	  we	  suggest	  that	  the	  subsurface	  sediment	  in	  the	  Coyote	  

Creek	  wetland	  is	  most	  representative	  of	  the	  isotopic	  composition	  of	  sediment	  heavily	  

impacted	  by	  Hg	  mine	  waste	  that	  has	  been	  transported	  to	  SF	  Bay.	  	  

3.3.2.2	  Damon	  Slough	  Wetland	  

Sediment	  at	  69	  cm	  depth,	  and	  with	  THg	  of	  23	  ng/g,	  in	  Damon	  Slough	  Wetland	  (DaW)	  

corresponds	  to	  deposition	  before	  1911	  and	  has	  δ202Hg	  of	  -‐1.08	  ‰	  and	  Δ199Hg	  of	  -‐0.24‰	  

(Figure	  3.6),	  which	  is	  nearly	  identical	  to	  subtidal	  sediments	  with	  similar	  THg	  

concentrations	  (Figures	  3.5	  &	  3.7).	  An	  indistinguishable	  Hg	  isotopic	  composition	  for	  low	  

THg	  (23	  ng/g)	  wetland	  sediment	  and	  low	  THg	  (<60	  ng/g)	  subtidal	  sediment	  suggests	  a	  

similar	  origin	  for	  pre-‐mining	  Hg	  in	  sediment.	  Sediment	  is	  enriched	  above	  pre-‐mining	  THg	  

concentrations	  at	  depths	  shallower	  than	  40	  cm,	  with	  the	  highest	  THg	  concentration	  in	  DaW	  

(3,100	  ng/g)	  occurring	  at	  19	  cm	  (~1940’s),	  followed	  by	  a	  decrease	  up-‐core	  to	  600	  ng/g	  in	  

near-‐surface	  sediment	  (Figure	  3.6).	  The	  THg	  maximum	  in	  DaW	  coincides	  with	  a	  shift	  in	  

δ202Hg;	  the	  highest	  THg sediment	  (1440	  and	  3140	  ng/g)	  has	  the	  highest	  δ202Hg	  (-‐0.39	  and	  -‐

0.42‰,	  respectively;	  Figure	  3.6).	  Subsurface	  sediments	  with	  high	  THg	  concentration in	  
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DaW	  is	  consistent	  with	  previously	  reported	  high	  concentration	  subsurface	  sediment	  in	  

nearby	  San	  Leandro	  (SL)	  Bay59	  and	  the	  δ202Hg	  of	  DaW	  surface	  sediment	  (-‐0.50‰)	  is	  within	  

error	  of	  previously	  measured	  intertidal	  surface	  sediment	  in	  San	  Leandro	  Bay	  (-‐0.53‰	  and	  

-‐0.59‰;	  13	  	  

Although	  peak	  THg	  concentrations	  in	  DaW	  and	  CoW	  are	  observed	  in	  similar	  age	  

sediment	  (between	  1940	  and	  1960),	  and	  peak	  THg	  concentrations	  are	  similar	  (3140	  and	  

3220	  ng/g,	  respectively),	  the	  δ202Hg	  of	  high	  THg	  DaW	  sediment	  is	  ~0.6‰	  lower	  than	  high	  

THg	  sediment	  in	  CoW	  (-‐0.42‰	  and	  +0.21‰,	  respectively;	  Table	  3.1).	  The	  lower	  δ202Hg	  of	  

DaW	  subsurface	  sediment	  could	  be	  the	  result	  of	  the	  accumulation	  of	  Hg	  from	  a	  discrete	  Hg	  

source	  in	  DaW	  at	  the	  same	  time	  as	  Hg	  accumulation	  in	  CoW.	  Alternatively,	  the	  δ202Hg	  of	  

DaW	  sediment	  could	  be	  explained	  by	  the	  mixing	  of	  regional	  Hg	  sources,	  with	  significantly	  

different	  δ202Hg,	  emanating	  from	  north	  and	  south	  SF	  Bay,	  followed	  by	  rapid	  deposition	  in	  

wetlands	  adjacent	  to	  SF	  Bay.	  If	  rapid	  deposition	  of	  regional	  Hg	  sources	  is	  responsible	  for	  

the	  high	  THg	  wetland	  sediment,	  we	  would	  expect	  high	  THg	  in	  similarly	  aged	  sediment	  in	  

other	  wetlands	  adjacent	  to	  SF	  Bay.	  However,	  sediment	  THg	  peaks	  are	  small	  or	  not	  

observable	  in	  the	  other	  wetlands	  sampled	  for	  this	  study.52	  Comparatively	  high	  THg	  

concentration	  in	  intertidal	  sediments	  from	  SL	  Bay,13	  coupled	  with	  high	  subsurface	  THg	  in	  

DaW	  (this	  study)	  and	  SL	  Bay,59	  suggests	  that	  at	  some	  time	  a	  local	  Hg	  source	  may	  have	  

contributed	  Hg	  to	  sediment	  in	  SL	  Bay	  and	  DaW.	  	  

No	  Au	  or	  Hg	  mines	  are	  present	  in	  the	  four	  small	  watersheds	  that	  contribute	  to	  San	  

Leandro	  Bay.	  Instead,	  most	  of	  the	  surrounding	  land	  use	  is	  urban	  or	  industrial	  and	  a	  variety	  

of	  industries	  that	  use	  Hg	  have	  been	  present	  since	  the	  mid-‐19th	  century.	  For	  example,	  the	  

Oakland,	  CA	  Clorox	  plant,	  located	  ~0.6	  km	  from	  San	  Leandro	  Bay,	  used	  an	  electrolytic	  Hg	  
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cell	  (containing	  Hg0)	  to	  produce	  chlorine	  and	  caustic	  soda	  from	  1919	  to	  1957.3,	  60	  Although	  

the	  Hg-‐cell	  process	  ceased	  operation	  in	  1957,	  Hg	  contamination	  of	  a	  perched	  groundwater	  

zone	  exists	  below	  the	  facility	  and	  high	  THg	  concentrations	  persist	  in	  the	  surrounding	  soil.60	  

The	  Oakland	  Clorox	  facility	  is	  one	  example	  of	  the	  possible	  remnant	  industrial	  Hg	  sources	  

that	  surround	  San	  Leandro	  Bay,	  however	  we	  do	  not	  have	  evidence	  that	  this	  is	  the	  primary	  

source	  of	  Hg	  in	  San	  Leandro	  Bay.	  

If	  the	  Hg	  in	  DaW	  is	  from	  the	  industrial	  use	  of	  metallic	  Hg	  then	  DaW	  sediment	  should	  

reflect	  the	  Hg	  isotopic	  composition	  of	  the	  metallic	  Hg	  source	  plus	  any	  additional	  MIF	  or	  

MDF	  that	  might	  have	  been	  imparted	  by	  biogeochemical	  transformation	  and	  loss	  of	  Hg	  from	  

the	  sediment	  (e.g.,	  volatilization).	  When	  the	  recovery	  of	  Hg0	  from	  Hg	  ore	  is	  efficient,	  the	  

isotopic	  composition	  of	  the	  metallic	  Hg	  product	  will	  be	  indistinguishable	  from	  the	  Hg	  ore	  

itself.31	  The	  isotopic	  composition	  of	  Hg	  ores	  from	  across	  California	  is	  -‐0.64	  ±	  0.84‰	  (1s.d.,	  

n=91)27	  and	  Hg	  ore	  specifically	  from	  the	  New	  Idria	  Hg	  mine	  has	  δ202Hg	  of	  -‐0.38	  ±	  0.07‰	  

(1s.d.,	  n=2).13	  Thus,	  the	  high	  THg	  subsurface	  sediment	  in	  DaW	  (with	  δ202Hg	  of	  -‐0.4‰)	  is	  

consistent	  with	  metallic	  Hg	  recovered	  from	  California	  Coast	  Range	  Hg	  ore.	  The	  DaW	  

wetland	  sediment	  core	  is	  an	  example	  of	  the	  challenge	  in	  tracing	  Hg	  in	  sediment	  when	  local	  

Hg	  sources	  are	  present	  but	  regional	  Hg	  sources	  have	  been	  spatially	  distributed.	  

	  

3.3.3	  Mercury	  Isotopic	  Composition	  of	  Yuba	  River	  Sediment	  

The	  Yuba	  River	  is	  the	  tributary	  basin	  of	  the	  Sierra	  Nevada	  foothills	  most	  heavily	  

impacted	  by	  Au	  mining.61	  We	  analyzed	  two	  sediment	  samples	  from	  a	  riverside	  terrace	  

along	  the	  Yuba	  River,	  CA.	  In	  Yuba	  River	  terrace	  sediment	  the	  THg	  concentration	  is	  3180	  

and	  5440	  ng/g,	  δ202Hg	  is	  -‐0.50‰	  and	  -‐0.64	  ‰	  and	  Δ199Hg	  is	  0.04‰	  and	  0.05‰,	  
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respectively	  (Figure	  3.5;	  Table	  3.1).	  Metallic	  Hg	  was	  used	  for	  placer	  Au	  mining	  in	  the	  Sierra	  

Nevada	  and	  most	  of	  the	  Hg	  used	  came	  from	  California	  Coast	  Range	  Hg	  ore.9	  The	  Hg	  stable	  

isotope	  composition	  of	  Yuba	  River	  sediment	  is	  similar	  to	  the	  average	  isotopic	  composition	  

of	  Hg	  ore	  deposits	  from	  throughout	  the	  California	  Coast	  Range	  (δ202Hg	  of	  -‐0.64	  ±	  0.84‰;	  1	  

s.d.,	  n=	  91).27	  As	  mentioned,	  efficient	  recovery	  of	  Hg0	  from	  Hg	  ore	  would	  result	  in	  no	  

difference	  in	  δ202Hg	  between	  the	  Hg0	  product	  and	  the	  Hg	  ore.31	  Mercury	  released	  to	  the	  

environment	  as	  Hg0	  during	  Au	  mining	  will	  undergo	  biogeochemical	  transformations	  (i.e.	  

vaporization,	  dissolution,	  evaporation,	  oxidation,	  etc.)	  as	  it	  becomes	  particle	  bound	  and	  is	  

incorporated	  into	  sediment.	  The	  Hg	  stable	  isotope	  composition	  of	  sediments	  contaminated	  

by	  Au	  mining	  could	  therefore	  be	  affected	  by	  fractionation	  during	  loss	  of	  mercury	  from	  

sediments.	  Nonetheless,	  the	  Hg	  stable	  isotope	  composition	  of	  Yuba	  River	  sediments	  is	  

consistent	  with	  what	  can	  be	  expected	  of	  metallic	  Hg0	  recovered	  from	  California	  Coast	  

Range	  Hg	  ore	  that	  was	  used	  in	  Sierra	  Nevada	  placer	  Au	  mining	  and	  became	  well	  mixed	  with	  

displaced	  hydraulic	  mining	  sediments.	  	  

Sediment	  from	  the	  Cosumnes	  River,	  a	  tributary	  of	  the	  Mokelumne	  River	  that	  flows	  

into	  the	  Sacramento/San	  Joaquin	  Delta	  farther	  south,	  was	  previously	  used	  to	  estimate	  the	  

stable	  isotope	  composition	  of	  Hg	  used	  during	  Au	  mining	  in	  the	  Sierra	  Nevada	  foothills,13	  

but	  this	  system	  was	  far	  less	  impacted	  by	  hydraulic	  mining.	  Surface	  sediment	  from	  the	  

Cosumnes	  River	  has	  THg	  between	  65	  and	  419	  ng/g	  and	  δ202Hg	  between	  -‐0.75	  and	  -‐0.91‰	  

(Gehrke	  et	  al.,	  2011a).	  Although	  THg	  in	  sediment	  from	  marshes	  adjacent	  to	  the	  Cosumnes	  

River	  is	  elevated	  (303	  and	  419	  ng/g),	  streambed	  sediment	  THg	  is	  much	  lower	  (65	  and	  114	  

ng/g).	  Yuba	  River	  terrace	  sediment	  THg	  concentrations	  are	  at	  least	  seven	  times	  higher	  

(3180	  and	  5440	  ng/g)	  than	  any	  Cosumnes	  River	  sediment	  previously	  analyzed.	  The	  δ202Hg	  
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of	  Cosumnes	  River	  streambed	  sediment	  has	  lower	  δ202Hg	  (-‐0.88	  and	  -‐0.91‰)	  when	  

compared	  to	  the	  marsh	  sediment	  (-‐0.75‰)	  and	  δ202Hg	  is	  significantly	  lower	  than	  Yuba	  

River	  terrace	  sediment	  (-‐0.57	  ±	  0.10‰;	  1	  s.d.,	  n=2).	  Only	  the	  Cosumnes	  River	  marsh	  

sediment	  is	  enriched	  above	  pre-‐mining	  THg	  concentration,	  and	  the	  δ202Hg	  of	  Cosumnes	  

River	  streambed	  sediment	  resembles	  pre-‐mining	  sediment	  in	  subtidal	  SF	  Bay	  (Figure	  3.5).	  

Therefore,	  Consumes	  River	  sediment	  is	  not	  an	  ideal	  representation	  of	  highly	  contaminated	  

sediment	  predominantly	  impacted	  by	  Au	  mining.	  Instead,	  we	  suggest	  that	  Yuba	  River	  

terrace	  sediment	  is	  consistent	  with,	  and	  a	  better	  representation	  of,	  the	  Hg	  stable	  isotope	  

composition	  of	  sediment	  contaminated	  by	  metallic	  Hg	  that	  was	  used	  for	  Au	  mining.	  	  

	  

3.3.4	  Mass	  Independent	  Fractionation	  in	  SF	  Bay	  Sediment	  

The	  Δ199Hg	  observed	  in	  sediment	  is	  the	  sum	  of	  the	  Hg	  isotopic	  composition	  of	  Hg	  

released	  to	  the	  environment	  and	  any	  additional	  MIF	  that	  has	  occurred	  in	  the	  environment.	  

The	  magnitude	  of	  Δ199Hg	  is	  directly	  proportional	  to	  the	  amount	  of	  photochemical	  reduction	  

that	  has	  taken	  place	  during	  environmental	  exposure.62,	  63	  The	  Δ199Hg	  observed	  in	  pre-‐

mining,	  low	  THg	  (<60	  ng/g),	  downcore	  (>100	  cm)	  SF	  Bay	  sediment	  (0.17	  ±	  0.03‰;	  1s.d,	  

n=5)	  is	  similar	  to	  open	  ocean	  sediment	  on	  the	  Central	  Portuguese	  Margin	  (0.09	  ±	  0.04‰;	  

1s.d.,	  n=8)64	  and	  mid-‐Pleistocene	  sapropels	  from	  the	  Mediterranean	  Sea	  (0.11	  ±	  0.03‰;	  

1s.d.,	  n=5),36	  neither	  of	  which	  is	  impacted	  by	  anthropogenic	  Hg	  sources.	  We	  suggest	  that	  

the	  isotopic	  composition	  of	  Hg	  in	  deep,	  pre-‐mining	  SF	  Bay	  sediment	  is	  consistent	  with	  Hg	  in	  

seawater	  that	  has	  undergone	  significant	  photoreduction	  (>10%),	  enriching	  the	  odd	  

isotopes	  of	  Hg	  in	  the	  residual	  Hg2+	  pool	  such	  that	  positive	  Δ199Hg	  is	  preserved	  in	  

sediment.36,	  64	  	  



74	  

	  In	  all	  sediment	  from	  CoW,	  Δ199Hg	  is	  between	  -‐0.03	  and	  0.07‰	  and	  consistent	  with	  

adjacent	  sediment	  in	  Alviso	  Slough	  and	  upstream	  mine	  waste.	  In	  DaW,	  however,	  all	  

sediment	  has	  significant	  positive	  Δ199Hg	  (0.11	  to	  0.24	  ‰;	  Figure	  3.7).	  Metallic	  Hg	  used	  in	  

industrial	  processes	  and	  Au	  mining	  around	  SF	  Bay	  is	  likely	  derived	  from	  CA	  Coast	  Range	  Hg	  

ore	  that	  has	  not	  previously	  been	  exposed	  at	  the	  Earth’s	  surface	  and	  is,	  therefore,	  unlikely	  to	  

exhibit	  significant	  Δ199Hg.	  However,	  Δ199Hg	  has	  been	  observed	  in	  some	  Hg-‐bearing	  ore	  

minerals29	  and	  spahlerite	  ores28	  and	  we	  cannot	  rule	  out	  the	  possibility	  that	  a	  metallic	  Hg	  

source,	  with	  positive	  Δ199Hg,	  contributes	  Hg	  to	  DaW.	  The	  photochemical	  cycling	  of	  Hg	  in	  SF	  

Bay	  wetlands	  likely	  varies	  in	  response	  to	  tidal	  resuspension,	  periodic	  drying,	  variable	  

sunlight	  exposure	  and	  changing	  chemical	  conditions.	  If	  the	  Δ199Hg	  in	  DaW	  sediments	  is	  

purely	  the	  result	  of	  photochemical	  reduction	  then,	  based	  on	  experimental	  data	  (Bergquist	  

and	  Blum,	  2007),	  we	  infer	  that	  10	  to	  25%	  of	  the	  Hg2+	  pool	  has	  been	  photochemically	  

reduced	  and	  evaded.	  It	  is	  plausible	  that	  significant	  photochemical	  reduction	  of	  Hg	  occurs	  

during	  transport	  to	  the	  wetland,	  during	  resuspension	  within	  the	  wetland	  or	  during	  

seasonal	  drying	  that	  increases	  sunlight	  exposure	  to	  wetland	  surfaces.	  Although	  both	  CoW	  

and	  DaW	  likely	  experience	  similar	  periodic	  sunlight	  exposure,	  there	  is	  a	  much	  higher	  

sediment	  accretion	  rate	  in	  CoW,52	  which	  may	  reduce	  the	  time	  that	  sediment	  remains	  in	  the	  

photochemically	  active	  zone	  prior	  to	  burial.	  Additionally,	  DaW	  sediment	  has	  a	  smaller	  

proportion	  of	  fine	  (<63μm)	  sediment	  and	  a	  greater	  %TOC	  compared	  to	  CoW.52	  The	  

presence	  of	  DOC	  can	  facilitate	  Hg	  photoreduction65,	  66	  and	  differences	  in	  the	  type	  or	  amount	  

of	  organic	  material	  could	  lead	  to	  enhanced	  photochemical	  cycling	  in	  DaW.	  Although	  it	  is	  

unclear	  whether	  the	  significant	  Δ199Hg	  in	  DaW	  is	  inherited	  from	  the	  Hg	  source	  or	  a	  result	  of	  

photochemical	  reduction	  in	  the	  environment,	  the	  Damon	  Slough	  wetland	  demonstrates	  
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that	  significant	  Δ199Hg	  can	  be	  present	  in	  sediment	  with	  high	  THg	  concentration	  (>1000	  

ng/g).	  

	  

3.3.5	  Mercury	  Concentration	  and	  Stable	  Isotopes	  in	  SF	  Bay	  Precipitation	  

The	  precipitation	  samples	  analyzed	  for	  Hg	  stable	  isotopes	  represent	  Hg	  from	  

multiple	  events	  that	  were	  combined	  to	  integrate	  over	  one	  to	  three-‐month	  periods.	  The	  THg	  

concentration	  of	  the	  precipitation	  samples	  for	  each	  site	  ranged	  from	  4.7	  to	  9.0	  ng/L	  and	  did	  

not	  correlate	  with	  precipitation	  volume,	  distance	  from	  the	  Pacific	  Ocean,	  or	  site	  elevation.	  	  

The	  narrow	  range	  in	  THg	  concentrations	  are	  consistent	  with	  previously	  reported	  

measurements	  of	  Hg	  in	  SF	  Bay	  precipitation	  (6.6	  to	  9.7	  ng/L)67	  and	  similar	  to	  the	  average	  

THg	  concentration	  of	  precipitation	  events	  from	  coastal	  California	  and	  south	  SF	  Bay	  (6	  to	  12	  

ng/L).68	  Precipitation	  from	  the	  three	  sites,	  integrated	  over	  the	  entire	  winter	  sampling	  

period,	  had	  an	  average	  δ202Hg	  of	  0.06	  ±	  0.11‰	  and	  an	  average	  Δ199Hg	  of	  0.30	  ±	  0.05‰	  

(mean	  ±	  1s.d.;	  n=3).	  The	  individual	  samples	  had	  a	  range	  for	  δ202Hg	  between	  -‐0.01‰	  and	  

0.19‰	  and	  for	  Δ199Hg	  between	  0.16‰	  and	  0.35‰	  (Table	  3.2;	  Figure	  3.7).	  The	  two	  Moss	  

Beach	  samples	  represent	  Hg	  deposited	  on	  the	  California	  coast	  where	  a	  portion	  of	  the	  Hg	  is	  

likely	  derived	  from	  long	  range	  transport	  over	  the	  Pacific	  Ocean.68	  	  Collection	  locations	  at	  

San	  Jose	  and	  Oakland	  are	  in	  the	  SF	  Bay	  area	  and	  likely	  incorporate	  a	  mixture	  of	  long	  range	  

and	  locally	  derived	  Hg.	  The	  Hg	  concentration	  and	  isotopic	  composition	  of	  precipitation	  

from	  the	  coastal	  and	  SF	  Bay	  area	  sampling	  locations	  are	  similar,	  indicating	  that	  the	  long-‐

term	  average	  Hg	  in	  precipitation	  at	  these	  locations	  is	  not	  greatly	  influenced	  by	  local	  Hg	  

sources	  with	  distinct	  Hg	  stable	  isotope	  ratios.	  Thus,	  we	  interpret	  the	  range	  of	  δ202Hg	  and	  

Δ199Hg	  to	  be	  a	  reasonable	  estimate	  of	  the	  Hg	  stable	  isotope	  composition	  of	  precipitation	  
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during	  the	  winter	  season	  in	  the	  SF	  Bay	  region.	  A	  similar	  value	  for	  δ202Hg	  (0.13	  ±	  0.13‰)	  

and	  Δ199Hg	  (0.35	  ±	  0.10‰)	  has	  been	  reported	  for	  precipitation	  collected	  on	  the	  west	  coat	  

of	  Florida	  that	  was	  transported	  inland	  from	  the	  Gulf	  of	  Mexico	  and	  is	  believed	  not	  to	  have	  

been	  impacted	  by	  local	  Hg	  emission	  sources.69	  	  Subtidal	  surface	  sediments	  in	  SF	  Bay	  have	  

δ202Hg	  (-‐0.52	  ±	  0.04‰)	  and	  Δ199Hg	  (0.07	  ±	  0.03‰)	  values	  that	  are	  significantly	  different	  

from	  the	  SF	  Bay	  area	  precipitation	  signal	  (δ202Hg	  of	  0.06	  ±	  0.11‰	  and	  Δ199Hg	  of	  0.30	  ±	  

0.05‰).	  In	  addition,	  precipitation	  Hg	  stable	  isotope	  ratios	  display	  no	  consistent	  spatial	  

relationship	  with	  surface	  or	  subsurface	  sediments	  in	  SF	  Bay	  (Figure	  3.7).	  Mass	  balance	  

calculations	  suggest	  that	  atmospheric	  inputs	  of	  Hg	  are	  a	  very	  minor	  source	  of	  the	  total	  Hg	  

flux	  to	  sediments70	  and	  that	  sediment	  input	  contributes	  up	  to	  100	  times	  more	  Hg	  to	  SF	  Bay	  

than	  precipitation.3,	  67	  The	  Hg	  stable	  isotope	  measurements	  of	  SF	  Bay	  area	  precipitation	  

provide	  confirmation	  that	  Hg	  in	  precipitation	  is	  a	  relatively	  small	  input	  of	  Hg	  to	  sediments	  

in	  SF	  Bay.	  	  

	  

3.3.6	  Sediment	  endmembers	  in	  SF	  Bay	  from	  δ202Hg	  and	  THg	  

Based	  on	  the	  results	  of	  sediment	  from	  subtidal,	  wetland	  and	  terrace	  locations,	  we	  

have	  characterized	  three	  sediment	  endmembers	  present	  in	  SF	  Bay	  using	  Hg	  isotopic	  

compositions	  and	  THg	  concentrations	  (Figure	  3.8).	  The	  proposed	  endmembers	  are:	  	  

1)	  Background	  sediment	  (Bk)	  represented	  by	  the	  average	  δ202Hg	  and	  THg	  

concentration	  of	  five,	  low	  THg	  (<60	  ng/g)	  subtidal	  sediment	  intervals	  (δ202Hg	  =	  -‐0.98‰,	  

1/THg	  =	  18.0).	  The	  THg	  concentration	  is	  consistent	  with	  pre-‐mining	  sediment	  THg	  

concentration	  in	  SF	  Bay5-‐7	  and	  based	  on	  the	  isotopic	  composition	  we	  interpret	  the	  Hg	  to	  be	  

of	  marine	  or	  background	  geologic	  origin.	  
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2)	  Sediment	  contaminated	  by	  metallic	  Hg	  used	  during	  Au	  mining	  (Met)	  represented	  

by	  the	  average	  δ202Hg	  and	  THg	  of	  terrace	  sediment	  from	  the	  Yuba	  River	  (δ202Hg	  =	  -‐0.57‰,	  

1/THg	  =	  0.23).	  The	  Yuba	  River	  had	  significant	  historical	  Au	  mining	  activity	  that	  used	  Hg0	  

and	  mobilized	  large	  volumes	  of	  Hg-‐laden	  sediment.	  The	  Yuba	  River	  bulk	  sediment	  δ202Hg	  is	  

most	  consistent	  with	  metallic	  Hg	  recovered	  from	  Hg	  ore	  in	  the	  California	  Coast	  Range	  that	  

was	  later	  incorporated	  into	  sediment.	  	  

3)	  Sediment	  contaminated	  by	  Hg	  mine	  waste	  (HM)	  represented	  by	  subsurface	  

sediment	  from	  the	  Coyote	  Creek	  wetland	  (δ202Hg	  =	  0.21‰,	  1/THg	  =	  0.27),	  which	  is	  directly	  

downstream	  of	  the	  New	  Almaden	  Hg	  mining	  district.5,	  8	  

Most	  of	  the	  Hg	  transported	  to	  SF	  Bay	  is	  associated	  with	  sediment	  and	  delivered	  

during	  high	  flow	  conditions.71	  Here	  we	  assume	  that	  Hg	  remains	  attached	  to	  sediment	  

during	  river	  transport58,	  72,	  73	  and	  that,	  within	  SF	  Bay,	  Hg	  is	  transported	  primarily	  adsorbed	  

to	  suspended	  sediment.74	  Based	  on	  this	  assumption,	  we	  have	  calculated	  the	  relative	  

contribution	  of	  each	  endmember	  to	  subtidal	  locations	  using	  equations	  4-‐6	  modified	  from	  

Yin	  et	  al.,	  (2012):	  

	  

Equation	  4:	  δ202HgSED	  =	  FBkδ202HgBk	  +	  FMetδ202HgMet	  +	  FHMδ202HgHM	  	  	  

Equation	  5:	  1/HgSed	  =	  FBk/HgBk	  +	  FMet/HgMet	  +	  FHM/HgHM	  

Equation	  6:	  1	  =	  FBk	  +	  FMet	  +	  FHM	  

	  

We	  acknowledge	  that	  the	  calculation	  of	  the	  percent	  contribution	  of	  each	  

endmember	  is	  only	  a	  rough	  approximation.	  Here	  we	  assume	  that	  the	  THg	  concentration	  

and	  Hg	  isotopic	  composition	  of	  each	  endmember	  is	  invariant,	  however	  the	  concentration	  of	  
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the	  contaminated	  sediment	  endmembers	  delivered	  to	  SF	  Bay	  is	  likely	  influenced	  by	  

variable	  amounts	  of	  dilution	  with	  uncontaminated	  sediment	  during	  transport	  to	  SF	  Bay.	  

Nonetheless,	  the	  estimated	  mixtures	  of	  the	  sediment	  endmembers	  explain	  the	  Hg	  isotopic	  

variation	  in	  all	  of	  the	  subtidal	  and	  intertidal	  sediments	  in	  this	  study	  and	  trends	  in	  the	  

relative	  contribution	  of	  endmembers	  to	  all	  sediment	  samples	  appear	  robust.	  

In	  five	  subtidal	  cores,	  background	  sediment	  predominates	  in	  downcore	  (100-‐160	  

cm)	  sediment	  (Figure	  3.9C).	  In	  c.	  1960	  sediment	  in	  subtidal	  locations,	  there	  was	  a	  small	  

proportion	  (<22%)	  of	  background	  sediment,	  and	  sediment	  contaminated	  by	  metallic	  Hg	  

accounted	  for	  80%	  of	  the	  sediment	  deposited	  in	  Central	  Bay	  and	  San	  Pablo	  Bay	  locations.	  

In	  c.	  1960	  sediment	  in	  South	  Bay	  and	  Lower	  South	  Bay	  there	  was	  a	  significant	  contribution	  

of	  sediment	  contaminated	  by	  Hg	  mining	  (up	  to	  37%;	  Figure	  3.9B).	  In	  surface	  sediment	  from	  

subtidal	  locations,	  the	  proportion	  of	  each	  sediment	  endmember	  is	  relatively	  constant	  and	  

dominated	  by	  metallic	  Hg	  contaminated	  sediment	  (57%	  or	  greater	  contribution;	  Figure	  

3.9A).	  A	  significant	  contribution	  from	  both	  Hg	  mining	  and	  metallic	  Hg	  endmembers	  in	  

surface	  sediment	  is	  evidence	  of	  a	  homogenous	  surface	  sediment	  pool	  in	  open	  water	  

locations.	  The	  application	  of	  the	  sediment	  endmembers	  proposed	  here	  to	  intertidal	  surface	  

sediment	  reported	  by	  Gehrke	  et	  al.	  (2011a)	  suggests	  that	  in	  intertidal	  locations,	  sediment	  

contaminated	  by	  Hg	  mining	  is	  present	  in	  South	  SF	  Bay	  (up	  to	  40%)	  with	  a	  transition	  to	  

sediment	  contaminated	  by	  a	  metallic	  Hg	  source(s)	  in	  Central	  Bay	  and	  northward.	  Thus,	  

intertidal	  surface	  sediment	  and	  subtidal	  c.	  1960	  sediment	  appear	  to	  have	  the	  same	  spatial	  

trend	  in	  sediment	  endmember	  contribution.	  	  
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3.3.7	  Insight	  Into	  Sediment	  Transport	  from	  Hg	  Stable	  Isotopes	  

The	  Hg	  isotopic	  gradient	  in	  c.	  1960	  sediment	  is	  consistent	  with	  two	  Hg	  sources	  

entering	  SF	  Bay	  and,	  based	  on	  the	  proposed	  endmembers	  in	  SF	  Bay	  sediment,	  the	  two	  

sediment	  sources	  are	  similarly	  distributed	  in	  c.	  1960	  subtidal	  sediment	  and	  intertidal	  

surface	  sediment	  from	  13	  Erosion,	  deposition	  and	  sediment	  distribution	  in	  SF	  Bay	  is	  

controlled	  by	  the	  amount	  of	  sediment	  delivered	  from	  surrounding	  watersheds.44	  In	  

addition,	  it	  is	  expected	  that	  the	  intertidal	  area	  would	  increase	  during	  periods	  of	  increased	  

sediment	  supply	  and	  decrease	  when	  sediment	  supply	  decreased.43,	  75	  	  

Historical	  changes	  in	  sediment	  supply	  have	  changed	  erosional	  and	  depositional	  

patterns	  in	  SF	  Bay.	  In	  brief,	  in	  the	  late	  1800’s	  large	  volumes	  of	  sediment	  were	  mobilized	  in	  

the	  rivers	  leading	  to	  the	  Sacramento-‐San	  Joaquin	  delta	  due	  to	  hydraulic	  mining	  

operations.61	  As	  a	  result,	  a	  pulse	  of	  sediment	  was	  delivered	  to	  SF	  Bay	  and	  initially	  

deposited	  in	  San	  Pablo	  Bay.7,	  11,	  43	  The	  sediment	  in	  SPB	  provided	  a	  large	  and	  easily	  eroded	  

sediment	  pool44	  and	  gradual	  dispersion	  of	  the	  sediment	  pool	  led	  to	  net	  deposition	  in	  

Central	  SF	  Bay	  between	  1895–1947,76	  and	  in	  South	  SF	  Bay	  between	  1858-‐1898	  and	  1931-‐

1956.77	  Beginning	  in	  the	  early	  1900’s,	  land	  use	  changes,	  water	  diversion	  projects	  and	  flood	  

control	  projects	  reduced	  the	  sediment	  discharge	  from	  SF	  Bay	  tributaries	  including	  the	  

Sacramento-‐San	  Joaquin	  Delta.22,	  41,	  42,	  45,	  78	  Sub-‐basins	  within	  SF	  Bay	  shifted	  from	  

depositional	  to	  erosional	  after	  depletion	  of	  the	  sediment	  pool	  and	  San	  Pablo	  Bay,	  Central	  

Bay	  and	  South	  Bay	  all	  became	  erosional	  by	  the	  late	  1950’s.43,	  76,	  77	  	  

Because	  intertidal	  area	  growth	  is	  dependent	  on	  sediment	  supply43,	  75	  it	  is	  likely	  that	  

the	  intertidal	  area	  in	  SF	  Bay	  generally	  increased	  until	  the	  mid	  1950’s.	  Since	  the	  1950’s	  SPB,	  

CB	  and	  SB	  became	  erosional,	  and	  surface	  sediment	  in	  subtidal	  regions	  became	  well	  
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homogenized	  with	  respect	  to	  Hg	  isotopic	  composition.	  As	  a	  result,	  only	  the	  c.	  1960	  subtidal	  

sediment,	  and	  not	  subtidal	  surface	  sediment,	  retained	  the	  spatial	  trend	  in	  δ202Hg	  that	  was	  

observed	  in	  intertidal	  surface	  sediment	  by	  Gehrke	  et	  al.	  (2011a).	  Therefore,	  we	  suggest	  

that	  the	  sediment	  remaining	  in	  intertidal	  zones	  throughout	  SF	  Bay,	  and	  measured	  by	  

Gehrke	  et	  al.	  (2011a),	  was	  likely	  deposited	  during	  the	  last	  period	  of	  intertidal	  growth	  in	  SF	  

Bay,	  probably	  in	  the	  mid-‐20th	  century	  or	  earlier.	  

3.4	  Conclusion	  

This	  study	  documents	  the	  Hg	  isotopic	  composition	  and	  THg	  concentration	  of	  eight	  

sediment	  cores	  around	  SF	  Bay,	  Yuba	  River	  terrace	  sediment	  and	  precipitation	  from	  the	  San	  

Francisco	  Bay	  region.	  We	  propose	  three	  sediment	  endmembers	  with	  distinct	  Hg	  sources,	  

based	  on	  Hg	  isotopic	  composition	  and	  THg	  concentration,	  to	  explain	  the	  distribution	  of	  

sediment	  within	  SF	  Bay.	  In	  wetlands	  adjacent	  to	  SF	  Bay	  in	  two	  separate	  locations,	  high	  

subsurface	  THg	  concentrations	  correlate	  with	  shifts	  in	  δ202Hg.	  In	  the	  Coyote	  Creek	  wetland,	  

we	  interpret	  the	  high	  THg	  sediment,	  deposited	  in	  the	  1950’s,	  to	  be	  the	  result	  of	  Hg	  that	  was	  

leached	  and	  transported	  from	  calcine	  located	  upstream.	  In	  the	  Damon	  Slough	  wetland,	  high	  

THg	  sediment,	  deposited	  in	  the	  1940’s,	  is	  consistent	  with	  sediment	  contaminated	  by	  

metallic	  Hg	  used	  in	  industry,	  but	  we	  have	  not	  attempted	  to	  identify	  the	  specific	  industrial	  

source(s).	  We	  use	  low	  THg	  (<60	  ng/g)	  subtidal	  sediment	  to	  identify	  the	  Hg	  isotopic	  

composition	  of	  uncontaminated,	  downcore	  sediment.	  The	  positive	  Δ199Hg	  of	  pre-‐mining	  

sediment	  is	  consistent	  with	  Hg	  that	  has	  undergone	  significant	  photoreduction.	  We	  suggest	  

that	  at	  least	  some	  of	  the	  pre-‐mining	  Hg	  in	  SF	  Bay	  sediment	  is	  of	  marine	  origin;	  however	  the	  

contribution	  of	  marine	  Hg	  relative	  to	  geogenic	  Hg	  is	  unknown.	  	  
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We	  have	  calculated	  the	  contribution	  of	  three	  sediment	  endmembers	  to	  subtidal	  and	  

intertidal	  locations	  using	  a	  mixing	  model.	  The	  estimated	  contribution	  of	  sediment	  

endmembers	  to	  c.	  1960	  subtidal	  sediments	  and	  present	  day	  intertidal	  surface	  sediments	  is	  

similar,	  suggesting	  that	  intertidal	  sediment	  was	  deposited	  in	  the	  mid	  20th	  century	  or	  

earlier.	  The	  sediment	  endmember	  mixing	  calculations	  suggest	  that	  sediment	  contaminated	  

by	  metallic	  Hg	  was	  delivered	  to	  SF	  Bay	  via	  the	  SSJ	  delta	  and	  was	  gradually	  transported	  

throughout	  SF	  Bay,	  possibly	  supplemented	  with	  sediment	  contaminated	  by	  metallic	  Hg	  of	  

industrial,	  non-‐Au	  mining,	  origin.	  In	  south	  SF	  Bay	  the	  metallic	  Hg	  contaminated	  sediment	  

mixed	  with	  sediment	  contaminated	  by	  Hg	  mining	  (with	  higher	  δ202Hg)	  that	  had	  been	  

delivered	  to	  south	  SF	  Bay.	  The	  relative	  homogeneity	  of	  surface	  sediment	  in	  all	  subtidal	  

locations	  is	  interpreted	  as	  the	  result	  of	  continual	  mixing	  of	  the	  subtidal	  surface	  sediment	  

pool.	  	  From	  this	  study,	  we	  suggest	  that	  Hg	  stable	  isotopes	  can	  be	  a	  useful	  tool	  to	  assess	  

spatial	  and	  temporal	  trends	  in	  sediment	  deposition	  when	  multiple,	  isotopically	  distinct	  Hg	  

sources	  are	  present.	  	  
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Table	  3.1:	  Sediment	  THg	  and	  Hg	  Isotope	  Values.	  
Location 

 
Latitude 

(N) 
Longitude 

(W) 
Depth Interval THg1 δ202Hg Δ201Hg Δ199Hg 

cm ng/g ‰  ‰  ‰  

Suisun Bay 38.1025 122.0459 
0-2.5 145 -0.48 0.00 0.04 

30-32.5 372 -0.45 0.02 0.01 
120-122.5 175 -0.65 0.02 0.09 

San Pablo Bay 38.072 122.3871 
0-2.5 266 -0.50 0.00 0.05 

15-17.5 329 -0.62 -0.01 0.01 
150-152.5 48.0 -0.95 0.04 0.13 

Central Bay 37.8761 122.3619 

0-2.5 241 -0.56 0.06 0.07 
20-22.5 347 -0.63 0.03 0.05 
67.5-70 130 -0.72 0.01 0.04 

120-122.5 58.0 -0.91 0.04 0.16 

South Bay 2 37.626 122.347 
0-2.5 241 -0.57 0.05 0.07 

22.5-25 434 -0.43 0.05 0.06 
100-102.5 44.0 -1.01 0.12 0.19 

South Bay 1 37.6121 122.265 
0-2.5 220 -0.50 0.03 0.07 

20-22.5 258 -0.40 -0.05 0.04 
100-102.5 31.0 -0.95 0.08 0.20 

Lower South Bay 37.4791 122.0785 
0-2.5 262 -0.53 0.08 0.13 

30-32.5 405 -0.32 0.05 0.09 
157.5-160 28.0 -1.08 0.11 0.18 

Coyote Creek 
Wetland 37.4624 121.9997 

2.5-5 329 -0.39 0.05 0.07 
57.5-60 469 -0.25 0.05 0.06 
77.5-80 3220 0.21 0.00 -0.02 

97.5-100 719 -0.20 0.03 0.06 
162.5-165 657 -0.18 0.02 0.01 

Damon Slough 
Wetland 37.7536 122.2133 

2.5-5 533 -0.50 0.14 0.16 
17.5-20 3140 -0.42 0.05 0.11 
22.5-25 1440 -0.39 0.12 0.17 
27.5-30 193 -0.65 0.04 0.11 
37.5-40 71.0 -0.80 0.09 0.17 
67.5-70 23.0 -1.08 0.13 0.24 

Yuba River (a) 39.21874 121.29905   5440 -0.64 0.05 0.05 
Yuba River (b) 39.21914 121.29875   3180 -0.50 0.01 0.04 

1 THg concentrations reported here are from Yee et al. (2011) except for Yuba River sediment (a/b), which is calculated based on the 
combustion solution concentration (see Materials and Methods 3.2.3.2.). 
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Table	  3.2:	  Precipitation	  THg	  and	  Hg	  isotope	  values.	  

Location Latitude (N) Longitude 
(W) 

THg2 δ202Hg Δ201Hg Δ199Hg 
ng/L ‰  ‰  ‰  

Moss Beach 1 37.5316 122.51 6.2 0.02 0.19 0.16 
Moss Beach 2 37.5316 122.51 9.0 -0.01 0.31 0.33 

Moss Beach Avg.     7.7 0.01 0.25 0.25 
San Jose 37.4399 121.958 4.7 -0.01 0.19 0.35 
Oakland 37.7416 122.206 7.9 0.19 0.27 0.29 

 

2THg concentrations reported are based on the combination of Hg from multiple bottles into a 1% KMnO4 oxidizing trap solution. The 
Moss Beach Average concentration is the volume weighted mean that represents the entire winter 2009 sampling period.  
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Figure	  3.1:	  Sampling	  locations	  for	  subtidal	  sediment	  cores	  and	  precipitation	  
Sampling	  locations	  for	  subtidal	  sediment	  cores	  (open	  circles),	  wetland	  sediment	  cores	  
(black	  stars)	  and	  precipitation	  collection	  stations	  (black	  squares).	  The	  location	  of	  Yuba	  
River	  terrace	  sediment	  (open	  star)	  is	  included	  on	  the	  inset	  map.	  Further	  description	  of	  the	  
variety	  of	  Hg	  sources	  in	  the	  SF	  Bay	  region	  can	  be	  found	  in	  Conaway	  et	  al.	  (2008)	  and	  Alpers	  
et	  al.	  (2005).	  
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Figure	  3.2:	  Depth	  vs.	  THg	  concentration	  for	  six	  subtidal	  sediment	  cores	  
Depth	  vs.	  THg	  concentration	  for	  the	  six	  subtidal	  sediment	  cores	  selected	  for	  Hg	  stable	  
isotope	  analysis	  (A-‐F;	  from	  Yee	  et	  al.,	  2011).	  	  Pre-‐mining	  THg	  concentration	  is	  
approximately	  <80	  ng/g	  (Bouse	  et	  al.,	  2010;	  Hornberger	  et	  al.,	  2009).	  	  
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Figure	  3.3:	  Depth	  vs.	  δ202Hg	  for	  siz	  subtidal	  sediment	  cores	  
Sediment	  intervals	  with	  pre-‐mining	  THg	  concentration	  are	  enclosed	  by	  the	  shaded	  
rectangle.	  	  
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Figure	  3.4:	  	  THg	  and	  δ202Hg	  vs.	  Depth	  for	  Coyote	  Creek	  Wetland	  sediment	  core	  
	  THg	  concentration	  (circles)	  and	  δ202Hg	  (squares)	  vs.	  depth	  for	  Coyote	  Creek	  wetland	  
(CoW)	  sediment.	  Approximate	  radiometric	  ages	  are	  included	  from	  Yee	  et	  al.	  (2011)	  and	  
error	  bars	  for	  δ202Hg	  represent	  the	  2	  s.d	  analytical	  uncertainty	  (±0.10‰)	  
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Figure	  3.5:	  δ202Hg	  vs.	  1/THg	  for	  SF	  Bay	  Sediment	  
δ202Hg	  vs.	  1/THg	  for	  all	  SF	  Bay	  sediment	  measured	  in	  this	  study.	  Included	  is	  New	  Idria	  (NI)	  
Hg	  ore	  and	  calcine,	  Consumes	  River	  surface	  sediment,	  Alviso	  Slough	  sediment	  cores	  
(*Gehrke	  et	  al.,	  2011)	  and	  California	  (CA)	  Hg	  ore	  (**	  Smith	  et	  al.,	  2008).	  	  
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Figure	  3.6:	  THg	  and	  δ202Hg	  vs.	  depth	  for	  Damon	  Slough	  wetland	  sediment	  core	  
THg	  concentration	  (circles)	  and	  δ202Hg	  (squares)	  vs.	  depth	  for	  Damon	  Slough	  wetland	  
(DaW)	  sediment.	  Approximate	  radiometric	  ages	  are	  included	  from	  Yee	  et	  al.	  (2011)	  and	  
error	  bars	  for	  δ202Hg	  represent	  the	  2	  s.d	  analytical	  uncertainty	  (±0.10‰).	  
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Figure	  3.7:	  Δ199Hg	  vs.	  δ202Hg	  for	  Yuba	  River	  terrace	  sediment,	  SF	  Bay	  subtidal	  and	  
wetland	  sediment	  and	  regional	  precipitation	  
Precipitation	  collection	  sites	  are	  denoted	  by	  abbreviations	  (Moss	  Beach	  =	  MB;	  San	  Jose	  =	  SJ	  
and	  Oakland	  =	  Oa)	  and	  precipitation	  analytical	  uncertainty	  is	  depicted	  as	  the	  2	  s.d.	  of	  
individual	  measurements	  of	  UM-‐Almaden	  as	  described	  in	  Section	  2.3.4.	  Also	  included	  is	  
New	  Idria	  (NI)	  ore	  and	  calcine,	  Cosumnes	  River	  surface	  sediment,	  and	  Alviso	  Slough	  
sediment	  cores	  (*from	  Gehrke	  et	  al.,	  2011).	  	  
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Figure	  3.8:	  δ202Hg	  vs.	  1/THg	  for	  three	  sediment	  endmembers	  in	  SF	  Bay	  
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Figure	  3.9:	  	  Estimated	  endmember	  sediment	  contributions	  
Estimated	  endmember	  sediment	  contribution	  to	  (A)	  surface,	  (B)	  circa	  1960,	  and	  (C)	  deep	  
sediment	  in	  subtidal	  locations.	  	  
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CHAPTER	  4:	  Isotopic	  composition	  of	  inorganic	  mercury	  and	  methylmercury	  
downstream	  of	  historical	  gold	  mining	  

	  
Authors:	  Patrick	  M.	  Donovan,	  Joel	  D.	  Blum,	  Michael	  B.	  Singer,	  Mark	  Marvin-‐DiPasquale,	  

Martin	  T.K.	  Tsui	  

	  

Abstract	  

We	  measured	  total	  mercury	  (THg)	  and	  monomethyl	  mercury	  (MMHg)	  

concentrations	  and	  Hg	  isotopic	  composition	  in	  sediment	  and	  aquatic	  organisms	  in	  the	  Yuba	  

River	  (California,	  USA)	  to	  identify	  Hg	  sources	  and	  biogeochemical	  transformations	  

downstream	  of	  historical	  gold	  (Au)	  mining.	  Sediment	  THg	  and	  δ202Hg	  decreased	  from	  the	  

upper	  Yuba	  Fan	  to	  the	  lower	  Yuba	  Fan	  and	  the	  Feather	  River.	  This	  was	  consistent	  with	  the	  

release	  of	  Hg	  during	  Au	  mining	  followed	  by	  mixing,	  homogenization	  and	  dilution.	  The	  Hg	  

isotopic	  composition	  of	  Yuba	  Fan	  sediment	  (δ202Hg	  of	  -‐0.38±0.17‰	  and	  Δ199Hg	  of	  

0.04±0.03‰;	  1SD,	  n=7)	  provides	  a	  fingerprint	  of	  inorganic	  Hg	  (IHg)	  that	  could	  be	  

methylated	  locally	  or	  after	  transport	  downstream.	  The	  isotopic	  composition	  of	  MMHg	  in	  

the	  Yuba	  River	  food	  web	  was	  estimated	  from	  biota	  with	  a	  range	  of	  %MMHg	  (the	  percent	  

ratio	  of	  MMHg	  to	  THg)	  and	  compared	  to	  various	  IHg	  sources.	  The	  δ202Hg	  of	  MMHg	  prior	  to	  

photodegradation	  (−1.29	  to	  −1.07‰)	  was	  lower	  than	  IHg	  in	  Yuba	  River	  sediment	  and	  

algae.	  We	  suggest	  that	  this	  results	  from	  net	  negative	  mass	  dependent	  fractionation	  (MDF)	  

of	  up	  to	  0.9‰	  between	  IHg	  and	  MMHg	  in	  this	  stream.	  This	  was	  in	  contrast	  to	  net	  positive	  

MDF	  (+0.4	  to	  0.8‰)	  previously	  observed	  in	  lakes,	  estuaries,	  coastal	  oceans	  and	  forests.	  We	  
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hypothesize	  that	  this	  unique	  relationship	  could	  be	  due	  to	  differences	  in	  the	  extent	  or	  the	  

pathway	  of	  MMHg	  degradation.	  

4.1	  Introduction	  

Mercury	  (Hg)	  is	  a	  globally	  distributed	  neurotoxic	  pollutant	  that	  bioaccumulates	  in	  

food	  webs	  as	  monomethyl	  mercury	  (MMHg).	  The	  amount	  of	  Hg	  actively	  cycling	  in	  the	  

environment	  has	  increased	  due	  to	  anthropogenic	  activities	  such	  as	  mining,	  coal	  

combustion,	  and	  industrial	  Hg	  use.1	  In	  the	  19th	  century,	  Hg	  was	  widely	  used	  to	  enhance	  

gold	  (Au)	  recovery	  during	  hydraulic	  mining	  of	  placer	  deposits	  throughout	  the	  Sierra	  

Nevada,	  California.	  During	  hydraulic	  mining	  large	  volumes	  of	  sediment	  were	  washed	  

through	  sluices	  containing	  Hg	  to	  amalgamate	  Au,	  with	  as	  much	  as	  30%	  of	  the	  Hg	  used	  lost	  

to	  the	  environment.2	  The	  Hg-‐contaminated	  sediment	  was	  released	  downstream	  and	  

deposited	  in	  river	  valleys	  along	  the	  western	  front	  of	  the	  Sierra	  Nevada,	  with	  significant	  

amounts	  of	  sediment	  affecting	  lowland	  channels	  and	  reaching	  San	  Francisco	  Bay.3	  

Sediment	  from	  Au	  mining	  persists	  in	  large	  anthropogenic	  fan	  deposits	  evident	  in	  terraces	  

and	  banks	  alongside	  rivers	  draining	  former	  mining	  districts.4	  One	  of	  the	  largest	  is	  the	  Yuba	  

Fan,	  a	  massive	  deposit	  of	  mining	  derived	  sediment	  (252	  *	  106	  m3)5	  grading	  from	  the	  Sierra	  

Nevada	  piedmont	  to	  the	  Central	  Valley.	  The	  lower	  Yuba	  River,	  between	  Englebright	  Dam	  

and	  the	  Feather	  River,	  flows	  through	  this	  sediment	  deposit	  which	  has	  total	  Hg	  

concentrations	  (THg)	  consistently	  2-‐3x	  higher	  than	  pre-‐mining	  sediment.4,	  5	  The	  Yuba	  Fan	  

continues	  to	  supply	  inorganic	  Hg	  (IHg)	  laden	  sediment	  to	  local	  and	  downstream	  

environments	  during	  major	  flood	  events	  that	  occur	  about	  once	  a	  decade.4	  
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In	  sediment,	  IHg	  can	  be	  transformed	  by	  methylating	  microbes	  into	  bioaccumulative	  

MMHg	  near	  the	  oxic-‐anoxic	  interface.	  Conditions	  that	  promote	  IHg	  methylation	  are	  often	  

found	  in	  wetlands	  or	  estuarine	  environments,6	  such	  as	  in	  San	  Francisco	  Bay	  where	  MMHg	  

production	  in	  sediment	  and	  bioaccumulation	  in	  food	  webs	  is	  well	  documented.7-‐9	  However,	  

MMHg	  formation	  and	  distribution	  in	  rivers	  is	  more	  difficult	  to	  predict	  because	  it	  can	  be	  a	  

function	  of	  both	  watershed	  landscape	  characteristics	  (i.e.,	  wetland	  density,	  land	  use,	  etc.)10,	  

11	  and	  in-‐stream	  processes	  (i.e.,	  microbial	  community,	  hydrology,	  productivity).12-‐14	  Thus,	  

in	  large	  watersheds	  with	  both	  upstream	  and	  local	  IHg	  sources	  it	  is	  difficult	  to	  identify	  the	  

origin	  of	  bioaccumulated	  MMHg	  using	  MMHg	  or	  THg	  concentrations	  alone.	  Nonetheless,	  

MMHg	  biomagnifies	  in	  many	  riverine	  food	  webs10	  and	  processes	  governing	  MMHg	  

production	  and	  degradation	  in	  streams	  are	  of	  great	  interest.13	  	  

In	  the	  Yuba	  River,	  upstream	  of	  Englebright	  Dam	  (ED;	  built	  in	  1941	  to	  trap	  hydraulic	  

mining	  sediment)	  the	  spatial	  distribution,	  speciation	  and	  reactivity	  of	  Hg	  in	  sediment	  was	  

previously	  documented,15,	  16	  as	  were	  fish	  THg	  concentrations,17	  and	  invertebrate	  THg	  and	  

MMHg	  concentrations.15	  Downstream	  of	  Englebright	  Dam,	  the	  lower	  Yuba	  River	  flows	  

through	  the	  Yuba	  Fan	  to	  the	  Feather	  River.	  Previous	  work	  is	  this	  reach	  has	  shown	  high	  THg	  

in	  sediment	  within	  and	  alongside	  the	  river.	  The	  THg	  in	  bar,	  bank,	  terrace,	  and	  floodplain	  

sediment	  has	  been	  documented4,	  as	  well	  as	  within-‐channel	  deposits	  stored	  behind	  

Daguerre	  Point	  Dam	  (a	  24ft	  high	  overflow	  spillway	  dam	  midway	  between	  ED	  and	  the	  

Feather	  River).5	  However,	  no	  prior	  studies	  have	  investigated	  MMHg	  bioaccumulation	  in	  the	  

lower	  Yuba	  River	  and	  the	  importance	  of	  IHg	  in	  Yuba	  Fan	  sediment	  to	  resident	  biota	  is	  

unknown.	  We	  hypothesized	  that	  Yuba	  Fan	  IHg	  could	  be	  methylated	  in	  situ	  resulting	  in	  

MMHg	  bioaccumulation	  in	  the	  local	  food	  web.	  However,	  we	  also	  considered	  whether	  MMHg	  
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might	  be	  derived	  from	  watershed	  sources	  upstream	  of	  the	  Yuba	  Fan	  (i.e.,	  upstream	  of	  ED).	  

To	  better	  understand	  the	  processes	  by	  which	  MMHg	  enters	  riverine	  food	  webs	  we	  

measured	  Hg	  stable	  isotope	  ratios	  in	  sediment	  and	  biota	  in	  the	  lower	  Yuba	  River.	  	  

Mercury	  has	  seven	  stable	  isotopes	  that	  undergo	  mass	  dependent	  fractionation	  

(MDF)	  and	  mass	  independent	  fractionation	  (MIF)	  in	  the	  environment.	  Hg	  stable	  isotope	  

ratios	  have	  become	  a	  powerful	  tool	  for	  identifying	  anthropogenic	  Hg	  sources	  and	  tracing	  

their	  transport	  and	  deposition	  in	  stream	  systems.18-‐20	  Comparisons	  of	  Hg	  isotopes	  in	  

sediment	  (mostly	  IHg)	  with	  fish	  or	  other	  biota	  (containing	  MMHg)	  have	  been	  used	  to	  infer	  

important	  transformations	  between	  IHg	  and	  MMHg	  such	  as	  microbial	  IHg	  methylation,	  

microbial	  MMHg	  degradation,	  and	  photochemical	  MMHg	  degradation.21,	  22	  Recent	  studies	  

have	  measured	  biota	  with	  a	  range	  in	  %MMHg	  (the	  percent	  ratio	  of	  MMHg	  to	  THg)	  to	  

identify	  the	  isotopic	  composition	  of	  both	  IHg	  and	  MMHg	  in	  food	  webs.23-‐25	  For	  example,	  

Kwon	  et	  al.24	  measured	  Hg	  isotope	  ratios	  in	  estuarine	  sediment	  and	  biota	  along	  the	  U.S.	  

northeast	  coast.	  From	  the	  isotopic	  composition	  of	  MMHg,	  the	  authors	  were	  able	  to	  

determine	  that	  organisms	  were	  primarily	  exposed	  to	  MMHg	  from	  local	  sediment	  and	  not	  

external	  sources.	  In	  another	  study,	  MMHg	  isotopic	  composition	  was	  estimated	  in	  the	  South	  

Fork	  Eel	  River	  (CA)	  to	  evaluate	  Hg	  exchange	  across	  ecosystem	  boundaries	  via	  organismal	  

movement,26	  25	  and	  longitudinal	  changes	  in	  MMHg	  photochemical	  degradation.27	  So	  far,	  

investigation	  of	  MMHg	  in	  stream	  ecosystems	  using	  Hg	  isotopes	  has	  been	  limited	  to	  the	  Eel	  

River	  (CA),	  a	  relatively	  remote,	  bedrock-‐dominated,	  free	  flowing	  river	  where	  Hg	  is	  derived	  

mainly	  from	  atmospheric	  deposition	  (i.e.,	  no	  Hg	  point	  sources).	  In	  contrast,	  the	  lower	  Yuba	  

River	  has	  been	  anthropogenically	  modified;	  it	  contains	  large	  quantities	  of	  high	  THg	  

sediment	  derived	  from	  19th	  Century	  gold	  mining.	  	  
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Here	  we	  present	  the	  first	  Hg	  isotope	  study	  to	  investigate	  Hg	  sources	  and	  

biogeochemical	  transformations	  in	  sediment	  and	  biota	  in	  a	  river	  contaminated	  by	  historical	  

Au	  mining.	  We	  report	  THg,	  MMHg	  and	  Hg	  isotopic	  compositions	  of	  sediment,	  filamentous	  

algae	  and	  aquatic	  organisms	  from	  the	  lower	  Yuba	  River	  (six	  sites)	  and	  the	  Feather	  River	  

(one	  site;	  Figure	  4.S1).	  A	  diverse	  suite	  of	  organisms	  with	  a	  wide	  range	  of	  %MMHg	  was	  

collected,	  including	  five	  types	  of	  benthic	  macroinvertebrates:	  stonefly	  larva	  (Perlidae),	  

caddisfly	  larva	  (Hydropsychidae),	  mayfly	  larva	  (Heptageniidae	  &	  Ephemerellidae),	  aquatic	  

worm	  (Oligochaeta),	  asian	  clam	  (Corbicula	  fluminea),	  and	  two	  fish	  species:	  riffle	  sculpin	  

(Cottus	  gulosus)	  and	  speckled	  dace	  (Rhinichthys	  osculus).	  We	  estimated	  the	  isotopic	  

composition	  of	  both	  IHg	  and	  MMHg	  in	  the	  food	  web	  to	  (1)	  determine	  the	  source	  of	  

bioaccumulated	  MMHg	  and	  (2)	  identify	  important	  microbial	  and	  photochemical	  processes	  

governing	  Hg	  cycling	  in	  the	  lower	  Yuba/Feather	  system.	  	  

4.2	  Materials	  and	  Methods	  

4.2.1	  Study	  Site	  and	  Sample	  Collection	  

Twelve	  sediment	  samples	  were	  analyzed	  from	  eight	  locations	  (five	  of	  which	  

correspond	  to	  biota	  sampling	  locations)	  in	  the	  Yuba	  and	  Feather	  Rivers	  (Figure	  4.1).	  Nine	  

of	  the	  sediment	  samples	  had	  been	  collected	  between	  2006-‐2008	  from	  subaerial	  riverbanks	  

and	  terraces	  and	  analyzed	  for	  THg	  at	  the	  USGS	  (Menlo	  Park,	  CA)	  by	  Singer	  et	  al.4	  Three	  

additional	  samples	  were	  collected	  in	  March	  2013	  from	  subaerial	  riverbanks	  and	  analyzed	  

for	  both	  THg	  and	  MMHg	  at	  the	  USGS	  (Menlo	  Park,	  CA).	  All	  sediment	  was	  dry-‐sieved	  to	  

<63μm	  using	  a	  stainless	  steel	  sieve,	  and	  either	  air	  dried	  (n=9	  from	  Singer	  et	  al.)	  or	  freeze-‐

dried	  (n=3	  from	  March	  2013),	  and	  then	  homogenized	  prior	  to	  analysis.	  Filamentous	  algae	  
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and	  aquatic	  organisms	  were	  collected	  from	  a	  total	  of	  five	  sites	  in	  the	  lower	  Yuba	  River:	  

Rose	  Bar	  (RB),	  Parks	  Bar	  (PB),	  Hammon	  Grove	  (HG),	  Dantoni	  (Da),	  and	  Simpson	  Bridge	  

(SB),	  and	  one	  site	  in	  the	  Feather	  River	  at	  Star	  Bend	  (FR;	  Figure	  4.S1).	  Organisms	  were	  

collected	  during	  two	  separate	  sampling	  campaigns	  that	  occurred	  during	  March	  2013	  (RB,	  

Da	  and	  FR)	  and	  June	  2014	  (all	  sites).	  Organisms	  were	  collected	  using	  a	  kick	  net,	  dip	  net	  and	  

directly	  off	  gravel	  cobbles,	  and	  individual	  organisms	  were	  removed	  with	  clean	  stainless	  

steel	  tweezers	  and	  transferred	  into	  a	  secondary	  container	  for	  identification.	  Individuals	  

were	  sorted	  by	  family	  into	  composite	  samples,	  placed	  in	  clean	  centrifuge	  tubes	  and	  

immediately	  put	  on	  dry	  ice	  in	  the	  field.	  	  All	  samples,	  except	  for	  a	  single	  riffle	  sculpin	  sample,	  

are	  composites	  of	  5	  or	  more	  individuals.	  When	  organisms	  were	  plentiful	  (i.e.,	  more	  than	  

~50	  individuals	  at	  a	  single	  sampling	  site),	  these	  individuals	  were	  split	  into	  replicate	  

samples	  and	  analyzed	  separately.	  Biotic	  samples	  were	  freeze-‐dried	  and	  then	  ground	  and	  

homogenized,	  with	  either	  an	  agate	  mortar	  and	  pestle	  or	  an	  alumina	  ball	  mixer	  mill,	  prior	  to	  

analysis.	  	  

	  

4.2.2	  MMHg	  Concentration	  Analysis	  

The	  concentration	  of	  MMHg	  (expressed	  as	  dry	  wt.)	  in	  sediment	  and	  biota	  was	  

measured	  at	  the	  USGS	  (Menlo	  Park,	  CA).	  Freeze	  dried	  sediment	  was	  sub-‐sampled	  (0.02–

0.03	  g)	  and	  extracted	  for	  MMHg	  using	  25%	  potassium	  hydroxide	  in	  methanol	  at	  60°C	  for	  

four	  hours.16	  Freeze	  dried	  biota	  was	  sub-‐sampled	  (3–7	  mg)	  and	  extracted	  for	  MMHg	  using	  

30%	  nitric	  acid	  at	  60°C	  (overnight,	  12-‐16	  hrs),	  as	  adapted.28	  In	  both	  cases	  (sediment	  and	  

biota),	  extract	  sub-‐samples	  were	  diluted,	  pH	  adjusted	  with	  citrate	  buffer	  and	  assayed	  for	  

MMHg	  by	  aqueous	  phase	  ethylation	  (with	  sodium	  tetraethylborate)	  on	  an	  automated	  
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MMHg	  analyzer	  (MERX	  system,	  Brooks	  Rand	  Laboratories).29	  For	  sediment	  MMHg	  (assayed	  

in	  a	  single	  batch),	  the	  relative	  percent	  deviation	  (RPD)	  of	  analytical	  duplicates	  was	  8.4%	  

(n=1	  pair),	  matrix	  spike	  recovery	  was	  107±1%	  (n	  =	  2),	  and	  certified	  reference	  material	  

(CRM)	  ERM-‐CC580	  (estuarine	  sediment)	  recovery	  was	  95%	  (n=1).	  For	  biota,	  the	  mean	  RPD	  

of	  analytical	  duplicates	  was	  3.0%	  (n=12	  pairs),	  matrix	  spikes	  recoveries	  were	  105±1%	  

(mean	  ±	  SE,	  n	  =	  26),	  and	  CRM	  recoveries	  from	  NRC	  Tort-‐3	  (lobster	  hepatopancreas)	  was	  

86±2%	  (mean	  ±	  SE,	  n=7)	  and	  from	  NIST-‐2967	  (marine	  mussel	  tissue)	  was	  94±3%	  (mean	  ±	  

SE,	  n=7).	  

	  

4.2.3	  THg	  and	  Hg	  Isotope	  Analysis	  

Hg	  was	  separated	  from	  samples	  for	  Hg	  stable	  isotope	  composition	  and	  THg	  

concentration	  by	  offline	  combustion,	  as	  described	  elsewhere.25,	  30	  Briefly,	  up	  to	  1	  g	  of	  

homogenized	  sample	  was	  placed	  in	  a	  ceramic	  boat	  in	  the	  first	  furnace	  of	  a	  two-‐stage	  offline	  

combustion	  system.	  The	  furnace	  temperature	  was	  increased	  to	  750°C	  over	  six	  hours	  while	  

the	  second	  furnace	  was	  held	  at	  1000°C.	  Hg	  released	  from	  the	  sample	  was	  carried	  in	  a	  flow	  

of	  Hg-‐free	  O2	  through	  the	  second	  furnace	  and	  sparged	  into	  a	  1%KMnO4/10%H2SO4	  solution	  

(1%	  KMnO4	  trap).	  Trap	  solutions	  were	  partially	  reduced	  with	  2%	  w/w	  hydroxylamine	  

hydrochloride	  (NH2OH�HCl)	  and	  an	  aliquot	  was	  measured	  for	  THg	  by	  CV-‐AAS	  (Nippon	  MA-‐

2000)	  to	  calculate	  the	  sample	  dry	  wt.	  THg	  concentration	  (based	  on	  THg	  in	  the	  1%	  KMnO4	  

trap	  and	  the	  sample	  mass	  combusted).	  Compared	  to	  an	  independent	  analysis	  (a	  subset	  of	  

samples	  measured	  for	  THg	  at	  USGS-‐Menlo	  Park),	  offline	  combustion	  recovered	  107	  ±	  11%	  

(1SD,	  n=6)	  of	  Hg	  from	  biotic	  samples	  and	  97	  ±	  11%	  (1SD,	  n=15	  including	  3	  replicate	  

combustions)	  of	  Hg	  from	  sediment	  samples.	  	  
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Prior	  to	  isotopic	  analysis,	  contents	  of	  the	  original	  1%KMnO4	  trap	  solution	  were	  

divided	  into	  1-‐5	  g	  aliquots,	  treated	  with	  0.3ml	  of	  20%	  SnCl2	  and	  0.3ml	  of	  50%	  H2SO4	  to	  

reduce	  Hg	  to	  Hg0,	  and	  Hg	  was	  purged	  into	  a	  secondary	  1%KMnO4	  trap	  to	  increase	  Hg	  

concentration	  and	  isolate	  Hg	  from	  combustion	  residues.	  An	  aliquot	  of	  the	  secondary	  trap	  

solution	  was	  analyzed	  by	  CV-‐AAS	  (Nippon	  MA-‐2000)	  and	  transfer	  recoveries	  averaged	  98	  ±	  

3%	  (1SD;	  n=	  36)	  for	  biotic	  samples	  and	  99	  ±	  2%	  (1SD;	  n=15)	  for	  sediment	  samples.	  Hg	  

isotopic	  composition	  of	  the	  secondary	  trap	  solution	  was	  measured	  by	  cold	  vapor	  multi-‐

collector	  inductively	  coupled	  plasma	  mass	  spectrometry	  (CV-‐MC-‐ICP-‐MS;	  Nu	  Instruments).	  

Trap	  solutions	  were	  partially	  reduced	  with	  2%	  w/w	  NH2OH�HCl,	  diluted	  to	  a	  concentration	  

between	  0.9	  and	  5	  ng/g,	  and	  Hg	  was	  reduced	  online	  by	  the	  continuous	  addition	  of	  2%	  

SnCl2.	  The	  Hg0	  generated	  was	  separated	  from	  solution	  using	  a	  frosted	  tip	  gas-‐liquid	  

separator	  and	  carried	  in	  a	  Hg-‐free	  stream	  of	  Ar	  gas	  to	  the	  MC-‐ICP-‐MS	  inlet.	  Instrumental	  

mass	  bias	  was	  corrected	  by	  introduction	  of	  an	  internal	  Tl	  standard	  (NIST	  997)	  as	  a	  dry	  

aerosol	  to	  the	  gas	  stream	  and	  by	  strict	  sample	  standard	  bracketing	  using	  NIST	  3133	  with	  a	  

matching	  Hg	  concentration	  (±10%)	  and	  solution	  matrix.31	  

	  

4.2.4	  Hg	  Isotopic	  Composition:	  Blanks,	  SRMs	  and	  Uncertainty	  

Mercury	  stable	  isotope	  compositions	  are	  reported	  in	  permil	  (‰)	  using	  delta	  

notation	  (δxxxHg)	  relative	  to	  NIST	  SRM	  3133	  (Eq.	  1),	  with	  MDF	  based	  on	  the	  202Hg/198Hg	  

ratio	  (δ202Hg).31	  MIF	  is	  the	  deviation	  from	  theoretically	  predicted	  MDF	  and	  is	  reported	  in	  

permil	  (‰)	  using	  capital	  delta	  (ΔxxxHg)	  notation	  (Eq.	  2).	  In	  this	  study,	  we	  use	  Δ199Hg	  and	  

Δ201Hg	  to	  report	  MIF	  with	  β	  =	  0.252	  for	  Δ199Hg	  and	  β	  =	  0.752	  for	  Δ201Hg.31	  All	  δxxxHg	  and	  

ΔxxxHg	  values	  for	  samples	  and	  standards	  are	  available	  in	  Tables	  4.S1,	  4.S2,	  and	  4.S3.	  	  
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Equation	  [1]:	  δxxxHg	  (‰)	  =	  ([(xxxHg/198Hg)sample/(xxxHg/198Hg)NIST3133]-‐1)	  *	  1000	  

Equation	  [2]:	  ΔxxxHg	  =	  δxxxHg	  –	  (δ202Hg	  *	  β)	  

	  

Procedural	  process	  blanks	  and	  two	  standard	  reference	  materials	  (SRMs;	  NRC	  TORT-‐

2−Lobster	  Hepatopancreas	  and	  NIST	  1944−New	  York/New	  Jersey	  Waterway	  Sediment)	  

were	  processed	  alongside	  samples	  in	  an	  identical	  manner.	  Process	  blanks	  for	  sediment	  and	  

biota	  averaged	  95±15	  pg	  (1SD,	  n=8)	  and	  104±30	  pg	  (1SD,	  n=	  6),	  respectively,	  and	  

accounted	  for	  between	  0.2%	  to	  1.8%	  of	  Hg	  in	  final	  trap	  solutions.	  Mean	  THg	  for	  SRMs	  were	  

within	  5%	  of	  certified	  values	  (3.51±0.3	  ug/g	  for	  NIST	  SRM	  1944	  and	  276±5	  ng/g	  for	  NRC	  

TORT-‐2;	  Table	  4.S3)	  and	  recovery	  during	  secondary	  purge	  and	  trap	  was	  94±4%	  (1SD,	  n=6,	  

minimum	  =	  87%)	  and	  96±7%	  (1SD,	  n=11,	  minimum	  =	  80%),	  respectively.	  The	  Hg	  isotopic	  

composition	  of	  SRMs	  (Table	  4.S3)	  was	  consistent	  with	  previously	  reported	  values	  for	  these	  

materials.18,	  21,	  24-‐26,	  32-‐36	  The	  long-‐term	  analytical	  uncertainty	  of	  Hg	  isotope	  ratio	  

measurements	  is	  estimated	  from	  the	  standard	  deviation	  (2SD)	  of	  analytical	  session	  mean	  

Hg	  isotopic	  compositions	  of	  UM-‐Almaden	  with	  a	  run	  concentration	  of	  3-‐5	  ng/g	  (Table	  4.S3).	  

We	  also	  estimated	  external	  reproducibility	  using	  the	  error	  (2SD)	  associated	  with	  replicate	  

measurements	  of	  SRMs.	  The	  2SD	  of	  SRMs	  was	  greater	  than	  the	  2SD	  associated	  with	  the	  

long-‐term	  analytical	  uncertainty	  of	  UM-‐Almaden.	  Therefore,	  the	  uncertainty	  for	  sediment	  

and	  biota	  in	  this	  study	  is	  estimated	  from	  the	  SRMs	  and	  is	  ±0.08‰	  for	  δ202Hg	  and	  ±0.05‰	  

for	  Δ199Hg.	  	  
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4.3	  Results	  &	  Discussion	  

4.3.1	  Sediment	  THg	  and	  Hg	  Isotopic	  Composition	  

Yuba	  River	  and	  Feather	  River	  sediment	  total	  Hg	  concentrations	  (THg)	  ranged	  from	  

170	  to	  6,821	  ng/g,	  δ202Hg	  ranged	  from	  −0.95	  to	  0.72‰	  and	  Δ199Hg	  was	  near	  zero	  

(0.04±0.03‰;	  1SD	  n=12;	  Table	  4.S1).	  Both	  THg	  and	  δ202Hg	  generally	  decreased	  

downstream	  from	  the	  upper	  Yuba	  Fan	  (~0	  to	  20	  km	  downstream	  of	  ED)	  to	  the	  lower	  Yuba	  

Fan	  (20-‐36	  km	  downstream	  of	  ED)	  and	  into	  the	  Feather	  River	  (>36	  km	  downstream	  of	  ED;	  

Figure	  4.1).	  Metallic	  Hg	  (Hg0)	  was	  used	  during	  the	  hydraulic	  mining	  of	  placer	  deposits	  

adjacent	  to	  Rose	  Bar	  in	  the	  upper	  fan,	  between	  1850	  and	  the	  early	  1900’s.	  Upper	  fan	  

sediment	  had	  high	  THg	  (up	  to	  6,820	  ng/g)	  and	  δ202Hg	  was	  variable	  but	  near	  zero	  (δ202Hg	  of	  

−0.04	  ±	  0.52‰;	  mean	  ±	  1SD,	  n=4).	  High	  THg	  sediment	  (3,180	  and	  5,440	  ng/g)	  previously	  

analyzed	  from	  a	  single	  tailings	  pile	  at	  Rose	  Bar	  had	  δ202Hg	  on	  the	  low	  end	  of	  this	  range	  

(−0.50‰	  and	  −0.63‰,	  respectively),37	  but	  one	  sediment	  sample	  nearby	  had	  δ202Hg	  of	  

+0.71‰.	  The	  δ202Hg	  of	  metallic	  Hg0	  has	  been	  reported	  to	  vary	  globally	  from	  −1.06	  to	  0.0‰	  

(mean	  of	  −0.39±0.37‰,	  1SD,	  n=7),38	  and	  is	  typically	  similar	  to	  the	  δ202Hg	  of	  Hg	  ore	  that	  it	  

is	  sourced	  from.39	  Sierra	  Nevada	  Au	  mining	  operations	  obtained	  metallic	  Hg	  from	  the	  CA	  

Coast	  Range2	  where	  Hg	  ore	  deposits	  have	  δ202Hg	  of	  −0.64±0.84‰	  (mean±1SD,	  n=91).40	  

The	  variable	  δ202Hg	  of	  upper	  fan	  sediment	  indicates	  that	  some	  heterogeneity	  of	  sediment	  

bound	  Hg	  might	  have	  resulted	  from	  Hg0	  released	  from	  different	  Au	  mines	  or	  during	  

different	  mining	  periods.	  Nonetheless,	  although	  metallic	  Hg	  likely	  underwent	  complex	  

biogeochemical	  cycling	  (i.e.,	  oxidation,	  dissolution,	  volatilization,	  sorption)	  after	  release,41	  

the	  mean	  Hg	  isotopic	  composition	  of	  Upper	  Yuba	  Fan	  sediment	  is	  generally	  consistent	  with	  

the	  δ202Hg	  of	  metallic	  Hg	  globally	  and	  sourced	  from	  CA	  Coast	  Range	  ores.38,	  40	  	  
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From	  the	  lower	  Yuba	  Fan	  into	  the	  Feather	  River,	  sediment	  THg	  concentration	  

decreased	  to	  between	  170	  and	  413	  ng/g.	  Sediment	  from	  the	  lower	  fan	  had	  δ202Hg	  of	  

−0.44±0.16‰	  (n=4)	  and	  sediment	  from	  the	  Feather	  River	  had	  δ202Hg	  of	  −0.66±0.26‰	  

(n=4).	  There	  is	  less	  isotopic	  variability	  in	  these	  stream	  sections	  suggesting	  that	  various	  

metallic	  Hg	  sources	  within	  the	  watershed	  have	  been	  well	  homogenized.	  Multiple	  studies	  

have	  demonstrated	  that	  sediment	  Hg	  isotopic	  composition	  can	  be	  used	  to	  conservatively	  

trace	  downstream	  Hg	  transport	  and	  mixing	  in	  rivers.18,	  20,	  42	  Pre-‐mining	  sediment	  in	  

subtidal	  sediment	  cores	  from	  SF	  Bay,	  with	  background	  THg	  (less	  than	  60	  ng/g),	  had	  δ202Hg	  

of	  −0.98±0.06‰	  and	  Δ199Hg	  of	  0.17±0.03	  (1SD,	  n=5).37	  If	  we	  assume	  this	  to	  be	  the	  isotopic	  

composition	  of	  pre-‐mining	  sediment,	  then	  the	  decrease	  in	  THg	  and	  gradual	  shift	  toward	  

lower	  δ202Hg	  suggests	  homogenization	  of	  the	  Au	  mining	  sources	  and	  potential	  dilution	  with	  

uncontaminated	  background	  sediment	  (Figure	  4.S3).	  This	  is	  consistent	  with	  the	  model	  of	  

progressively	  diluted	  hydraulic	  mining	  sediments	  being	  remobilized	  and	  redeposited	  

within	  the	  fan	  and	  exported	  from	  it.4,	  43,	  44	  Thus,	  the	  Hg	  isotope	  signature	  of	  Yuba	  Fan	  

sediment	  (δ202Hg	  of	  −0.38±0.17‰	  and	  Δ199Hg	  of	  0.04±0.03‰;	  1SD,	  n=7	  with	  one	  

anomalously	  high	  δ202Hg	  sample	  excluded)	  provides	  a	  fingerprint	  of	  the	  large	  volume	  of	  

IHg	  that	  could	  be	  methylated	  locally	  or	  exported	  downstream.	  	  

	  

4.3.2	  Yuba-‐Feather	  River	  Biota	  

	  4.3.2.1	  Biota	  THg	  and	  MMHg	  	  

Biota	  THg	  and	  MMHg	  concentrations	  in	  the	  Yuba	  and	  Feather	  Rivers	  were	  similar	  to	  

previous	  surveys	  downstream	  of	  Au	  mining	  in	  the	  Sierra	  Nevada	  (e.g.,15,	  45,	  46)	  yet	  overlap	  

with	  THg	  and	  MMHg	  reported	  for	  biota	  when	  no	  Hg	  point	  sources	  are	  present	  (e.g,	  10,	  47).	  
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MMHg	  in	  filamentous	  algae	  increased	  with	  distance	  downstream	  in	  the	  Lower	  Yuba	  River	  

from	  2.4	  ng/g	  at	  Rose	  Bar	  to	  17	  ng/g	  at	  Dantoni	  and	  14.6	  ng/g	  at	  Simpson	  Bridge.	  Similar	  

levels	  of	  MMHg	  were	  observed	  in	  the	  Eel	  River	  (3-‐34	  ng/g)	  where	  the	  authors	  suggested	  

that	  in	  situ	  methylation	  of	  IHg	  may	  be	  mediated	  by	  microbial	  communities	  associated	  with	  

the	  algae.12,	  47	  Yuba	  River	  algae	  THg	  varied	  between	  57	  and	  186	  ng/g	  likely	  due	  to	  the	  

accumulation	  of	  fine	  sediment	  with	  high	  THg	  derived	  from	  the	  Yuba	  Fan.	  Benthic	  

macroinvertebrate	  MMHg	  ranged	  from	  37	  to	  271	  ng/g	  and	  there	  was	  no	  systematic	  change	  

in	  MMHg	  or	  %MMHg	  between	  sampling	  locations.	  These	  concentrations	  were	  more	  similar	  

to	  benthic	  macroinvertebrates	  from	  streams	  affected	  by	  atmospheric	  deposition	  (e.g.,	  Eel	  

River47	  and	  others	  across	  the	  US10)	  than	  streams	  with	  significant	  Hg	  point	  sources	  (e.g.,	  

Cache	  Creek48	  and	  streams	  near	  Oak	  Ridge,	  TN49).	  The	  highest	  MMHg	  and	  THg	  values	  here	  

were	  measured	  in	  asian	  clam	  (79	  to	  271	  ng/g	  and	  168	  to	  426	  ng/g,	  respectively)	  and	  

forage	  fish	  (380	  to	  406	  ng/g	  and	  377	  to	  436	  ng/g,	  respectively)	  but	  these	  organisms	  were	  

only	  collected	  at	  downstream	  sites	  (downstream	  of	  Hammon	  Grove).	  Forage	  fish	  THg	  was	  

within	  the	  reported	  range	  for	  similar	  species	  from	  US	  streams	  unaffected	  by	  point	  sources	  

of	  Hg.10	  	  There	  were	  consistent	  differences	  in	  %MMHg	  among	  the	  organisms	  sampled	  

depending	  on	  their	  feeding	  behavior	  or	  presumed	  trophic	  position.	  The	  %MMHg	  increased	  

from	  sediment	  (<3%)	  to	  filamentous	  algae	  (6±6%),	  aquatic	  worm	  (30±9%),	  asian	  clam	  

(49±20%),	  caddisfly	  larva	  (66±7%),	  mayfly	  larva	  (73±2%),	  stonefly	  larva	  (80±9%),	  and	  

fish	  (93-‐100%).	  This	  trend	  is	  strongly	  indicative	  of	  the	  preferential	  trophic	  transfer	  of	  

MMHg	  via	  biomagnification	  in	  the	  Yuba	  River.	  
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4.3.2.2	  Biota	  Hg	  Isotopic	  Compositions	  	  

Aquatic	  organisms	  had	  a	  relatively	  narrow	  range	  in	  δ202Hg	  (−0.84	  to	  −0.42‰)	  but	  a	  

wide	  range	  in	  Δ199Hg	  (0.06	  to	  1.17‰;	  Table	  4.S2).	  We	  performed	  linear	  regressions	  

between	  %MMHg	  and	  biota	  Hg	  isotope	  values	  (δ202Hg	  and	  Δ199Hg)	  to	  estimate	  the	  isotopic	  

composition	  of	  IHg	  and	  MMHg	  in	  the	  food	  web.	  Sediment	  was	  excluded	  from	  the	  

regressions	  to	  allow	  comparison	  of	  IHg	  in	  the	  food	  web	  with	  IHg	  in	  sediment	  and	  algae.	  In	  

biota	  we	  observed	  a	  significant	  positive	  relationship	  for	  Δ199Hg	  (r2	  =	  0.78;	  p<0.001)	  with	  

increasing	  %MMHg,	  but	  not	  for	  δ202Hg	  (r2	  =	  0.01	  p=0.61).	  The	  relationship	  between	  Δ199Hg	  

and	  %MMHg	  strengthened	  when	  benthic	  macroinvertebrates	  (excluding	  fish)	  were	  

grouped	  by	  sampling	  year	  (r2	  =	  0.96	  for	  2013	  and	  r2	  =	  0.94	  for	  2014).	  Positive	  relationships	  

between	  Δ199Hg	  and	  %MMHg	  have	  been	  previously	  reported	  in	  stream,	  lake	  and	  estuarine	  

food	  webs.23-‐25	  In	  contrast,	  there	  was	  no	  significant	  positive	  relationship	  between	  δ202Hg	  

and	  %MMHg	  in	  Yuba-‐Feather	  River	  biota.	  Previous	  studies	  of	  lake,	  forest	  and	  estuary	  food	  

webs	  have	  consistently	  demonstrated	  significant	  positive	  relationships	  between	  δ202Hg	  and	  

%MMHg,23-‐25	  although	  no	  such	  relationship	  was	  observed	  in	  the	  Eel	  River.25	  	  

We	  estimated	  the	  isotopic	  composition	  of	  IHg	  and	  MMHg	  during	  each	  sampling	  

campaign	  by	  extrapolation	  to	  100%	  IHg	  and	  100%	  MMHg	  for	  Δ199Hg	  and	  δ202Hg	  (Figure	  

4.2a,b).	  Because	  there	  was	  no	  significant	  positive	  relationship	  for	  δ202Hg,	  we	  also	  estimated	  

MMHg	  δ202Hg	  using	  the	  mean	  δ202Hg	  of	  organisms	  with	  >70%	  MMHg	  (following	  Tsui	  et	  al.	  

25)	  and	  IHg	  δ202Hg	  using	  the	  mean	  δ202Hg	  of	  <15%	  MMHg	  biota	  (filamentous	  algae).	  The	  

δ202Hg	  values	  estimated	  by	  high	  trophic	  level	  biota	  (−0.69±0.12‰	  for	  MMHg)	  and	  low	  

%MMHg	  algae	  (−0.70±0.08‰	  for	  IHg)	  are	  not	  significantly	  different	  than	  MMHg	  and	  IHg	  

estimates	  from	  linear	  regression.	  Thus,	  we	  use	  MMHg	  and	  IHg	  values	  estimated	  by	  linear	  
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regression	  in	  the	  following	  discussion.	  In	  2013,	  MMHg	  had	  δ202Hg	  of	  −0.72±0.05‰	  and	  

Δ199Hg	  of	  0.90±0.04‰	  and	  IHg	  had	  δ202Hg	  of	  −0.63±0.06‰	  and	  Δ199Hg	  of	  0.05±0.04‰.	  In	  

2014,	  MMHg	  had	  a	  δ202Hg	  of	  −0.72±0.04‰	  and	  Δ199Hg	  of	  1.44±0.04‰	  while	  IHg	  had	  

δ202Hg	  of	  −0.70±0.05‰	  and	  Δ199Hg	  of	  −0.04±0.05‰.	  The	  error	  reported	  for	  these	  

estimates	  is	  the	  ±1SE	  of	  the	  intercept	  (i.e.,	  at	  100%	  IHg	  or	  MMHg).	  These	  estimates	  suggest	  

a	  significant	  change	  in	  MMHg	  Δ199Hg	  between	  2013	  and	  2014	  (Figure	  4.2a),	  but	  a	  relatively	  

consistent	  isotopic	  composition	  of	  IHg	  between	  years	  (δ202Hg	  of	  −0.70‰	  and	  Δ199Hg	  of	  

0.05‰	  for	  2013	  and	  2014	  combined).	  

	  

4.3.2.3	  MMHg	  Isotopic	  Composition	  

The	  isotopic	  composition	  of	  MMHg	  reflects	  the	  isotopic	  composition	  of	  Hg	  source(s)	  

and	  the	  sum	  of	  fractionation	  due	  to	  biogeochemical	  processes	  prior	  to	  entering	  the	  food	  

web.50	  The	  Δ199Hg:Δ201Hg	  ratio	  in	  environmental	  samples	  such	  as	  fish	  and	  biota	  can	  

differentiate	  between	  photochemical	  MMHg	  degradation	  (slope	  of	  ~1.3)	  and	  

photochemical	  Hg2+	  reduction	  (slope	  of	  ~1.0).51	  Biota	  from	  the	  Yuba-‐Feather	  River	  had	  a	  

Δ199Hg/Δ201Hg	  slope	  of	  1.27±0.05	  (1SE,	  n=35;	  Figure	  4.S4),	  which	  is	  comparable	  to	  

freshwater	  fish	  from	  lakes	  (1.28±0.01;	  1SE,	  n=135)52	  and	  consistent	  with	  other	  freshwater	  

food	  web	  studies.23-‐26	  This	  implies	  that	  the	  Δ199Hg	  and	  Δ201Hg	  values	  of	  MMHg	  result	  from	  

MIF	  due	  to	  the	  magnetic	  isotope	  effect	  during	  photochemical	  MMHg	  degradation.51	  During	  

MMHg	  photodegradation,	  which	  is	  likely	  occurring	  in	  the	  highly	  exposed,	  nearly	  treeless	  

Yuba-‐Feather	  riparian	  zone,	  the	  residual	  MMHg	  (with	  positive	  Δ199Hg	  and	  Δ201Hg)	  forms	  

the	  pool	  of	  MMHg	  that	  can	  be	  incorporated	  into	  the	  food	  web.	  The	  magnitude	  of	  MIF	  is	  

directly	  proportional	  to	  the	  extent	  of	  photochemical	  degradation,	  and	  can	  be	  quantified	  
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from	  slopes	  derived	  experimentally	  in	  1	  mg/L	  or	  10	  mg/L	  DOC	  conditions.51	  During	  a	  4-‐

year	  period	  in	  the	  lower	  Yuba	  River	  surface	  water	  DOC	  averaged	  1.16±0.05	  mg/L	  (1SE,	  

n=104).53	  Thus,	  we	  use	  1	  mg/L	  DOC	  experimental	  slopes	  to	  calculate	  (±3%)	  that	  24%	  of	  

MMHg	  had	  undergone	  photodegradation	  in	  2013,	  while	  in	  2014	  35%	  of	  MMHg	  had	  

undergone	  photodegradation	  in	  the	  Yuba-‐Feather	  River.	  	  

In	  aquatic	  systems,	  MIF	  from	  photochemical	  MMHg	  degradation	  has	  been	  shown	  to	  

vary	  with	  water	  clarity,21	  water	  depth,54	  or	  canopy	  cover.23,	  27	  In	  this	  study,	  the	  extent	  of	  

MMHg	  photodegradation	  was	  different	  between	  March	  2013	  and	  June	  2014	  in	  the	  Yuba	  

River.	  This	  could	  result	  from	  different	  environmental	  conditions	  between	  years	  (e.g.,	  

streamflow	  and	  water	  depth,	  shading)	  or	  the	  timing	  of	  sampling	  (e.g.,	  early	  spring	  vs.	  early	  

summer),	  which	  could	  affect	  the	  Δ199Hg	  of	  bioaccumulated	  MMHg.	  Although	  we	  are	  unable	  

to	  identify	  the	  relative	  importance	  of	  these	  different	  factors,	  fish	  sampled	  in	  2014	  with	  

>90%	  MMHg	  have	  Δ199Hg	  of	  0.79	  and	  0.84‰;	  nearly	  identical	  to	  the	  Δ199Hg	  of	  MMHg	  in	  

2013	  (0.90‰).	  We	  suspect	  this	  similarity	  could	  result	  because	  the	  fish	  sampled	  are	  

relatively	  long	  lived	  (1-‐3	  years)	  and	  might	  integrate	  the	  MMHg	  across	  years	  compared	  to	  

seasonal	  growth	  and	  MMHg	  bioaccumulation	  in	  the	  benthic	  macroinvertebrates	  sampled.	  

Regardless,	  in	  each	  year	  we	  observed	  no	  significant	  change	  in	  the	  extent	  of	  

photodegradation	  (i.e.,	  Δ199Hg)	  between	  sampling	  sites.	  Thus,	  although	  MMHg	  Δ199Hg	  

changes	  seasonally	  or	  annually,	  the	  extent	  of	  photodegradation	  (i.e.,	  Δ199Hg)	  did	  not	  change	  

spatially	  in	  the	  section	  of	  the	  Yuba-‐Feather	  River	  system	  we	  sampled.	  	  

To	  isolate	  photochemical	  and	  non-‐photochemical	  processes	  in	  aquatic	  

environments,	  we	  subtract	  the	  known	  MDF	  and	  MIF	  that	  results	  from	  photochemical	  

MMHg	  degradation	  from	  the	  MMHg	  isotopic	  composition.	  Using	  experimentally	  derived	  
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slopes	  for	  Δ199Hg/δ202Hg	  (2.43	  for	  1	  mg/L	  DOC)51	  we	  can	  estimate	  the	  δ202Hg	  of	  MMHg	  

prior	  to	  photodegradation	  (“pre-‐photodegraded	  MMHg”).	  This	  approach	  has	  been	  used	  to	  

isolate	  MDF	  between	  IHg	  and	  MMHg	  in	  studies	  of	  estuaries,	  the	  coastal	  ocean	  and	  lakes.21-‐

24,	  55	  In	  these	  past	  studies,	  a	  consistent	  positive	  δ202Hg	  offset	  (δ202Hgpre-‐degraded	  MMHg	  –	  

δ202HgIHg)	  was	  found	  and	  interpreted	  to	  result	  from	  biotic	  MDF	  (e.g.,	  a	  combination	  of	  biotic	  

methylation	  and	  degradation)	  in	  the	  environment.	  21,	  22,	  24	  Assuming	  that	  pre-‐

photodegraded	  MMHg	  has	  Δ199Hg	  near	  zero,	  consistent	  with	  IHg	  in	  Yuba	  Fan	  sediment	  and	  

the	  food	  web,	  the	  δ202Hg	  of	  pre-‐photodegraded	  MMHg	  in	  2013	  was	  −1.07‰	  and	  in	  2014	  

was	  −1.29‰.	  These	  values	  are	  much	  lower	  than	  the	  δ202Hg	  of	  IHg	  pools	  in	  sediment	  

(−0.38±0.17‰)	  or	  algae	  (−0.70±0.08‰)	  in	  the	  Yuba	  River	  and	  results	  in	  a	  negative	  δ202Hg	  

offset	  between	  IHg	  and	  MMHg	  (Figure	  4.3).	  This	  negative	  δ202Hg	  offset	  has	  not	  been	  

previously	  observed	  and	  we	  examine	  possible	  explanations	  for	  this	  unique	  relationship	  

below.	  	  

	  

4.3.3	  Hg	  Sources	  in	  the	  Yuba	  River	  	  

The	  Yuba	  River	  contains	  large	  quantities	  of	  IHg	  in	  streambed	  and	  stream	  

bank/terrace	  sediment,	  which	  provide	  a	  persistent	  source	  of	  Hg	  to	  the	  river.	  The	  isotopic	  

composition	  of	  two	  IHg	  pools	  were	  characterized	  in	  this	  study:	  Yuba	  Fan	  sediment	  with	  

>95%	  IHg	  has	  δ202Hg	  of	  −0.38±0.17‰	  and	  Δ199Hg	  of	  0.04±0.03‰	  (1SD,	  n=7)	  and	  

filamentous	  algae	  with	  85-‐98%	  IHg	  has	  δ202Hg	  of	  −0.70±0.08‰	  and	  Δ199Hg	  of	  0.11±0.04‰	  

(1SD,	  n=7).	  We	  estimated	  the	  isotopic	  composition	  of	  IHg	  in	  biota	  and	  it	  has	  δ202Hg	  of	  

−0.70±0.04‰	  and	  Δ199Hg	  of	  0.05±0.07‰,	  which	  is	  similar	  to	  in-‐stream	  IHg	  pools	  (Figure	  

4.3).	  Therefore,	  we	  suggest	  the	  IHg	  in	  the	  food	  web	  is	  directly	  accumulated	  from	  sediment	  
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and	  algae,	  likely	  because	  these	  materials	  are	  a	  dietary	  resource	  for	  benthic	  

macroinvertebrates.	  The	  isotopic	  composition	  of	  MMHg	  and	  pre-‐photodegraded	  MMHg	  in	  

the	  Yuba	  River	  was	  also	  estimated.	  MMHg	  could	  have	  been	  produced	  in	  the	  stream	  from	  in	  

situ	  methylation	  in	  the	  hyporheic	  zone	  or	  associated	  with	  benthic	  biofilms	  or	  filamentous	  

algae.12,	  56-‐58	  If	  so,	  then	  either	  a	  bioavailable	  portion	  of	  IHg	  (with	  δ202Hg	  lower	  than	  bulk	  

sediment)	  is	  preferentially	  methylated	  or	  net	  negative	  MDF	  (of	  up	  to	  −0.9‰)	  occurs	  

between	  IHg	  and	  pre-‐photodegraded	  MMHg	  (Figure	  4.4a).	  Alternatively,	  the	  presence	  and	  

bioaccumulation	  of	  MMHg	  in	  some	  streams	  is	  considered	  a	  function	  of	  watershed	  

characteristics	  that	  promote	  Hg	  deposition	  and	  methylation.10,	  11,	  13,	  59	  If	  MMHg	  in	  the	  lower	  

Yuba	  River	  were	  derived	  from	  upstream	  watershed	  Hg	  sources	  (not	  produced	  in	  situ)	  then	  

Yuba	  Fan	  sediment	  might	  only	  be	  a	  source	  of	  IHg,	  and	  perhaps	  not	  MMHg,	  to	  the	  food	  web.	  	  

We	  explore	  possible	  external	  Hg	  sources	  by	  comparing	  known	  isotopic	  

compositions	  of	  these	  sources	  with	  Yuba	  River	  MMHg	  and	  pre-‐photodegraded	  MMHg.	  In	  

lakes	  and	  oceans,	  atmospheric	  deposition	  may	  provide	  a	  readily	  reactive	  IHg	  source	  that	  

can	  be	  methylated	  and	  provide	  MMHg	  to	  the	  food	  web.60	  54	  Precipitation	  that	  was	  

unaffected	  by	  local	  point	  sources	  of	  Hg	  collected	  near	  SF	  Bay,37	  coastal	  FL,61	  Ontario,	  CA62	  

and	  the	  Midwest	  US,30,	  63	  had	  δ202Hg	  of	  −0.43±0.50‰	  and	  Δ199Hg	  of	  0.37±0.26‰	  

(mean±1SD;	  n=62).	  Significant	  positive	  Δ199Hg	  in	  precipitation,	  but	  not	  in	  IHg	  in	  the	  food	  

web	  (Δ199Hg	  of	  0.05±0.07‰)	  clearly	  demonstrate	  that	  Yuba	  biota	  do	  not	  obtain	  IHg	  from	  

precipitation.	  If	  precipitation	  Hg	  were	  the	  precursor	  to	  MMHg	  in	  Yuba	  River	  biota,	  then	  

precipitation	  Hg	  must	  be	  preferentially	  methylated	  despite	  the	  presence	  of	  high	  THg	  Yuba	  

Fan	  sediment.	  Furthermore,	  significant	  negative	  MDF	  of	  at	  least	  0.6‰	  would	  still	  be	  

required	  to	  link	  precipitation	  IHg	  to	  pre-‐photodegraded	  MMHg	  in	  the	  Yuba	  River.	  At	  
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present,	  there	  is	  no	  evidence	  to	  suggest	  precipitation	  Hg	  is	  a	  significant	  input	  to	  biota	  and	  

we	  think	  it	  is	  highly	  unlikely	  to	  be	  preferentially	  methylated	  in	  the	  Yuba	  River.	  

It	  is	  also	  possible	  that	  IHg	  accumulated	  in	  the	  upstream	  watershed	  (e.g.,	  upstream	  of	  

Englebright	  Dam)	  would	  be	  a	  source	  of	  MMHg	  that	  could	  enter	  the	  lower	  Yuba	  River.	  

Terrestrial	  soils	  accumulate	  Hg	  from	  dry	  deposition,	  leaf	  litter,	  and	  precipitation.30,	  64	  This	  

IHg	  could	  then	  be	  methylated	  in	  wetlands,	  floodplains	  or	  reservoirs	  and	  transported	  to	  

aquatic	  environments	  during	  runoff	  events.65	  Basal	  resources	  (foliage,	  soil,	  and	  submerged	  

leaf	  litter)	  from	  the	  Eel	  River	  in	  northern	  California	  had	  relatively	  low	  δ202Hg	  (−2.53	  to	  

−1.54‰)	  and	  negative	  Δ199Hg	  (−0.37	  to	  −0.15‰).25	  The	  isotopic	  composition	  of	  forest	  

floor	  samples	  from	  the	  upper	  Midwest	  (δ202Hg	  from	  −1.05	  to	  −1.88	  and	  Δ199Hg	  from	  −0.15	  

to	  −0.25	  ‰)	  and	  low	  THg	  sediment	  from	  TN	  streams	  (δ202Hg	  of	  −1.40±0.06	  and	  Δ199Hg	  of	  

−0.26±0.03	  ‰)	  had	  a	  similar	  range.30	  18	  When	  not	  impacted	  by	  Au	  mining,	  we	  expect	  the	  

isotopic	  composition	  of	  IHg	  in	  the	  Yuba	  River	  watershed	  might	  have	  a	  similar	  range	  to	  

these	  resources	  (δ202Hg	  of	  −1	  to	  −2.5	  ‰	  and	  negative	  Δ199Hg).	  Since	  the	  δ202Hg	  of	  pre-‐

photodegraded	  MMHg	  in	  the	  Yuba	  River	  overlaps	  with	  watershed	  IHg	  pools	  (Figure	  4.4b),	  

we	  cannot	  rule	  these	  out	  as	  a	  possible	  source	  of	  MMHg	  to	  the	  Yuba	  River.	  However,	  THg	  in	  

Yuba	  Fan	  sediment	  is	  at	  least	  ~3X,	  and	  up	  to	  2	  orders	  of	  magnitude,	  higher	  than	  

background	  sediment	  and	  is	  present	  in	  locations	  where	  methylation	  is	  thought	  to	  occur	  

(e.g.,	  streambed,	  floodplains,	  hyporheic	  zones,	  and	  associated	  with	  filamentous	  algae).11,	  12,	  

58,	  66,	  67	  Moreover,	  IHg	  in	  biota	  is	  directly	  accumulated	  from	  sediment	  and	  algae	  (Figure	  4.3),	  

and	  it	  follows	  that	  MMHg	  associated	  with	  these	  benthic	  resources	  is	  likely	  to	  be	  derived	  

from	  nearby	  IHg	  pools.	  Therefore,	  we	  suggest	  that	  Hg	  in	  Yuba	  River	  sediment	  or	  algae	  is	  
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the	  most	  likely	  IHg	  source	  to	  be	  methylated	  leading	  to	  MMHg	  bioaccumulation	  in	  the	  lower	  

Yuba	  River	  food	  web.	  	  

	  

4.3.4	  In	  Stream	  Processes	  and	  MDF	  

4.3.4.1	  Labile	  Hg	  in	  Sediment	  	  

Only	  a	  fraction	  of	  the	  IHg	  pool	  in	  sediment	  may	  actually	  be	  available	  for	  microbial	  

methylation.11,	  16,	  68-‐70	  If	  this	  fraction	  has	  lower	  δ202Hg	  than	  bulk	  sediment,	  then	  the	  

negative	  δ202Hg	  offset	  between	  IHg	  and	  pre-‐photodegraded	  MMHg	  may	  be	  an	  artifact	  of	  the	  

difference	  between	  bulk	  sediment	  δ202Hg	  and	  the	  δ202Hg	  of	  labile	  IHg.	  If	  we	  assume	  biotic	  

MDF	  is	  consistent	  with	  previous	  studies	  (δ202Hg	  offset	  of	  +0.4‰	  to	  +0.8‰)21,	  22,	  24,	  55	  from	  

the	  pre-‐photodegraded	  MMHg	  δ202Hg	  (−1.29	  to	  −1.07)	  we	  would	  predict	  labile	  IHg	  to	  have	  

δ202Hg	  between	  −1.5	  and	  −2.1‰.	  Multiple	  experiments	  have	  shown	  that	  leachates	  (water	  

soluble,	  thiosulfate	  soluble	  and	  weak	  acid	  soluble)	  have	  consistently	  higher	  δ202Hg	  (up	  to	  

1.3‰)	  than	  bulk	  sediment	  and	  mine	  waste.71-‐73	  In	  Au	  mine	  tailings,	  HgS	  species	  and	  Hg	  

sorbed	  to	  colloids	  may	  be	  susceptible	  to	  methylation	  in	  the	  hyporheic	  zone	  or	  inundated	  

floodplains.74	  A	  few	  studies	  have	  demonstrated	  that	  precipitation	  of	  HgS,	  β-‐HgS	  and	  HgO	  

from	  solution75,	  76	  and	  sorption	  of	  Hg	  to	  goethite77	  result	  in	  a	  lower	  δ202Hg	  for	  the	  reaction	  

product	  (HgS	  or	  goethite-‐Hg).	  However,	  a	  separate	  investigation	  of	  sediment	  contaminated	  

by	  metallic	  Hg	  suggests	  that	  sulfide	  bound	  Hg	  actually	  has	  higher	  δ202Hg	  (up	  to	  1‰)	  than	  

bulk	  sediment.78	  Although	  these	  studies	  demonstrate	  that	  Hg	  fractions	  in	  sediment	  may	  

have	  different	  δ202Hg,	  at	  present	  we	  are	  unable	  to	  identify	  a	  specific	  labile	  Hg	  fraction	  with	  

consistent	  low	  δ202Hg	  that	  could	  explain	  the	  IHg-‐MMHg	  relationship.	  Thus,	  we	  use	  bulk	  
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material	  Hg	  isotopic	  compositions	  of	  sediment	  and	  algae	  to	  best	  define	  the	  IHg	  pools	  in	  the	  

Yuba	  River.	  	  

	  

4.3.4.2	  Net	  MDF	  during	  Biotic	  Processes	  

Previous	  studies	  have	  found	  a	  net	  positive	  δ202Hg	  offset	  (δ202Hgpre-‐photodegraded	  MMHg	  –	  

δ202HgIHg)	  between	  bulk	  sediment	  (IHg)	  and	  pre-‐photodegraded	  MMHg.	  The	  magnitude	  of	  

this	  offset	  ranges	  from	  +0.4	  to	  +0.8‰	  in	  studies	  of	  coastal	  oceans	  (San	  Francisco	  Bay,	  East	  

Coast	  estuaries,	  Minamata	  Bay)	  and	  freshwater	  lakes	  in	  Michigan	  and	  Florida.21,	  22,	  24,	  55	  

Biotic	  methylation	  preferentially	  methylates	  light	  Hg	  isotopes	  (MMHg	  produced	  has	  lower	  

δ202Hg	  than	  the	  IHg	  substrate),79,	  80	  while	  biotic	  degradation	  by	  the	  mercury	  reductase	  

mechanism	  leads	  to	  higher	  δ202Hg	  for	  the	  residual	  MMHg.81	  Therefore,	  it	  was	  previously	  

concluded	  that	  during	  biotic	  processing	  of	  Hg	  in	  sediment,	  methylation	  is	  followed	  by	  

significant	  MMHg	  degradation,	  resulting	  in	  a	  δ202Hg	  of	  residual	  MMHg	  that	  is	  higher	  than	  

the	  original	  sediment.	  This	  residual	  MMHg	  is	  subsequently	  photodegraded	  (+Δ199Hg	  and	  

+δ202Hg)51,	  82	  and	  bioaccumulated	  (no	  additional	  MIF	  or	  MDF)32,	  50.	  In	  contrast,	  in	  this	  study	  

the	  δ202Hg	  of	  pre-‐photodegraded	  MMHg	  in	  the	  Yuba	  River	  is	  significantly	  lower	  (at	  least	  

0.4‰	  in	  2013,	  and	  at	  least	  0.6‰	  in	  2014)	  than	  either	  sediment	  or	  filamentous	  algae	  

δ202Hg.	  Therefore,	  we	  suggest	  that	  there	  is	  a	  fundamental	  difference	  in	  Hg	  biogeochemistry,	  

and	  resulting	  isotope	  fractionation,	  that	  is	  related	  to	  either	  the	  net	  extent	  of	  methylation	  

and	  degradation	  or	  to	  different	  biotic	  MMHg	  degradation	  pathways.	  We	  note	  that	  all	  of	  the	  

previous	  studies	  we	  have	  referred	  to	  were	  in	  lakes,	  coastal	  oceans	  or	  estuaries	  and	  that	  this	  

is	  the	  first	  such	  study	  to	  compare	  IHg	  and	  MMHg	  in	  a	  river	  system.	  
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A	  number	  of	  environmental	  characteristics	  (e.g.,	  DOC,	  redox,	  turbulence,	  suspended	  

solids,	  etc.)	  that	  affect	  MMHg	  formation	  and	  degradation	  differ	  between	  rivers	  (flowing	  

water)	  and	  lake	  or	  coastal	  ocean	  (non-‐flowing	  water)	  environments	  and	  might	  affect	  net	  

MDF	  between	  IHg	  and	  MMHg.	  In	  streams,	  in-‐situ	  Hg	  methylation	  in	  sediment,	  hyporheic	  

zones,	  benthic	  biofilms	  or	  filamentous	  algae	  (e.g.,12,	  56,	  58,	  66)	  would	  be	  followed	  by	  MMHg	  

advection	  from	  the	  substrate	  into	  the	  water	  column.	  Intuitively,	  we	  would	  expect	  this	  

transport	  to	  be	  greater	  in	  flowing	  water	  (i.e.,	  rivers)	  than	  in	  non-‐flowing	  water	  

environments	  (i.e.,	  lakes	  or	  estuaries).	  Turbulent	  diffusion	  of	  MMHg	  has	  previously	  been	  

hypothesized	  to	  increase	  MDF	  during	  experimental	  studies	  of	  biotic	  methylation	  and	  

degradation.80	  Similarly,	  in-‐situ	  methylation	  in	  flowing	  water	  could	  lead	  to	  continuous	  

removal	  of	  the	  product	  MMHg	  from	  the	  site	  of	  methylation	  and	  decrease	  the	  quantity	  of	  

MMHg	  available	  for	  biotic	  degradation.	  The	  result	  would	  be	  MMHg	  exported	  to	  the	  water	  

column	  that	  has	  not	  been	  biotically	  degraded,	  and	  therefore	  exhibits	  lower	  δ202Hg	  than	  the	  

original	  IHg	  substrate.	  Conversely,	  when	  MMHg	  resides	  for	  a	  relatively	  long	  period	  of	  time	  

in	  sediment,	  as	  might	  be	  the	  case	  in	  standing	  water,	  it	  could	  be	  biotically	  degraded	  to	  a	  

greater	  extent.	  Significant	  biotic	  MMHg	  degradation	  would	  drive	  the	  residual	  MMHg	  to	  

higher	  δ202Hg	  values	  than	  the	  sediment,	  as	  has	  been	  observed	  in	  lakes	  and	  coastal	  ocean	  

environments.	  If	  this	  is	  the	  mechanism,	  then	  the	  δ202Hg	  offset	  between	  IHg	  and	  MMHg	  

would	  suggest	  that	  relatively	  little	  biotic	  MMHg	  degradation	  occurs	  in	  the	  Yuba	  River	  (i.e.	  

photochemical	  degradation	  is	  likely	  the	  dominant	  degradation	  pathway)	  compared	  to	  

standing	  water	  environments	  where	  biotic	  MMHg	  degradation	  must	  occur	  to	  a	  greater	  

extent.	  
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It	  might	  also	  be	  possible	  that	  non-‐mer	  mediated	  biotic	  degradation	  pathways	  could	  

have	  different	  MDF	  leading	  to	  the	  negative	  δ202Hg	  offset	  observed.	  Biotic	  MMHg	  

degradation	  can	  occur	  through	  either	  mer-‐mediated	  degradation	  or	  oxidative	  

demethylation	  pathways.83,	  84	  During	  mer-‐mediated	  degradation,	  MMHg	  is	  converted	  to	  Hg0	  

and	  which	  can	  be	  partially	  removed	  from	  the	  substrate,84	  resulting	  in	  +MDF	  (residual	  

MMHg	  with	  higher	  δ202Hg).81	  Oxidative	  demethylation,	  which	  is	  considered	  a	  byproduct	  of	  

microbial	  metabolism,	  likely	  converts	  MMHg	  to	  Hg2+	  product.6,	  85,	  86	  Isotopic	  fractionation	  

during	  oxidative	  demethylation	  has	  not	  yet	  been	  measured,	  but	  during	  this	  process	  the	  

Hg2+	  product	  could	  undergo	  remethylation.	  We	  hypothesize	  that	  during	  biotic	  cycling,	  

when	  oxidative	  MMHg	  degradation	  is	  the	  dominant	  pathway,	  MMHg	  would	  become	  

enriched	  in	  light	  Hg	  isotopes	  through	  successive	  methylation	  (−MDF),	  degradation	  and	  re-‐

methylation	  (−MDF).	  Environmental	  conditions	  that	  determine	  preferred	  degradation	  

pathways	  might	  differ	  between	  flowing	  and	  standing	  water	  environments.	  In	  general,	  

oxidative	  demethylation	  is	  expected	  to	  be	  dominant	  when	  bioavailable	  Hg	  is	  not	  at	  a	  high	  

enough	  concentration	  to	  induce	  mer-‐enzyme	  expression	  (i.e.,	  low	  THg	  environments).83,	  86	  

However,	  in	  high	  THg	  environments	  geochemical	  conditions	  such	  as	  redox	  state,	  organic	  

matter	  content	  and	  sulfide	  may	  control	  Hg	  bioavailability	  and	  therefore	  change	  the	  

dominant	  degradation	  pathway.83	  Although	  we	  cannot	  pinpoint	  the	  specific	  mechanism	  for	  

the	  observed	  net	  negative	  MDF	  between	  IHg	  and	  MMHg,	  the	  extent	  or	  pathway	  of	  biotic	  

MMHg	  degradation	  are	  plausible	  mechanisms	  for	  the	  MMHg	  to	  have	  lower	  δ202Hg	  than	  the	  

IHg	  source.	  	  

	  



122	  

4.3.4.3	  Annual	  Variation	  in	  MDF	  and	  MIF	  	  

After	  comparing	  IHg	  and	  MMHg	  in	  the	  Yuba-‐Feather	  River	  with	  previously	  studied	  

environments,	  we	  suggest	  that	  the	  δ202Hg	  offset	  is	  driven	  by	  differences	  in	  net	  biotic	  MDF	  

during	  biotic	  methylation	  and	  degradation.	  There	  was	  a	  ~0.5‰	  difference	  in	  Δ199Hg,	  and	  

thus	  the	  extent	  of	  MMHg	  photodegradation,	  between	  2013	  and	  2014.	  If	  a	  single	  isotopically	  

distinct	  pool	  of	  MMHg	  were	  photodegraded	  in	  both	  2013	  and	  2014,	  then	  we	  would	  expect	  

MMHg	  to	  fall	  along	  the	  same	  experimental	  photochemical	  degradation	  slope	  each	  year.	  

However,	  2013	  MMHg	  does	  not	  fall	  on	  the	  2014	  photochemical	  degradation	  line	  (Figure	  

4.3).	  Instead,	  the	  δ202Hg	  of	  pre-‐photodegraded	  MMHg	  is	  different	  between	  years,	  which	  

could	  indicate	  that	  the	  source	  of	  bioavailable	  IHg	  or	  the	  extent	  of	  biotic	  MDF	  changed	  

between	  2013	  and	  2014.	  Alternatively,	  we	  note	  that	  the	  IHg	  and	  MMHg	  have	  nearly	  

identical	  δ202Hg,	  regardless	  of	  sampling	  year	  or	  Δ199Hg	  value.	  This	  could	  imply	  that	  the	  

experimental	  δ202Hg/Δ199Hg	  slope	  (1	  mg/L	  DOC)	  does	  not	  accurately	  represent	  Hg	  isotope	  

fractionation	  during	  photochemical	  MMHg	  degradation	  in	  this	  location.	  Experimental	  work	  

under	  more	  environmentally	  relevant	  conditions	  (i.e.,	  DOC	  content	  and	  MMHg:DOC	  ratios)	  

and	  in	  flowing	  water	  environments,	  is	  required	  to	  better	  understand	  and	  differentiate	  

between	  biotic	  and	  photochemical	  Hg	  isotope	  fractionation	  in	  river	  systems.	  	  

	  

4.3.5	  Implications	  for	  Future	  Work	  

This	  study	  is	  the	  first	  to	  use	  Hg	  isotopes	  to	  identify	  MMHg	  sources	  and	  infer	  

important	  biogeochemical	  transformations	  in	  a	  stream	  contaminated	  by	  historical	  Au	  

mining.	  We	  have	  characterized	  the	  isotopic	  composition	  of	  sediment	  in	  the	  Yuba	  Fan,	  which	  

will	  enable	  future	  tracing	  of	  sediment-‐bound	  IHg	  to	  downstream	  floodplains	  and	  wetlands	  
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in	  the	  Sacramento	  Valley.	  We	  also	  identified	  the	  isotopic	  composition	  of	  Yuba	  River	  MMHg,	  

which	  could	  be	  valuable	  for	  future	  studies	  that	  investigate	  whether	  MMHg	  from	  the	  Yuba	  

River	  is	  exported	  downstream	  (such	  as	  to	  the	  Yolo	  Bypass,	  a	  24000	  ha	  engineered	  flood	  

bypass	  downstream)70,	  87	  or	  to	  the	  terrestrial	  food	  web.	  Comparison	  of	  IHg	  with	  MMHg	  and	  

pre-‐photodegraded	  MMHg	  provided	  useful	  insight	  on	  Hg	  biogeochemical	  processes	  in	  the	  

Yuba	  River.	  We	  were	  unable	  to	  rule	  out	  the	  possibility	  that	  upstream,	  watershed	  Hg	  

sources	  provide	  some	  MMHg	  to	  the	  lower	  Yuba	  River	  food	  web.	  However,	  Hg	  isotopes	  

demonstrate	  that	  filamentous	  algae	  and	  sediment	  provide	  IHg	  to	  benthic	  

macroinvertebrates	  through	  their	  diet.	  Thus,	  we	  think	  it	  likely	  that	  MMHg	  in	  the	  lower	  

Yuba	  River	  is	  formed	  through	  in	  situ	  processes	  that	  methylate	  IHg	  in	  sediment	  or	  

filamentous	  algae.	  As	  a	  result,	  the	  relationship	  between	  IHg	  and	  MMHg	  observed	  in	  this	  

study	  is	  different	  than	  in	  previous	  studies	  of	  lakes,	  estuaries	  and	  forests.	  We	  hypothesize	  

that	  this	  could	  be	  due	  to	  differences	  in	  net	  MDF	  resulting	  from	  the	  extent	  or	  the	  pathway	  of	  

biotic	  MMHg	  degradation	  in	  the	  Yuba	  River.	  If	  changes	  in	  biotic	  MMHg	  degradation	  result	  

from	  characteristic	  differences	  between	  flowing	  and	  non-‐flowing	  water	  environments,	  then	  

we	  expect	  similar	  net	  negative	  MDF	  to	  be	  observed	  between	  IHg	  and	  MMHg	  in	  other	  

streams	  systems.	  
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Figure	  4.1:	  Sediment	  δ202Hg	  and	  THg	  vs.	  distance	  downstream	  of	  Englebright	  Dam	  in	  
the	  Yuba-‐Feather	  river	  system	  
Diamonds	  represent	  sediment	  analyzed	  in	  this	  study,	  with	  blue	  indicating	  THg	  and	  black	  
indicating	  the	  corresponding	  δ202Hg	  values	  (±0.08‰).	  Circle	  symbols	  represent	  two	  
sediment	  samples	  previously	  analyzed	  by	  Donovan	  et	  al.37	  from	  Rose	  Bar.	  Biota	  sampling	  
sites	  (RB,	  PB,	  HG,	  Da,	  SB,	  FR-‐Star	  Bend)	  are	  noted	  at	  the	  bottom	  of	  the	  figure	  in	  their	  
approximate	  location	  along	  the	  Yuba	  and	  Feather	  River.	  	  	  
	   	  



126	  

	  
	  

	  	  
	  

	  

Figure	  4.2:	  %MMHg	  vs.	  Δ199Hg	  (A,	  top)	  or	  δ202Hg	  (B,	  bottom)	  for	  all	  biota	  	  
Dark	  dashed	  lines	  represent	  linear	  relationships	  for	  all	  biota	  while	  light	  gray	  lines	  indicate	  
specific	  sampling	  year.	  Biota	  are	  colored	  corresponding	  to	  their	  sampling	  location	  (RB	  =	  
red,	  PB	  =	  orange,	  HG	  =	  blue,	  Da	  =	  green,	  SB	  =	  purple,	  FR	  =	  brown).	  Symbols	  represent	  the	  
sample	  type	  (stonefly	  =	  triangle,	  caddisfly	  =	  circle,	  Mayfly	  and	  Aq.	  Worm=	  square,	  clam	  =	  +,	  
fish	  =	  asterisk	  and	  filamentous	  algae	  =	  x).	  Sediment	  is	  included	  and	  symbols	  are	  colored	  by	  
stream	  with	  solid	  black	  diamonds	  representing	  Yuba	  River	  sediment	  and	  solid	  brown	  
diamonds	  representing	  Feather	  River	  sediment.	  A	  detailed	  legend	  can	  be	  found	  in	  Figure	  
4.S2.	  	  	  	  
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Figure	  4.3:	  Hg	  isotopic	  composition	  (δ202Hg	  vs.	  Δ199Hg)	  for	  biota	  and	  sediment	  in	  the	  
Yuba	  and	  Feather	  Rivers	  	  
Symbols	  are	  identical	  to	  Figure	  4.2	  and	  approximate	  2SD	  error	  for	  biota	  is	  ±0.08‰	  for	  
δ202Hg	  and	  ±0.05	  for	  Δ199Hg.	  MMHg	  and	  IHg	  isotopic	  compositions	  estimated	  from	  linear	  
regression	  are	  black	  crosses	  and	  their	  size	  is	  representative	  of	  the	  1SE	  uncertainty	  for	  
these	  estimates.	  The	  1	  mg/L	  MMHg	  photochemical	  degradation	  slope	  is	  from	  Bergquist	  and	  
Blum.51	  
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Figure	  4.4:	  Explanations	  for	  the	  origin	  of	  MMHg	  in	  the	  Yuba	  and	  Feather	  Rivers	  
Either	  (A,	  top)	  sediment	  and	  algae	  IHg	  sources	  result	  in	  net	  negative	  biotic	  MDF	  or	  (B,	  
bottom)	  watershed	  IHg	  sources	  (~δ202Hg	  of	  −1	  to	  −2.5‰)	  are	  methylated	  and	  input	  to	  the	  
Yuba-‐Feather	  River,	  with	  net	  positive	  biotic	  MDF	  consistent	  with	  previous	  studies.	  	  
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Figure	  4.S1:	  Yuba	  R.	  and	  Feather	  R.	  Sampling	  Locations	  and	  Collection	  Details.	  
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Figure	  4.S2:	  Detailed	  Legend	  for	  Figure	  4.2	  and	  4.3	  and	  Figure	  4.S4.	  

	   	  



139	  

Figure	  4.S3:	  THg	  concentration	  (1/THg)	  vs.	  δ202Hg	  for	  Yuba	  and	  Feather	  River	  Sediment	  
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Figure	  4.S4:	  Δ201Hg	  vs.	  Δ199Hg	  for	  all	  Yuba-‐Feather	  River	  Biota	  	  
Symbols	  are	  identical	  to	  Figure	  4.S2.	  The	  linear	  regression	  equation	  is	  for	  all	  biota	  (sediment	  excluded).	  

	   	  



141	  

Table	  4.S1:	  Sediment	  THg,	  MMHg	  and	  Hg	  isotope	  values	  

	   	  

Location
Dist.+

Downstream+
of+EB+Dam+

MMHg THg %MMHg δ204Hg+ δ202Hg+ δ201Hg+ δ200Hg+ δ199Hg+ Δ204Hg Δ201Hg Δ200Hg Δ199Hg

km dw%ng/g dw%ng/g % ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰
3.565 6821.2 20.22 20.18 20.11 20.07 0.00 0.06 0.02 0.02 0.04
3.565 5.22 4453.2 0.1% 20.30 20.19 20.19 20.09 20.06 20.02 20.05 0.00 20.01
6.53 646.7 1.05 0.71 0.53 0.38 0.21 20.01 20.01 0.02 0.03

12.101 2.36 237.1 1.0% 20.75 20.50 20.38 20.23 20.07 20.01 20.01 0.02 0.05
26.527 6.38 243.5 2.6% 20.92 20.63 20.42 20.32 20.08 0.02 0.05 0.00 0.08
31.849 228.2 20.38 20.25 20.19 20.10 20.02 0.00 0.00 0.02 0.04
31.94 309.0 20.49 20.39 20.29 20.18 20.06 0.09 0.00 0.02 0.04
35.611 170.0 20.77 20.50 20.40 20.23 20.11 20.02 20.02 0.02 0.02
37.623 401.5 20.51 20.39 20.28 20.23 20.08 0.07 0.01 20.04 0.02
38.803 217.7 20.80 20.52 20.37 20.22 20.06 20.02 0.02 0.04 0.07
47.117 6.84 413.1 1.7% 21.24 20.80 20.56 20.42 20.13 20.05 0.04 20.02 0.07
47.592 251.3 21.46 20.95 20.69 20.46 20.17 20.04 0.02 0.02 0.07

Upper%Yuba%Fan

Lower%Yuba%Fan

Lower%Feather%River
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Table	  4.S2:	  THg,	  MMHg	  and	  Hg	  Isotope	  Values	  for	  Aquatic	  Organisms	  

	   	  

Stream Location Sampling/Year Sample/Type MMHg THg %MMHg δ204Hg/ δ202Hg/ δ201Hg/ δ200Hg/ δ199Hg/ Δ204Hg Δ201Hg Δ200Hg Δ199Hg

dw/ng/g dw/ng/g % ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰
Stonefly)Larva)(Perlidae) 76.9 66.8 100% 80.96 80.61 0.31 80.25 0.84 80.06 0.77 0.05 0.99
Mayfly)Larva)(Heptageniidae-&-Ephemerellidae-spp.) 36.8 49.0 75% 81.01 80.63 80.05 80.26 0.46 80.08 0.42 0.06 0.62
Filamentous)Algae)(Cladophora) 3.7 122.1 3% 80.89 80.61 80.42 80.30 80.09 0.01 0.03 0.00 0.06
Filamentous)Algae)(Cladophora) 1.8 185.7 1% 81.03 80.65 80.48 80.33 80.05 80.06 0.01 0.00 0.11
Stonefly)Larva)(Perlidae) 92.9 121.6 76% 81.13 80.71 0.26 80.42 0.92 80.07 0.80 80.06 1.10
Mayfly)Larva)(Heptageniidae-&-Ephemerellidae-spp.) 37.8 52.3 72% 80.91 80.54 0.29 80.22 0.86 80.11 0.69 0.05 1.00
Aquatic)Worm)(Oligochaeta) 142.6 404.8 35% 80.94 80.61 80.17 80.29 0.22 80.03 0.29 0.02 0.37
Filamentous)Algae)(Cladophora) 1.6 133.3 1% 81.28 80.82 80.52 80.38 80.07 80.07 0.09 0.03 0.14
Stonefly)Larva)(Perlidae) 74.4 97.9 76% 81.22 80.83 0.18 80.41 0.91 0.01 0.80 0.01 1.11
Stonefly)Larva)(Perlidae) 78.7 95.8 82% 81.10 80.75 0.28 80.36 0.90 0.02 0.85 0.01 1.09
Stonefly)Larva)(Perlidae) 73.3 95.9 76% 81.29 80.80 0.25 80.39 0.92 80.09 0.85 0.02 1.13
Stonefly)Larva)(Perlidae) 61.2 83.3 73% 81.28 80.78 0.22 80.37 0.91 80.12 0.81 0.02 1.10
Net)Spinning)Caddisfly)Larva)(Hydropsychidae) 63.3 83.5 76% 80.98 80.68 0.33 80.31 1.00 0.03 0.84 0.03 1.17
Aquatic)Worm)(Oligochaeta) 89.9 337.1 27% 80.99 80.63 80.29 80.30 0.11 80.05 0.19 0.02 0.27
Filamentous)Algae)(Cladophora) 8.5 57.4 15% 81.26 80.80 80.58 80.43 80.08 80.07 0.02 80.03 0.12
Stonefly)Larva)(Perlidae) 76.5 91.5 84% 81.21 80.84 0.29 80.37 0.94 0.04 0.93 0.05 1.15
Stonefly)Larva)(Perlidae) 64.0 92.4 69% 81.18 80.79 0.26 80.37 0.95 0.00 0.85 0.03 1.15
Stonefly)Larva)(Perlidae) 71.5 91.3 78% 81.21 80.79 0.27 80.40 0.94 80.03 0.87 0.00 1.14
Net)Spinning)Caddisfly)Larva)(Hydropsychidae) 55.3 95.3 58% 81.15 80.76 80.05 80.35 0.61 80.01 0.52 0.03 0.80
Net)Spinning)Caddisfly)Larva)(Hydropsychidae) 56.7 93.6 61% 81.30 80.83 80.01 80.39 0.65 80.07 0.62 0.02 0.86
Aquatic)Worm)(Oligochaeta) 73.1 364.9 20% 81.13 80.76 80.35 80.33 0.08 0.01 0.22 0.05 0.27
Filamentous)Algae)(Cladophora) 7.0 185.9 4% 81.02 80.65 80.47 80.33 80.07 80.04 0.02 80.01 0.09
Stonefly)Larva)(Perlidae) 81.0 91.0 89% 80.97 80.76 0.15 80.34 0.65 0.16 0.72 0.04 0.84
Net)Spinning)Caddisfly)Larva)(Hydropsychidae) 60.7 91.9 66% 81.21 80.74 80.09 80.38 0.45 80.10 0.47 0.00 0.64
Mayfly)Larva)(Heptageniidae-&-Ephemerellidae-spp.) 54.6 75.2 73% 81.17 80.69 80.06 80.36 0.47 80.14 0.46 80.01 0.64
Net)Spinning)Caddisfly)Larva)(Hydropsychidae) 95.6 134.0 71% 80.79 80.61 0.36 80.28 0.93 0.13 0.82 0.03 1.08
Net)Spinning)Caddisfly)Larva)(Hydropsychidae) 90.1 136.2 66% 80.95 80.59 0.36 80.27 0.93 80.06 0.81 0.03 1.08
Aquatic)Worm)(Oligochaeta) 127.8 323.1 40% 80.96 80.65 80.24 80.33 0.23 0.01 0.25 0.00 0.39
Riffle)Sculpin)(Cottus-gulosus;)individual) 380.2 377.3 100% 80.64 80.43 0.33 80.19 0.73 80.01 0.65 0.03 0.84
Filamentous)Algae)(Cladophora) 16.8 132.0 13% 81.08 80.69 80.42 80.30 80.02 80.05 0.10 0.05 0.16
Asian)Clam)(Corbicula-fluminea) 271.3 425.6 64% 80.71 80.42 0.08 80.20 0.50 80.08 0.40 0.01 0.60
Speckled)Dace)(Rhinichthys-osculus) 406.7 436.6 93% 80.82 80.54 0.20 80.23 0.66 80.02 0.61 0.04 0.79
Filamentous)Algae)(Cladophora) 14.6 162.6 9% 81.06 80.68 80.47 80.30 80.11 80.05 0.04 0.04 0.06
Asian)Clam)(Corbicula-fluminea) 98.7 167.6 59% 80.77 80.47 80.08 80.25 0.31 80.07 0.27 80.01 0.43
Asian)Clam)(Corbicula-fluminea) 78.6 312.1 25% 81.07 80.68 80.31 80.30 0.12 80.05 0.20 0.04 0.302013

Yuba)River

Dantoni

2014

Feather)River Star)Bend

Simpson)Bridge

Hammon)Grove

Parks)Bar

Rose)Bar

2014

2013

2014

2014

2013

2014
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Table	  4.S3:	  Total	  Hg	  concentration	  and	  Hg	  Isotope	  values	  for	  all	  SRMs	  	  
For	  SRMS's,	  N1	  denotes	  the	  number	  of	  combustion	  replicates	  and	  N2	  denotes	  the	  total	  number	  of	  isotope	  measurements	  
during	  all	  analytical	  sessions.	  Theta	  denotes	  the	  standard	  deviation	  of	  the	  mean	  values	  for	  process	  replicates.	  For	  UM	  
Almaden,	  N1	  denotes	  the	  number	  of	  analytical	  sessions	  that	  UM-‐Almaden	  was	  measured	  and	  theta	  represents	  the	  SD	  of	  mean	  
Hg	  isotope	  values	  for	  analytical	  sessions	  between	  January	  2013	  and	  December	  2014	  during	  which	  the	  run	  concentrations	  
were	  either	  between	  3	  and	  5	  ng/g,	  or	  less	  than	  3	  ng/g.	  

	  
	  
	  

	  

	  

Reference'Material N1 N2 THg'(dry'wt) 1SD δ204Hg' 2σ δ202Hg' 2σ δ201Hg' 2σ δ200Hg' 2σ δ199Hg' 2σ Δ204Hg 2σ Δ201Hg 2σ Δ200Hg 2σ Δ199Hg 2σ

ug.g ug/g ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰
NRC$TORT'2 11 23 0.276 0.005 0.00 0.15 0.06 0.08 0.63 0.07 0.09 0.06 0.76 0.04 '0.08 0.06 0.59 0.03 0.06 0.05 0.75 0.04
NIST$SRM$1944 6 14 3.51 0.30 '0.68 0.14 '0.45 0.08 '0.35 0.10 '0.21 0.09 '0.11 0.07 '0.01 0.08 '0.01 0.04 0.01 0.06 0.00 0.05

UM'Almaden$(3'5$ppb) 100 '0.86 0.07 '0.57 0.05 '0.47 0.05 '0.28 0.04 '0.16 0.04 '0.01 0.06 '0.04 0.03 0.01 0.03 '0.02 0.03
UM'Almaden$(<3$ppb) 24 '0.86 0.17 '0.55 0.11 '0.45 0.13 '0.26 0.09 '0.14 0.11 '0.04 0.12 '0.03 0.07 0.02 0.05 0.00 0.09
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CHAPTER	  5:	  Comparison	  of	  mercury	  degradation	  and	  exposure	  pathways	  in	  streams	  
and	  wetlands	  impacted	  by	  historical	  mining	  

	  
	  

Authors:	  Patrick	  M.	  Donovan,	  Joel	  D.	  Blum,	  Michael	  B.	  Singer,	  Mark	  Marvin-‐DiPasquale,	  

Martin	  T.K.	  Tsui	  

	  

Abstract	  

We	  measured	  Hg	  isotopic	  compositions	  (δ202Hg	  and	  Δ199Hg),	  along	  with	  

monomethyl	  mercury	  (MMHg)	  and	  total	  mercury	  (THg)	  concentrations,	  in	  sediment	  and	  

biota	  from	  Cache	  Creek	  and	  Yolo	  Bypass	  wetlands,	  in	  a	  region	  of	  central	  California	  

impacted	  by	  historical	  mining	  activity.	  Cache	  Creek	  sediment	  had	  a	  large	  range	  in	  THg	  (87	  

to	  3,868	  ng/g)	  and	  δ202Hg	  (−1.69	  to	  −0.20‰)	  reflecting	  the	  heterogeneity	  of	  Hg	  sources	  in	  

sediment	  downstream	  of	  Hg	  mining.	  The	  δ202Hg	  of	  high	  THg	  Yolo	  Bypass	  wetland	  sediment	  

(−0.5‰)	  was	  indistinguishable	  from	  gold	  mining	  contaminated	  sediment	  located	  

upstream.	  Fish	  and	  benthic	  macroinvertebrates	  in	  both	  locations	  had	  trends	  in	  %MMHg	  

(the	  ratio	  MMHg	  to	  THg)	  consistent	  with	  the	  bioaccumulation	  and	  trophic	  transfer	  of	  

MMHg.	  Relationships	  between	  %MMHg	  and	  Hg	  isotope	  values	  (δ202Hg	  and	  Δ199Hg)	  in	  food	  

web	  biota	  were	  somewhat	  variable	  and	  high	  %MMHg	  biota	  in	  Yolo	  Bypass	  had	  a	  wide	  

range	  in	  Δ199Hg	  (0.34	  to	  1.81‰).	  We	  suggest	  this	  is	  due	  to	  the	  bioaccumulation	  of	  

isotopically	  distinct	  pools	  of	  MMHg	  in	  the	  same	  habitat	  as	  a	  result	  of	  distinct	  feeding	  
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behaviors	  (e.g.,	  benthic	  versus	  planktonic).	  There	  were	  contrasting	  relationships	  between	  

the	  δ202Hg	  of	  pre-‐photodegraded	  MMHg	  and	  co-‐located	  sediment	  IHg	  in	  Cache	  Creek	  

(MMHg	  δ202Hg	  was	  0.4‰	  lower	  than	  sediment)	  and	  Yolo	  Bypass	  (MMHg	  δ202Hg	  was	  0.2	  to	  

0.5‰	  higher	  than	  sediment).	  This	  supports	  the	  hypothesis	  that	  −MDF	  between	  IHg	  and	  

MMHg	  results	  from	  a	  lack	  of	  biotic	  MMHg	  degradation	  (+MDF)	  in	  rivers	  (flowing	  water)	  

compared	  to	  standing	  water	  environments	  such	  as	  wetlands,	  lakes	  or	  the	  coastal	  ocean.	  	  

5.1	  Introduction	  

Monomethyl	  mercury	  (MMHg)	  is	  a	  developmental	  neurotoxin	  that	  bioaccumulates	  

in	  food	  webs	  and	  is	  produced	  from	  inorganic	  Hg	  (IHg)	  in	  aquatic	  environments.1,	  2	  IHg	  has	  

been	  released	  for	  hundreds	  of	  years	  from	  the	  mining	  of	  mercury	  sulfide	  ores	  (HgS),	  

contaminating	  aquatic	  environments	  downstream	  of	  mining	  in	  various	  locations	  around	  

the	  globe.3	  Between	  the	  1850’s	  and	  1970’s	  approximately	  100,000	  Mg	  of	  Hg	  was	  mined	  in	  

the	  California	  Coast	  Ranges.4	  Metallic	  Hg	  (Hg0)	  was	  concentrated	  from	  Hg	  ores	  (typically	  

HgS)	  by	  heating	  	  (‘roasting’),	  volatilizing	  Hg	  and	  then	  recondensing	  the	  Hg0	  vapor.5	  Mine	  

waste	  tailings	  and	  thermally	  processed	  ores	  (“calcine”,	  which	  contains	  residual	  Hg)	  were	  

commonly	  disposed	  of	  near	  mining	  and	  processing	  sites.5,	  6	  Cache	  Creek,	  in	  the	  California	  

Coast	  Range,	  drains	  one	  of	  the	  most	  prolific	  Hg	  mining	  regions	  in	  North	  America	  with	  over	  

30	  former	  Hg	  mines	  in	  the	  watershed.7	  Studies	  have	  reported	  high	  concentrations	  of	  Hg	  in	  

Cache	  Creek	  sediment	  and	  water	  (IHg),8	  and	  MMHg	  bioaccumulation	  in	  aquatic9-‐12	  and	  

terrestrial	  biota	  in	  the	  watershed.13	  Hg	  associated	  with	  sediment	  and	  water	  can	  be	  

transported	  downstream	  in	  Cache	  Creek	  through	  the	  Cache	  Creek	  Settling	  basin	  (CCSB,	  a	  

3,600	  acres	  leveed	  flood	  water	  and	  sediment	  containment	  area)	  and	  into	  the	  Yolo	  Bypass,	  a	  
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larger	  floodwater	  conveyance	  area	  (Figure	  5.S1).	  The	  Yolo	  Bypass	  drains	  into	  the	  San	  

Francisco	  Bay-‐Delta	  during	  high	  flows.	  Thus,	  IHg	  from	  mining	  in	  the	  Cache	  Creek	  

watershed	  is	  potential	  source	  of	  MMHg	  to	  local	  Cache	  Creek	  food	  webs	  and	  also	  

downstream	  Yolo	  Bypass	  and	  Bay-‐Delta	  food	  webs.	  	  	  

Yolo	  Bypass	  is	  a	  ~24,000	  ha	  engineered	  flood	  bypass	  that	  diverts	  high	  river	  flows	  

around	  the	  city	  of	  Sacramento,	  CA	  and	  uses	  a	  network	  of	  drainage	  and	  water	  supply	  

channels	  to	  support	  agriculture	  and	  wildlife	  habitat.	  As	  mentioned,	  during	  floods	  Yolo	  

Bypass	  receives	  water	  and	  suspended	  sediment	  from	  Cache	  Creek	  but	  it	  also	  receives	  

overflow	  from	  the	  Sacramento	  River	  and	  the	  Feather	  River	  and	  Sutter	  Bypass	  (via	  the	  

Fremont	  weir),14,	  15	  the	  latter	  of	  which	  drain	  multiple	  Au	  mining	  districts	  in	  the	  Sierra	  

Nevada	  (e.g.,	  Yuba	  River,	  Bear	  River,	  etc.;	  Figure	  5.S1)16.	  MMHg	  is	  thought	  to	  be	  produced	  

in	  situ	  in	  Yolo	  Bypass	  wetlands,17	  and	  bioaccumulation	  has	  been	  documented	  in	  aquatic	  

invertebrates,	  forage	  fish	  and	  salmonids	  throughout	  Yolo	  Bypass.18-‐20	  Therefore,	  IHg	  from	  

upstream	  mining	  activities	  (Cache	  Creek	  or	  the	  Yuba	  River),	  might	  input	  a	  labile	  source	  of	  

IHg	  to	  Yolo	  Bypass	  wetlands15,	  21	  and	  lead	  to	  MMHg	  bioaccumulation.	  However	  it	  is	  difficult	  

to	  identify	  the	  relative	  contribution	  of	  Coast	  Range	  Hg	  mining	  and	  Sierra	  Nevada	  Au	  mining	  

sources	  and	  the	  transformation	  of	  these	  sources	  to	  MMHg.18,	  22	  To	  differentiate	  between	  Hg	  

sources,	  biogeochemical	  transformations	  (e.g.,	  methylation,	  degradation)	  and	  MMHg	  

exposure	  pathways	  we	  employed	  Hg	  stable	  isotope	  measurements	  in	  sediment	  and	  aquatic	  

biota	  from	  Cache	  Creek	  and	  Yolo	  Bypass.	  	  

	   Mercury	  has	  seven	  stable	  isotopes	  that	  are	  affected	  by	  mass	  dependent	  fractionation	  

(MDF:	  δ202Hg)	  and	  mass	  independent	  fractionation	  (MIF:	  Δ199Hg	  or	  Δ201Hg)	  in	  the	  

environment.	  Experimental	  studies	  of	  Hg	  isotope	  fractionation	  have	  demonstrated	  MDF	  
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during	  biotic	  (i.e,	  Hg2+-‐methylation,	  MeHg	  degradation,	  Hg2+	  reduction)23-‐26	  and	  abiotic	  

(IHg	  sorption,	  coprecipitation,	  etc.)27,	  28	  reactions	  while	  large	  magnitude	  MIF	  (>0.5‰)	  

occurs	  primarily	  during	  photochemical	  reactions.29,	  30	  The	  Hg	  isotopic	  composition	  of	  

sediment	  has	  helped	  to	  identify	  anthropogenic	  Hg	  sources	  and	  trace	  their	  transport	  and	  

deposition	  in	  river	  and	  estuarine	  environments.31-‐35	  Hg	  isotopes	  have	  been	  measured	  in	  

different	  pools	  of	  Hg	  associated	  with	  Hg	  mining	  activities	  including	  calcines	  and	  CA	  Coast	  

Range	  Hg-‐ores.36-‐40	  Although	  Hg	  mine	  wastes	  can	  vary	  widely	  in	  isotopic	  composition	  over	  

very	  small	  spatial	  scales	  (δ202Hg	  range	  of	  >5‰),31,	  32	  Hg	  isotopes	  in	  sediment	  downstream	  

of	  individual	  mines	  are	  thought	  to	  be	  a	  more	  integrative	  tracer	  of	  Hg	  mining	  sources.35,	  39,	  41	  	  

We	  hypothesized	  that	  high	  THg	  sediment	  in	  Cache	  Creek,	  downstream	  of	  individual	  mining	  

districts,	  	  would	  provide	  a	  fingerprint	  of	  IHg	  that	  could	  be	  methylated	  in	  situ	  or	  transported	  

downstream	  in	  the	  Sacramento	  Valley.	  Since	  Yolo	  Bypass	  receives	  suspended	  sediment	  

from	  both	  Hg	  mining	  (Cache	  Creek;	  this	  study)	  and	  Au	  mining	  (Yuba	  River)42	  regions,	  we	  

hypothesized	  this	  fingerprint	  would	  help	  distinguish	  the	  contribution	  of	  Au	  and	  Hg	  mining	  

sources	  to	  Yolo	  Bypass	  wetlands.	  	  

The	  Hg	  isotopic	  composition	  of	  biota	  with	  a	  range	  of	  %MMHg	  (the	  percent	  ratio	  of	  

MMHg	  to	  THg)	  has	  become	  a	  useful	  tool	  for	  estimating	  the	  isotopic	  composition	  of	  

bioaccumulated	  MMHg.	  Fish	  feeding	  studies	  show	  no	  isotopic	  fractionation	  of	  MMHg	  

during	  trophic	  transfer,43,	  44	  and	  therefore	  the	  isotopic	  composition	  of	  MMHg	  provides	  

insight	  on	  Hg	  sources	  and	  biogeochemical	  transformations	  prior	  to	  bioaccumulation	  in	  the	  

food	  web.	  	  From	  comparisons	  of	  MMHg	  and	  IHg	  isotopic	  compositions,	  we	  can	  infer	  

relevant	  photochemical	  (MDF	  and	  MIF)	  and/or	  microbial	  (MDF	  only)	  transformations	  

between	  these	  Hg	  pools.	  	  For	  example,	  MMHg	  isotopic	  compositions	  have	  been	  used	  to	  
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evaluate	  the	  transfer	  of	  MMHg	  between	  aquatic	  and	  terrestrial	  ecosystems,45-‐47	  and	  

changes	  in	  MMHg	  photodegradation	  between	  different	  locations.45,	  48	  The	  only	  study	  

comparing	  sediment	  IHg	  and	  MMHg	  in	  a	  stream	  environment	  (the	  Yuba	  River,	  CA),	  unique	  

net	  negative	  MDF	  was	  observed	  between	  IHg	  and	  MMHg.42	  This	  result	  contrasted	  with	  net	  

positive	  MDF	  commonly	  observed	  in	  other	  environments	  (e.g.,	  49-‐51).	  The	  measurement	  of	  

Hg	  isotopes	  in	  food	  webs	  has	  not	  yet	  been	  applied	  in	  streams	  or	  wetlands	  downstream	  of	  

former	  Hg	  mining	  regions.	  	  In	  both	  Cache	  Creek	  and	  Yolo	  Bypass,	  sediment	  is	  thought	  to	  be	  

an	  important	  source	  of	  IHg	  that	  can	  be	  methylated	  leading	  to	  MMHg	  bioaccumulation	  in	  

resident	  biota.11,	  17	  Therefore	  we	  hypothesized	  that	  the	  MDF	  between	  sediment	  IHg	  and	  

MMHg	  would	  reflect	  biogeochemical	  processes	  in	  upstream	  (Cache	  Creek)	  and	  

downstream	  (Yolo	  Bypass)	  environments.	  To	  identify	  biogeochemical	  processes	  and	  MMHg	  

exposure	  pathways,	  we	  measured	  THg,	  MMHg,	  and	  Hg	  isotope	  ratios	  in	  sediment,	  benthic	  

macroinvertebrates	  and	  forage	  fish	  from	  five	  sites	  in	  Cache	  Creek	  and	  three	  wetlands	  in	  

Yolo	  Bypass.	  This	  is	  the	  first	  study	  to	  use	  Hg	  isotopes	  to	  broadly	  compare	  biogeochemical	  

processes	  between	  riverine	  and	  wetland	  environments	  (Cache	  Creek,	  Yuba	  River,42	  and	  

Yolo	  Bypass)	  within	  a	  regional	  watershed	  that	  contains	  multiple	  mining	  related	  Hg	  sources	  

(Au	  mining	  vs.	  Hg	  mining).	  

5.2	  Methods	  and	  Materials	  

5.2.1	  Study	  Locations	  and	  Sample	  Processing	  

Sediment	  was	  collected	  in	  2013	  from	  bars	  and	  terraces	  at	  two	  locations	  in	  Cache	  

Creek	  (Rumsey	  and	  Capay;	  Figure	  5.S2)	  and	  at	  two	  sites	  upstream	  in	  Bear	  Creek,	  which	  is	  

one	  of	  three	  primary	  tributaries	  to	  the	  Cache	  Creek	  (Table	  5.S1).	  	  Surface	  sediment	  (0-‐10	  
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cm)	  from	  Yolo	  Bypass	  was	  collected	  in	  2013	  and	  2014	  from	  three	  different	  wetlands	  we	  

refer	  to	  as	  Upper	  Wetland	  (UW),	  Permanent	  Wetland	  2	  (PW2),	  and	  Lower	  Wetland	  (LW).	  

UW	  is	  located	  upstream	  of	  the	  CCSB	  while	  PW2	  and	  LW	  are	  downstream	  of	  CCSB	  (Figure	  

5.S3).	  All	  sediment	  was	  freeze-‐dried	  and	  then	  sieved	  with	  a	  stainless	  steel	  sieve	  to	  <1mm.	  A	  

split	  of	  <1mm	  sediment	  was	  ground	  and	  homogenized	  while	  a	  separate	  split	  of	  <1mm	  

sediment	  was	  further	  sieved	  to	  <63μm.	  The	  fraction	  passing	  <1mm	  sieve	  but	  not	  the	  63μm	  

sieve	  was	  retained,	  ground	  and	  homogenized	  (referred	  to	  as	  the	  1mm-‐63μm	  fraction).	  The	  

fraction	  passing	  the	  <63μm	  sieve	  was	  also	  retained	  and	  homogenized	  but	  not	  ground.	  Thus,	  

multiple	  sediment	  fractions	  (<63μm,	  1mm-‐63μm,	  and	  <1mm)	  were	  analyzed	  from	  two	  

locations	  in	  Cache	  Creek.	  Similarly,	  in	  Yolo	  Bypass,	  both	  the	  <1mm	  and	  <63μm	  sediment	  

fractions	  were	  analyzed	  in	  UW	  and	  LW.	  However,	  the	  <63μm	  fraction	  contained	  nearly	  all	  

of	  this	  material	  (>95%,	  as	  dry	  mass)	  due	  to	  the	  fine-‐grained	  nature	  of	  this	  wetland	  

sediment.	  	  

Aquatic	  organisms	  were	  collected	  from	  Cache	  Creek	  and	  Yolo	  Bypass	  wetlands	  

during	  two	  separate	  sampling	  campaigns	  in	  March	  2013	  and	  June	  2014	  (Table	  5.S2).	  

Filamentous	  algae	  (Spirogyra	  and	  Hydrodictyon)	  and	  aquatic	  organisms	  were	  collected	  at	  

four	  sites	  in	  Cache	  Creek	  (Regional	  Park,	  Rumsey,	  Guinda,	  and	  Capay;	  Figure	  5.S2).	  In	  2013	  

we	  collected	  macroinvertebrates	  from	  riffles	  (including	  Megaloptera,	  Perlidae,	  and	  

Hydropsychidae),	  whereas	  in	  2014	  we	  collected	  macroinvertebrates	  (including	  Libellulidae,	  

Gomphidae,	  Coenagrionidae,	  etc)	  and	  filamentous	  algae	  in	  slow	  moving	  water	  and	  pools	  at	  

the	  same	  locations.	  The	  difference	  in	  sampling	  was	  due	  to	  considerably	  lower	  streamflow	  

during	  June	  2014	  (<0.1	  m3/s	  at	  the	  Rumsey	  Bridge	  NOAA	  Gauging	  Station)	  compared	  to	  

March	  2013	  (1.4	  to	  2	  m3/s).	  Aquatic	  organisms	  in	  Yolo	  Bypass	  were	  collected	  at	  the	  same	  
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wetlands	  where	  sediment	  was	  collected	  during	  2013	  (UW,	  LW)	  and	  2014	  (UW,	  PW2;	  

Figure	  5.S3).	  A	  diverse	  set	  of	  macroinvertebrates	  was	  collected,	  including	  damselfly	  larva,	  

dragonfly	  larva	  and	  backswimmers	  (Libellulidae,	  Gomphidae,	  Coenagrionidae,	  and	  

Notonectidae).	  Two	  types	  of	  forage	  fish	  were	  also	  collected	  when	  present	  in	  2013	  and	  

2014:	  Mosquitofish	  (Gambusia	  affinis)	  and	  Mississippi	  Silverside	  (Menidia	  beryllina).	  The	  

organisms	  collected	  in	  each	  location	  and	  during	  each	  sampling	  campaign	  are	  summarized	  

in	  the	  Supporting	  Information	  (Figures	  5.S2	  and	  5.S3).	  All	  aquatic	  organisms	  were	  collected	  

using	  a	  kick	  net,	  dip	  net,	  and	  by	  picking	  directly	  off	  of	  gravel	  cobbles	  or	  sediment.	  

Individual	  organisms	  were	  removed	  with	  clean	  stainless	  steel	  tweezers	  and	  transferred	  

into	  a	  secondary	  container	  with	  native	  water	  for	  identification.	  Organisms	  were	  then	  

composited	  by	  family	  or	  species	  (when	  possible),	  transferred	  into	  clean	  centrifuge	  tubes	  

and	  immediately	  placed	  on	  dry	  ice	  in	  the	  field.	  All	  biotic	  samples	  are	  composites	  of	  10	  or	  

more	  whole	  body	  individuals	  (except	  for	  crayfish	  that	  contained	  1-‐3	  individuals	  per	  

sample).	  Biotic	  samples	  were	  freeze-‐dried	  and	  then	  ground	  and	  homogenized	  with	  either	  

an	  agate	  mortar	  and	  pestle	  or	  an	  alumina	  ball	  mixer	  mill	  prior	  to	  analysis.	  	  

	  

5.2.2	  MMHg	  Concentration	  Analysis	  

The	  concentration	  of	  MMHg	  (dry	  wt.)	  in	  sediment	  and	  biota	  was	  measured	  at	  the	  

USGS	  (Menlo	  Park,	  CA)	  simultaneously	  with	  samples	  from	  a	  parallel	  study	  of	  the	  Yuba	  

River.	  Therefore	  QA/QC	  of	  MMHg	  analyses	  are	  reported	  here	  for	  the	  entire	  dataset	  and	  can	  

also	  be	  found	  elsewhere.42	  Briefly,	  freeze	  dried	  sediment	  was	  sub-‐sampled	  (0.02–0.03	  g)	  

and	  extracted	  for	  MMHg	  using	  25%	  potassium	  hydroxide	  in	  methanol	  at	  60°C	  for	  four	  

hours.52	  Freeze	  dried	  biota	  was	  sub-‐sampled	  (3–7	  mg)	  and	  extracted	  for	  MMHg	  using	  30%	  
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nitric	  acid	  at	  60°C	  (overnight,	  12-‐16	  hrs),	  as	  adapted.53	  Extract	  sub-‐samples	  were	  diluted,	  

pH	  adjusted	  with	  citrate	  buffer	  and	  assayed	  for	  MMHg	  by	  aqueous	  phase	  ethylation	  (with	  

sodium	  tetraethylborate)	  on	  an	  automated	  MMHg	  analyzer	  (MERX	  system,	  Brooks	  Rand	  

Laboratories).54	  	  	  For	  sediment	  MMHg,	  the	  relative	  percent	  deviation	  (RPD)	  of	  analytical	  

duplicates	  was	  8.4%	  (n=1	  pair),	  matrix	  spike	  recovery	  was	  107±1%	  (n	  =	  2),	  and	  certified	  

reference	  material	  (CRM)	  ERM-‐CC580	  (estuarine	  sediment)	  recovery	  was	  95%	  (n=1).	  For	  

biota,	  the	  mean	  RPD	  of	  analytical	  duplicates	  was	  3.0%	  (n=12	  pairs),	  matrix	  spikes	  

recoveries	  were	  105±1%	  (mean	  ±	  SE,	  n	  =	  26),	  and	  CRM	  recoveries	  from	  NRC	  Tort-‐3	  

(lobster	  hepatopancreas)	  was	  86±2%	  (mean	  ±	  SE,	  n=7)	  and	  from	  NIST-‐2967	  (marine	  

mussel	  tissue)	  was	  94±3%	  (mean	  ±	  SE,	  n=7).	  

	  

5.2.3	  THg	  and	  Hg	  Isotope	  Analysis	  

Hg	  was	  separated	  from	  biota	  and	  sediment	  samples	  for	  THg	  concentration	  and	  Hg	  

stable	  isotope	  measurements	  by	  offline	  combustion.47,	  55	  Briefly,	  up	  to	  1	  g	  of	  sample	  was	  

placed	  in	  a	  ceramic	  boat	  in	  the	  first	  furnace	  of	  a	  two-‐stage	  combustion	  system.	  The	  first	  

furnace	  temperature	  was	  increased	  to	  750°C	  over	  the	  course	  of	  6	  hours	  while	  the	  second	  

furnace	  was	  held	  at	  1000°C.	  Hg	  released	  from	  the	  sample	  was	  carried	  in	  a	  flow	  of	  Hg-‐free	  

O2	  through	  the	  second	  furnace	  and	  into	  a	  1%KMnO4/10%H2SO4	  trapping	  solution	  (1%	  

KMnO4	  trap).	  Trap	  solutions	  were	  partially	  reduced	  with	  2%	  w/w	  hydroxylamine	  

hydrochloride	  (NH2OH�HCl)	  and	  an	  aliquot	  was	  measured	  for	  THg	  by	  CV-‐AAS	  (Nippon	  MA-‐

2000).	  The	  dry	  weight	  THg	  concentration	  of	  each	  sample	  was	  calculated	  based	  on	  the	  mass	  

of	  Hg	  in	  the	  1%	  KMnO4	  trap	  and	  the	  sample	  mass	  combusted.	  Compared	  to	  independent	  

analysis	  (hot	  concentrated	  acid	  digestion	  and	  CVAFS	  at	  the	  USGS	  Menlo	  Park,	  CA)	  for	  a	  
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subset	  of	  2013	  biota	  from	  Cache	  Creek	  and	  Yolo	  Bypass,	  offline	  combustion	  recovered	  

112±17%	  (1SD;	  n=17)	  of	  THg.	  

Prior	  to	  isotopic	  analysis,	  contents	  of	  the	  original	  1%KMnO4	  trap	  solution	  were	  

divided	  into	  1	  to	  5	  g	  aliquots	  and	  treated	  with	  0.3	  ml	  20%	  SnCl2	  and	  0.3	  ml	  50%	  H2SO4	  to	  

reduce	  Hg2+	  to	  Hg0.	  All	  Hg0	  was	  then	  purged	  into	  a	  secondary	  1%	  KMnO4	  trap	  and	  

reoxidized	  to	  Hg2+,	  to	  concentrate	  Hg	  and	  isolate	  combustion	  residues.	  An	  aliquot	  of	  the	  

secondary	  trap	  solution	  was	  analyzed	  by	  CV-‐AAS	  (Nippon	  MA-‐2000)	  and	  transfer	  

recoveries	  averaged	  95±5%	  (1SD;	  n=	  59,	  minimum	  of	  81%)	  for	  biota	  and	  96±4%	  (1SD;	  

n=27,	  minimum	  of	  87%)	  for	  sediment.	  The	  Hg	  isotopic	  composition	  of	  the	  secondary	  trap	  

solution	  was	  measured	  by	  cold	  vapor-‐	  multi	  collector-‐inductively	  coupled	  plasma	  mass	  

spectrometry	  (CV-‐MC-‐ICP-‐MS;	  Nu	  Instruments).	  The	  trap	  solution	  was	  partially	  reduced	  

with	  2%	  w/w	  NH2OH�HCl,	  diluted	  to	  a	  concentration	  between	  0.9	  and	  5	  ng/g,	  and	  Hg	  was	  

chemically	  reduced	  to	  Hg0	  by	  the	  continuous	  addition	  of	  2%	  SnCl2.	  The	  Hg0	  generated	  was	  

separated	  from	  solution	  using	  a	  frosted	  tip	  gas-‐liquid	  separator	  and	  carried	  in	  a	  Hg-‐free	  

stream	  of	  Ar	  gas	  to	  the	  MC-‐ICP-‐MS	  inlet.	  Instrumental	  mass	  bias	  was	  corrected	  by	  the	  

introduction	  of	  an	  internal	  Tl	  standard	  (NIST	  997)	  as	  a	  dry	  aerosol	  to	  the	  gas	  stream	  and	  by	  

strict	  sample	  standard	  bracketing	  using	  NIST	  3133	  with	  a	  matching	  Hg	  concentration	  

(±10%)	  and	  solution	  matrix.56	  

	  

5.2.4	  Blanks,	  Reference	  Materials	  and	  Uncertainty	  

Mercury	  stable	  isotope	  composition	  is	  reported	  in	  permil	  (‰)	  using	  delta	  notation	  

(δxxxHg)	  relative	  to	  the	  NIST	  SRM	  3133	  (Eq.	  1),	  with	  MDF	  based	  on	  the	  202Hg/198Hg	  ratio	  

(δ202Hg).	  MIF	  is	  the	  deviation	  from	  theoretically	  predicted	  MDF	  and	  is	  reported	  in	  permil	  
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(‰)	  using	  capital	  delta	  notation	  (ΔxxxHg;	  Eq.	  2).56	  	  In	  this	  study,	  we	  use	  Δ199Hg	  and	  Δ201Hg	  

to	  report	  MIF	  with	  β	  =	  0.252	  for	  Δ199Hg	  and	  β	  =	  0.752	  for	  Δ201Hg.56	  All	  δxxxHg	  and	  ΔxxxHg	  

values	  for	  samples	  and	  SRMs	  are	  available	  in	  Tables	  5.S1,	  5.S2,	  and	  5.S3.	  	  

	  

Equation	  [1]:	  δxxxHg	  (‰)	  =	  [[(xxxHg/198Hg)sample/(xxxHg/198Hg)NIST3133]-‐1]	  *	  1000	  

Equation	  [2]:	  ΔxxxHg	  =	  δxxxHg	  –	  (δ202Hg	  *	  β)	  

	  

Procedural	  process	  blanks	  and	  two	  standard	  reference	  materials	  (SRMs;	  NRC	  Tort-‐2	  

and	  NIST	  1944)	  were	  processed	  alongside	  samples	  in	  an	  identical	  manner.	  Samples	  and	  

SRMs	  in	  this	  study	  were	  run	  simultaneously	  with	  samples	  from	  a	  parallel	  study	  of	  the	  Yuba	  

River.42	  Therefore,	  SRM	  and	  process	  blank	  measurements	  are	  reported	  for	  the	  entire	  

dataset	  and	  additional	  details	  can	  be	  found	  elsewhere.42	  Briefly,	  process	  blanks	  accounted	  

for	  0.2%	  to	  1.8%	  of	  Hg	  in	  the	  final	  trap	  solutions.	  Mean	  THg	  (±1SD)	  for	  SRMs	  was	  3.51±0.3	  

μg/g	  for	  NIST	  SRM	  1944	  (n=6)	  and	  276±5	  ng/g	  for	  NRC	  Tort-‐2	  (n=11;	  Table	  5.S3)	  and	  

within	  5%	  of	  certified	  values.	  Recovery	  during	  secondary	  purge	  and	  trap	  was	  94±4%	  (1SD,	  

n=6,	  minimum	  =	  87%)	  and	  96±7%	  (1SD,	  n=11,	  minimum	  =	  80%)	  for	  NIST	  SRM	  1944	  and	  

NRC	  Tort-‐2,	  respectively.	  The	  Hg	  isotopic	  composition	  of	  sediment	  and	  biota	  SRMs	  was	  

consistent	  with	  previously	  reported	  values	  (Table	  5.S3).32,	  44,	  46,	  47,	  51,	  57-‐61	  Long-‐term	  

analytical	  uncertainty	  of	  Hg	  isotope	  ratio	  measurements	  was	  estimated	  from	  the	  standard	  

deviation	  (2SD)	  of	  the	  mean	  Hg	  isotopic	  composition	  of	  UM-‐Almaden	  during	  all	  analytical	  

sessions	  (Jan.	  2013	  to	  Dec.	  2014)	  when	  analytical	  run	  concentrations	  were	  between	  3	  and	  

5	  ng/g	  (Table	  5.S3).	  We	  estimated	  external	  reproducibility	  using	  the	  error	  (2SD)	  associated	  

with	  replicate	  measurement	  of	  SRMs.	  The	  2SD	  of	  SRMs	  was	  greater	  than	  the	  2SD	  associated	  
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with	  the	  long-‐term	  analytical	  uncertainty	  of	  UM-‐Almaden.	  Therefore,	  we	  use	  SRMs	  to	  

estimate	  uncertainty	  for	  Hg	  isotope	  measurements	  in	  this	  study	  as	  ±0.08‰	  for	  δ202Hg	  and	  

±0.05‰	  for	  Δ199Hg.	  	  

5.3	  Results	  and	  Discussion	  

5.3.1	  Regional	  Sediment	  Sources	  

Cache	  Creek	  sediment	  had	  highly	  variable	  THg	  (87	  to	  3,868	  ng/g)	  and	  δ202Hg	  

(−1.69‰	  to	  −0.20	  ‰)	  that	  likely	  reflects	  the	  heterogeneous	  distribution	  of	  Hg	  from	  mine	  

waste	  sources.	  Bulk	  sediment	  (<1mm)	  and	  1mm-‐63μm	  sediment	  had	  THg	  (87	  to	  1,481	  

ng/g)	  and	  δ202Hg	  (−1.69	  to	  −0.55)	  that	  overlapped	  with	  replicate	  analysis	  of	  <63μm	  

sediment	  (98	  to	  3870	  ng/g	  and	  δ202Hg	  from	  −1.42	  to	  −0.20‰).	  Overall,	  sediment	  δ202Hg	  

and	  Δ199Hg	  showed	  no	  systematic	  differences	  with	  size	  class	  or	  THg	  (Figure	  5.1,	  Figure	  

5.S4).	  A	  similar	  δ202Hg	  range	  of	  more	  than	  1‰	  (−0.58	  to	  0.80‰)	  was	  reported	  for	  

sediment	  downstream	  of	  the	  New	  Idria	  Hg	  mine	  in	  CA.35	  In	  that	  study,	  isotopic	  variability	  

was	  attributed	  to	  the	  heterogenous	  distribution	  of	  calcine	  and	  cinnabar	  particles	  within	  the	  

sediment.35	  Given	  the	  multiple	  mining	  districts	  and	  Hg	  point	  sources	  in	  the	  Cache	  Creek	  

watershed,	  we	  think	  it	  is	  likely	  that	  similarly	  heterogeneous	  Hg	  mining	  products	  persist	  in	  

this	  catchment.7	  For	  example,	  sediment	  from	  Bear	  Creek,	  one	  of	  three	  primary	  tributaries	  

upstream	  of	  our	  Cache	  Creek	  sampling	  sites,	  had	  extremely	  high	  THg	  (23.7	  to	  468	  μg/g).	  

Bear	  Creek	  contains	  both	  Hg	  mining	  districts	  and	  hydrothermal	  inputs,62	  9	  and	  its	  sediment	  

Hg	  isotopic	  composition	  (δ202Hg	  of	  −0.31±0.17‰	  and	  Δ199Hg	  of	  0.08±0.01‰;	  1SD,	  n=3)	  

was	  comparable	  to	  unroasted	  Hg	  mine	  wastes	  (δ202Hg	  of	  −0.43	  to	  +0.16‰)39-‐41	  and	  CA	  

coast	  range	  Hg	  ores	  (−0.64±0.84‰,	  mean±	  1SD,	  n=91).38	  This	  is	  one	  of	  multiple	  possible	  
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tributary	  Hg	  sources,	  but	  if	  only	  a	  small	  mass	  of	  this	  sediment	  was	  transported	  

downstream	  it	  could	  significantly	  alter	  the	  Hg	  isotopic	  composition	  of	  downstream	  

sediment.	  The	  sediment	  collected	  in	  Cache	  Creek	  at	  Rumsey	  and	  Capay	  was	  over	  14	  km	  

(river	  km)	  downstream	  of	  Bear	  Creek,	  and	  even	  further	  from	  individual	  mining	  districts,	  

and	  has	  likely	  integrated	  multiple	  mine	  waste	  Hg	  sources.	  Therefore,	  its	  mean	  isotopic	  

composition	  (δ202Hg	  of	  −0.99±0.45‰;	  and	  Δ199Hg	  of	  0.10±0.07‰;	  mean±1sd,	  n=11)	  

provides	  a	  reasonable	  estimate	  of	  the	  large	  quantity	  of	  IHg	  potentially	  available	  to	  the	  food	  

web	  at	  the	  Cache	  Creek	  we	  sampled.	  	  	  

The	  Hg	  isotopic	  composition	  of	  Yolo	  Bypass	  wetland	  surface	  sediment	  changes	  as	  a	  

function	  of	  THg	  (Figure	  5.1),	  suggesting	  a	  mixture	  of	  high	  and	  low	  THg	  sediment	  from	  

different	  sources.	  Yolo	  Bypass	  sediment	  with	  THg	  <60	  ng/g	  (typical	  for	  pre-‐mining	  

sediment	  in	  the	  Sierra	  Nevada)63	  had	  δ202Hg	  between	  −0.67	  and	  −1.03‰;	  similar	  to	  pre-‐

mining	  sediment	  in	  SF	  Bay	  (δ202Hg	  of	  −0.98±0.06‰).33	  As	  sediment	  THg	  increases,	  δ202Hg	  

shifts	  towards	  −0.5‰	  and	  becomes	  indistinguishable	  from	  Yuba	  Fan	  sediment	  

contaminated	  by	  Au	  mining	  (δ202Hg	  of	  −0.38±0.17‰;	  1SD,	  n=7).33,	  42	  In	  the	  few	  wetlands	  

sampled,	  sediment	  THg	  and	  δ202Hg	  also	  change	  in	  the	  downstream	  direction	  from	  relatively	  

low	  THg	  and	  δ202Hg	  in	  UW	  to	  higher	  THg	  and	  δ202Hg	  in	  PW2	  and	  LW.	  Thus,	  future	  

investigation	  of	  Hg	  isotopes	  in	  Yolo	  Bypass	  sediment	  with	  greater	  spatial	  or	  temporal	  

resolution	  may	  be	  valuable.	  For	  example,	  downstream	  changes	  in	  sediment	  δ202Hg	  could	  

reflect	  local	  deposition	  of	  specific	  upstream	  sources,	  erosional	  regions	  within	  Yolo	  Bypass	  

or	  be	  related	  to	  the	  timing	  of	  episodic	  sediment	  delivery.14,	  15	  Previous	  work	  has	  shown	  that	  

most	  floods	  probably	  deliver	  diluted	  mining	  sediment	  from	  the	  Sierra,	  whereas	  decadal	  

floods	  produce	  large	  volumes	  of	  Hg-‐laden	  sediment	  from	  the	  Yuba-‐Feather	  system.64	  To	  
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link	  upstream	  Hg	  sources	  to	  Yolo	  Bypass	  sediment,	  it	  would	  be	  valuable	  to	  characterize	  Hg	  

isotopes	  in	  the	  suspended	  load	  transported	  from	  Cache	  Creek	  and	  the	  Yuba	  River.	  

Regardless,	  in	  this	  study	  the	  isotopic	  composition	  of	  all	  Yolo	  Bypass	  wetland	  sediment	  is	  

best	  explained	  as	  a	  mixture	  of	  low	  THg	  non-‐mining	  sediment	  (with	  δ202Hg	  of	  −1‰)	  and	  

high	  THg	  mining	  derived	  sediment	  (with	  δ202Hg	  of	  −0.5‰).	  	  

	  

5.3.2	  Biota	  THg	  and	  MMHg	  	  

5.3.2.1	  Cache	  Creek	  	  

In	  Cache	  Creek,	  aquatic	  organisms	  collected	  in	  2014	  (n=25)	  had	  an	  overlapping	  

range	  in	  THg	  (151to	  889	  ng/g)	  and	  MMHg	  (80	  to	  608	  ng/g)	  with	  organisms	  from	  2013	  

(n=7;	  104	  to	  334	  ng/g	  and	  45	  to	  220	  ng/g,	  respectively).	  Filamentous	  algae	  in	  Cache	  Creek	  

(Spirogyra	  and	  Hydrodicton;	  from	  2014	  only)	  had	  generally	  higher	  MMHg	  levels	  (7	  to	  83	  

ng/g,	  n=4)	  than	  Cladoraphora	  measured	  in	  other	  similar	  CA	  rivers	  (Yuba	  River42	  and	  Eel	  

River).65,	  66	  Among	  2014	  biota,	  THg	  was	  highest	  in	  asian	  clam	  (722±182	  ng/g;	  1SD,	  n=4),	  

mosquitofish	  (718±49	  ng/g;	  1sd,	  n=3)	  and	  predatory	  invertebrates	  (mean	  THg	  >	  370	  ng/g,	  

n=9).	  The	  %MMHg	  (percent	  ratio	  of	  MMHg	  to	  THg)	  was	  relatively	  high	  in	  mosquitofish	  

(82±6%,	  n=3)	  and	  predatory	  invertebrates	  (mean	  >86%	  MMHg,	  n=9)	  and	  slightly	  lower	  in	  

asian	  clam	  (62±14%	  MMHg,	  n=4).	  Asian	  clam	  %MMHg	  increased	  moving	  downstream	  

(43%	  at	  Regional	  Park	  to	  74%	  at	  Capay),	  but	  there	  were	  no	  other	  significant	  spatial	  trends	  

in	  biota	  THg	  or	  MMHg.	  Instead,	  %MMHg	  changed	  with	  presumed	  trophic	  level	  from	  

collector/gatherers	  and	  filter	  feeders	  (low	  %MMHg)	  to	  predatory	  invertebrates	  and	  fish	  

(high	  %MMHg).	  This	  finding	  is	  consistent	  with	  the	  preferential	  trophic	  transfer	  of	  MMHg	  

via	  biomagnification,	  as	  reported	  previously	  in	  Cache	  Creek	  (e.g.,	  11,	  13)	  and	  elsewhere.67	  
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5.3.2.2	  Yolo	  Bypass	  	  

	   Wetlands	  in	  Yolo	  Bypass	  contained	  similar	  types	  of	  macroinvertebrates	  (e.g.,	  

dragonfly	  larva,	  damselfly	  larva,	  crayfish)	  and	  fish	  (Mississippi	  silversides	  and	  

mosquitofish)	  between	  sampling	  years.	  Across	  all	  wetlands	  and	  sampling	  years,	  

macroinvertebrate	  THg	  was	  between	  67	  and	  524	  ng/g	  and	  forage	  fish	  had	  a	  similar	  range	  

(125	  to	  573	  ng/g).	  The	  %MMHg	  in	  macroinvertebrates	  ranged	  between	  55%	  and	  100%,	  

with	  13	  of	  16	  samples	  containing	  >80%	  MMHg.	  The	  highest	  overall	  MMHg	  concentration	  

was	  measured	  in	  a	  water	  scavenger	  beetle	  sample	  (426	  ng/g;	  81%	  MMHg),	  although	  nearly	  

as	  high	  MMHg	  and	  %MMHg	  (134	  to	  426	  ng/g	  and	  >82%	  MMHg)	  was	  measured	  in	  

invertebrate	  predators	  (backswimmers,	  creeping	  waterbugs,	  and	  dragonfly	  larva).	  

Mosquitofish	  and	  Mississippi	  silversides	  had	  a	  large	  range	  in	  MMHg	  (114	  to	  630	  ng/g,	  n=6)	  

but	  consistently	  high	  %MMHg	  (>	  87%),	  which	  is	  similar	  to	  forage	  fish	  from	  Cache	  Creek	  

(this	  study)	  and	  the	  Yuba	  River.42	  Slightly	  lower	  MMHg	  (71	  to	  148	  ng/g,	  n=5)	  was	  

measured	  in	  damselfly	  larva,	  midge	  larva	  and	  fairy	  shrimp	  although	  %MMHg	  was	  still	  

relatively	  high	  (55	  to	  95%	  MMHg).	  The	  range	  of	  different	  aquatic	  organisms	  with	  elevated	  

MMHg	  and	  high	  %MMHg	  suggests	  the	  trophic	  transfer	  and	  bioaccumulation	  of	  MMHg	  in	  

Yolo	  Bypass	  wetland	  food	  webs	  and	  is	  consistent	  with	  previous	  studies	  throughout	  Yolo	  

Bypass.10,	  18-‐20	  

	  

5.3.3	  Estimates	  for	  IHg	  and	  MMHg	  Isotopic	  Compositions	  

Filamentous	  algae,	  benthic	  macroinvertebrates	  and	  forage	  fish	  from	  Yolo	  Bypass	  

and	  Cache	  Creek	  had	  a	  wide	  range	  in	  both	  δ202Hg	  (−1.23	  to	  +0.52‰)	  and	  Δ199Hg	  (0.20	  to	  
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1.81‰).	  The	  diverse	  array	  of	  food	  web	  biota	  enabled	  us	  to	  estimate	  the	  isotopic	  

composition	  of	  MMHg	  in	  both	  locations.	  In	  Cache	  Creek,	  we	  use	  linear	  relationships	  

between	  %MMHg	  and	  Hg	  isotope	  values	  to	  estimate	  both	  IHg	  and	  MMHg	  isotopic	  

compositions	  in	  the	  food	  web.	  In	  Yolo	  Bypass	  we	  use	  high	  %MMHg	  biota	  to	  estimate	  MMHg	  

isotopic	  composition	  in	  the	  food	  web.	  We	  did	  not	  estimate	  the	  isotopic	  composition	  of	  IHg	  

in	  Yolo	  Bypass	  food	  webs	  because	  there	  were	  an	  insufficient	  number	  of	  low	  %MMHg	  

samples.	  .	  	  

	   	  

5.3.3.1	  Cache	  Creek	  	  

The	  Δ199Hg	  of	  all	  Cache	  Creek	  biota	  increased	  with	  increasing	  %MMHg	  (r2	  of	  0.34,	  

p<0.001;	  Figure	  5.2A)	  and	  at	  the	  y-‐intercept	  of	  0%	  MMHg	  (i.e.,	  100%	  IHg)	  Δ199Hg	  

(0.19±0.17‰)	  was	  within	  error	  of	  bulk	  sediment	  (Δ199Hg	  of	  0.10±0.07‰,	  1SD,	  n=11).	  

When	  biota	  was	  separated	  by	  sampling	  year	  (2013	  and	  2014;	  Figure	  5.2A),	  relationship	  

between	  %MMHg	  and	  Δ199Hg	  strengthened	  for	  the	  2014	  data	  (r2=0.51,	  p<0.001)	  but	  there	  

was	  no	  relationship	  for	  2013	  (r2=	  0.05,	  p	  =	  0.64).	  This	  resulted	  in	  significant	  differences	  for	  

the	  estimated	  Δ199Hg	  of	  MMHg	  and	  IHg	  between	  sampling	  years.	  The	  δ202Hg	  of	  food	  web	  

biota	  did	  not	  increase	  with	  increasing	  %MMHg	  (Figure	  5.3A,	  r2	  of	  0.10,	  p	  =0.08	  for	  2013	  

and	  2014).	  Although	  significant	  positive	  relationships	  between	  δ202Hg	  and	  %MMHg	  have	  

been	  reported	  in	  lakes,	  forests	  and	  the	  coastal	  ocean45,	  47,	  57,	  our	  lack	  of	  such	  a	  relationship	  

is	  consistent	  with	  previous	  stream	  studies.42,	  47	  	  

Given	  these	  relationships,	  we	  extrapolated	  the	  linear	  equations	  to	  100%	  IHg	  and	  

100%	  MMHg	  to	  obtain	  estimates	  for	  Hg	  isotope	  values	  (δ202Hg	  and	  Δ199Hg)	  of	  IHg	  and	  

MMHg.	  Because	  there	  was	  no	  significant	  relationship	  between	  %MMHg	  and	  δ202Hg,	  for	  
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comparison	  we	  estimated	  MMHg	  δ202Hg	  from	  the	  mean	  δ202Hg	  of	  organisms	  with	  >80%	  

MMHg	  (n=14	  for	  2014,	  n=3	  for	  2013).	  The	  mean	  δ202Hg	  of	  organisms	  with	  >80%MMHg	  

(−0.95±0.09‰	  for	  2014	  and	  −1.11±0.11‰	  for	  2013)	  was	  nearly	  identical	  to	  estimates	  of	  

MMHg	  from	  linear	  regression	  (−0.92‰	  and	  −1.16‰,	  respectively).	  Therefore,	  we	  use	  

linear	  regression	  estimates	  (±1SE)	  to	  estimate	  the	  isotopic	  composition	  of	  IHg	  and	  MMHg	  

in	  the	  Cache	  Creek	  food	  web.	  These	  estimates	  are	  summarized	  in	  Table	  5.1A.	  	  

	  

5.3.3.2	  Yolo	  Bypass	  	  

In	  Yolo	  Bypass,	  we	  evaluated	  each	  wetland	  food	  web	  separately	  because	  sediment	  

δ202Hg	  was	  different	  in	  each	  location,	  suggesting	  differing	  sediment	  IHg	  sources.	  The	  

Δ199Hg	  and	  δ202Hg	  of	  wetland	  biota	  generally	  increased	  with	  increasing	  %MMHg	  (Figure	  

5.2B,	  5.3B);	  however,	  for	  each	  wetland	  there	  were	  very	  few	  organisms	  with	  less	  than	  80%	  

MMHg.	  Therefore	  linear	  regressions,	  impoverished	  in	  values	  with	  low	  %MMHg,	  did	  not	  

provide	  significant	  relationships	  nor	  reliable	  estimates	  for	  MMHg	  and	  IHg.	  Instead,	  the	  

isotopic	  composition	  of	  MMHg	  in	  each	  wetland	  was	  estimated	  from	  mean	  Hg	  isotope	  values	  

(±1SD)	  for	  high	  %MMHg	  organisms	  (>80%).	  These	  estimates	  are	  summarized	  in	  Table	  

5.1B.	  	  	  

	  

5.3.4	  Hg	  Isotope	  Variation	  within	  Food	  Webs	  	  

	   The	  isotopic	  composition	  of	  MMHg	  and	  IHg	  estimated	  from	  food	  web	  biota	  can	  be	  a	  

valuable	  tool	  for	  understanding	  Hg	  sources	  and	  transformations.	  The	  underlying	  

assumption	  of	  this	  method	  is	  that	  Hg	  isotopic	  composition	  of	  biota	  across	  the	  food	  web	  is	  a	  

mixture	  of	  two	  distinct	  Hg	  pools:	  a	  single	  IHg	  isotopic	  composition	  and	  a	  single	  MMHg	  
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isotopic	  composition.	  In	  this	  study,	  biota	  from	  Cache	  Creek	  had	  significant	  variation	  in	  

δ202Hg	  and	  Δ199Hg	  that	  is	  not	  explained	  by	  %MMHg	  alone	  (i.e.,	  biota	  vary	  from	  the	  linear	  

mixing	  of	  IHg	  and	  MMHg).	  Similarly,	  the	  Δ199Hg	  of	  high	  %MMHg	  biota	  in	  Yolo	  Bypass	  

wetlands	  varied	  by	  ~1.5	  ‰	  across	  all	  wetlands	  (and	  a	  1SD	  of	  ±0.44‰	  for	  a	  single	  

wetland).	  Below	  we	  consider	  possible	  explanations	  for	  such	  variation.	  

	   In	  Cache	  Creek,	  samples	  of	  Asian	  clam	  and	  filamentous	  algae	  exhibit	  a	  ~1‰	  range	  

in	  δ202Hg	  (−1.15	  to	  −0.18‰)	  Asian	  clam	  are	  filter	  feeding	  bivalves	  that	  extract	  particles	  

from	  the	  water	  column	  or	  from	  the	  benthic	  substrate.68	  Similarly,	  filamentous	  algae	  can	  

trap	  suspended	  sediment	  moving	  downstream.	  Thus,	  the	  combination	  of	  physical	  

characteristics	  and	  feeding	  behavior	  likely	  lead	  these	  biota	  to	  accumulate	  IHg	  directly	  from	  

Cache	  Creek	  sediment,	  which	  has	  variable	  δ202Hg	  (~1.5‰	  range).	  Although	  less	  obvious,	  

we	  suspect	  that	  the	  Δ199Hg	  of	  certain	  Cache	  Creek	  biota	  might	  also	  vary	  by	  feeding	  

behavior.	  For	  example,	  aquatic	  worm	  and	  burrowing	  mayfly	  larva,	  which	  non-‐selectively	  

consume	  benthic	  detritus	  and	  sediment,	  fall	  below	  the	  linear	  relationship	  for	  %MMHg	  vs.	  

Δ199Hg	  (Figure	  5.2A).	  Since	  large	  magnitude	  Δ199Hg	  is	  directly	  proportional	  to	  the	  extent	  of	  

MMHg	  photodegradation,30	  it	  is	  possible	  these	  organisms	  obtain	  MMHg	  from	  sediment	  that	  

has	  been	  less	  photochemically	  degraded	  than	  MMHg	  accumulated	  by	  other	  organisms.	  

The	  Δ199Hg	  of	  MMHg	  in	  Yolo	  Bypass	  was	  also	  quite	  variable;	  across	  all	  wetlands	  high	  

%MMHg	  biota	  (>80%)	  had	  a	  1.5‰	  range	  in	  Δ199Hg.	  The	  lowest	  Δ199Hg	  was	  measured	  in	  

omnivorous	  crayfish	  (0.34	  to	  0.66‰	  from	  UW	  and	  LW),	  which	  are	  opportunistic	  feeders	  

but	  often	  forage	  near	  sediment	  in	  wetland	  environments.	  Conversely,	  forage	  fish	  

(mosquitofish	  and	  Mississippi	  silversides)	  from	  all	  wetlands	  had	  Δ199Hg	  between	  0.76	  and	  

1.81‰	  (n=6).	  Mosquitofish	  are	  forage	  feeders	  that	  consume	  zooplankton	  and	  
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macroinvertebrates	  near	  the	  water	  surface.69	  Mississippi	  silversides	  are	  planktivores	  

whose	  diet	  is	  based	  solely	  on	  zooplankton	  or	  other	  particulates	  in	  the	  water	  column.70	  

Zooplankton	  in	  arctic	  lakes	  had	  Δ199Hg	  (2.2	  to	  3.4‰)	  that	  was	  much	  higher	  than	  co-‐located	  

benthic	  organisms,71	  and	  high	  Δ199Hg	  (1.34±0.27)	  was	  also	  measured	  in	  low	  %MMHg	  

zooplankton	  from	  Lake	  Baikal.72	  	  Thus,	  the	  range	  in	  Δ199Hg	  among	  high	  %MMHg	  organisms	  

suggests	  exposure	  to	  different	  pools	  of	  MMHg	  that	  have	  been	  more	  or	  less	  photodegraded	  

(i.e.,	  MMHg	  with	  higher	  or	  lower	  Δ199Hg).	  The	  biota	  Hg	  isotope	  data	  from	  Cache	  Creek	  and	  

Yolo	  Bypass	  wetlands	  challenges	  the	  assumption	  that	  MMHg	  with	  a	  single	  isotopic	  

composition	  is	  bioaccumulated	  by	  all	  organisms	  in	  a	  particular	  location.	  Furthermore,	  

these	  data	  suggest	  that	  Hg	  isotope	  measurements	  might	  aid	  in	  separating	  benthic	  vs.	  

planktonic	  exposure	  pathways,	  similar	  to	  the	  use	  of	  Hg	  isotopes	  to	  understand	  energy	  

exchanges	  across	  the	  aquatic-‐riparian	  interface.46,	  47.	  We	  recommend	  that	  future	  Hg	  isotope	  

studies	  carefully	  consider	  the	  feeding	  behavior	  of	  aquatic	  organisms	  sampled,	  whose	  diets	  

might	  change	  with	  environmental	  setting,	  prey	  availability	  and	  age.	  

	  

5.3.5	  Comparison	  of	  MMHg	  Photodegradation	  	  

	   Large	  magnitude	  MIF	  (Δ199Hg)	  is	  directly	  proportional	  to	  the	  extent	  of	  

photochemical	  Hg	  degradation	  and	  the	  Δ199Hg/Δ201Hg	  ratio	  can	  be	  used	  to	  differentiate	  

between	  inorganic	  Hg2+	  reduction	  (~1.0)	  and	  photochemical	  MMHg	  degradation	  (~1.2	  to	  

1.4).29,	  73	  Cache	  Creek	  and	  Yolo	  Bypass	  biota	  have	  Δ199Hg/Δ201Hg	  ratios	  of	  1.23±0.03	  (1SE,	  

n=	  32;	  Figure	  5.S5)	  and	  1.16±0.03	  (1SE,	  n=25;	  Figure	  5.S6),	  respectively.	  The	  Cache	  Creek	  

ratio	  falls	  between	  literature	  averages	  for	  freshwater	  fish	  (1.28±0.01,	  n=135)30	  and	  marine	  

fish	  (1.20±0.01,	  n=60)30,	  and	  is	  consistent	  with	  other	  riverine	  food	  webs	  in	  the	  region	  



162	  

(Yuba	  River=1.27±0.03	  and	  Eel	  R.=1.28±0.08).42,	  47	  The	  Yolo	  Bypass	  ratio	  is	  on	  the	  low	  end	  

of	  experimental	  estimates	  (1.17	  to	  1.38),73	  but	  comparable	  to	  forest	  food	  webs	  from	  

northern	  Michigan	  (1.21±0.03)	  and	  northern	  California	  (1.15±0.06).47	  45	  In	  both	  Cache	  

Creek	  and	  Yolo	  Bypass,	  these	  ratios	  strongly	  suggest	  that	  the	  Δ199Hg	  and	  Δ201Hg	  of	  MMHg	  

results	  from	  MIF	  during	  MMHg	  photodegradation	  prior	  to	  entering	  the	  food	  web.	  

The	  extent	  of	  MMHg	  photodegradation	  can	  be	  quantified	  from	  experimental	  

relationships	  that	  change	  with	  DOC	  concentration	  (1	  or	  10	  mg/L).29	  Surface	  water	  DOC	  in	  

Cache	  Creek	  below	  Capay	  during	  a	  4	  year	  period	  was	  2.8±0.12	  mg/L	  (1SE,	  n=104),74	  and	  at	  

the	  Rumsey	  site	  DOC	  ranges	  between	  1	  and	  3	  mg/L.75	  In	  non-‐agricultural	  Yolo	  Bypass	  

wetlands,	  pore	  water	  DOC	  was	  12	  mg/L	  (median,	  n=20)17	  and	  wetland	  surface	  waters	  

range	  from	  6	  to	  10	  mg/L.21	  Therefore,	  we	  employ	  experimental	  relationships	  for	  1	  mg/L	  

DOC	  for	  Cache	  Creek	  and	  10	  mg/L	  for	  Yolo	  Bypass	  wetlands.	  We	  estimate	  that	  in	  2014	  

~31±4%	  of	  MMHg	  in	  Cache	  Creek	  had	  undergone	  photodegradation,	  which	  is	  substantially	  

higher	  than	  what	  we	  estimated	  for	  MMHg	  photodegradation	  in	  2013	  (~17%±3).	  These	  

estimates	  are	  similar	  to	  observations	  nearby	  in	  the	  Yuba	  River	  (24%	  in	  2013	  and	  35%	  in	  

2014)42	  and	  the	  South	  Fork	  Eel	  River	  (27%).47	  For	  all	  Yolo	  Bypass	  wetland	  locations	  and	  

sampling	  seasons,	  we	  estimate	  that	  9–12%	  of	  MMHg	  had	  undergone	  photodegradation.	  

This	  is	  much	  less	  than	  the	  extent	  of	  photodegradation	  in	  Cache	  Creek,	  but	  similar	  to	  Florida	  

Lakes	  where	  photodegradation	  was	  thought	  to	  be	  inhibited	  by	  low	  water	  clarity	  and	  high	  

DOC.51	  	  

To	  differentiate	  between	  photochemical	  and	  non-‐photochemical	  processes	  we	  

subtract	  the	  MIF	  and	  MDF	  that	  occurs	  during	  MMHg	  photodegradation	  using	  

experimentally	  derived	  Δ199Hg	  vs.	  δ202Hg	  slopes	  (2.43	  for	  1	  mg/L	  DOC	  and	  4.79	  for	  10	  
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mg/L	  DOC).29	  This	  approach	  has	  been	  used	  to	  compare	  the	  δ202Hg	  of	  IHg	  and	  pre-‐

photodegraded	  MMHg	  and	  infer	  MDF	  during	  biogeochemical	  processes	  in	  forests,	  rivers,	  

lakes,	  and	  coastal	  ocean	  environments.49-‐51,	  57	  To	  estimate	  the	  δ202Hg	  of	  pre-‐photodegraded	  

MMHg	  we	  must	  assume	  that	  all	  Δ199Hg	  of	  MMHg	  results	  from	  photochemical	  degradaton	  

(i.e.,	  MMHg	  has	  Δ199Hg	  of	  ~0‰	  pre-‐photodegradation).	  This	  assumption	  is	  true	  when	  

MMHg	  is	  formed	  from	  sediment	  or	  basal	  resources	  with	  Δ199Hg	  near	  zero,	  such	  as	  Yolo	  

Bypass	  wetland	  sediment	  (Δ199Hg	  of	  0.09±0.03‰)	  or	  Cache	  Creek	  sediment	  (Δ199Hg	  of	  

0.10±0.07‰).	  Based	  on	  these	  calculations,	  pre-‐photodegraded	  MMHg	  in	  Cache	  Creek	  had	  

δ202Hg	  between	  −1.40	  and	  −1.45‰,	  regardless	  of	  the	  sampling	  year	  (Figure	  5.4).	  In	  Yolo	  

Bypass	  the	  δ202Hg	  of	  pre-‐photodegraded	  MMHg	  was	  estimated	  for	  each	  wetland	  

individually:	  −0.51‰,	  −0.13‰	  and	  −0.37‰	  for	  UW,	  PW2	  and	  LW,	  respectively	  (Figure	  

5.5).	  	  

	  

5.3.6	  Hg	  Sources	  and	  Processes	  in	  Yolo	  Bypass	  

	   As	  discussed,	  sediment	  in	  Yolo	  Bypass	  wetlands	  is	  a	  mixture	  of	  mining-‐derived	  

(likely	  Au	  mining)	  and	  background	  (non-‐mining)	  sediment	  and	  δ202Hg	  varies	  as	  a	  function	  

of	  THg	  concentration.	  In	  each	  wetland,	  the	  δ202Hg	  of	  pre-‐photodegraded	  MMHg	  is	  higher	  

than	  the	  δ202Hg	  of	  sediment.	  	  Thus,	  there	  is	  a	  positive	  δ202Hg	  offset	  between	  sediment	  

(>95%	  IHg	  )	  and	  MMHg	  (	  δ202Hgpre-‐photodegraded	  MMHg	  –	  δ202HgIHg)	  in	  each	  location.	  The	  offset	  is	  

+0.35	  ‰,	  +0.49	  ‰	  and	  +0.16	  ‰,	  for	  UW,	  PW2	  and	  LW,	  respectively	  (Figure	  5.5).	  This	  is	  

similar	  in	  direction	  and	  magnitude	  to	  positive	  δ202Hg	  offsets	  (+0.4	  to	  +0.8‰)	  previously	  

reported	  in	  lakes,	  estuaries	  and	  the	  coastal	  ocean,49-‐51,	  57	  which	  were	  suggested	  to	  result	  

from	  net	  biotic	  processes	  (e.g.,	  Hg	  methylation	  and	  MMHg	  degradation).49,	  51	  Biotic	  Hg2+-‐
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methylation	  preferentially	  reacts	  light	  Hg	  isotopes	  and	  leads	  to	  MMHg	  with	  lower	  δ202Hg	  

than	  IHg	  substrate.	  25,	  26	  Biotic	  mer-‐mediated	  MMHg	  degradation	  also	  preferentially	  reacts	  

light	  Hg	  isotopes	  and	  leads	  to	  higher	  δ202Hg	  of	  the	  residual	  MMHg.23	  The	  positive	  δ202Hg	  

offset	  in	  Yolo	  Bypass	  wetlands	  (0.16	  to	  0.49‰)	  is	  consistent	  with	  the	  interpretation	  that	  

IHg	  in	  sediment	  is	  biotically	  methylated	  and	  the	  MMHg	  formed	  is	  then	  biotically	  degraded	  

such	  that	  the	  residual	  MMHg	  (available	  for	  photodegradation	  and	  bioaccumulation)	  has	  

higher	  δ202Hg	  than	  the	  sediment	  IHg.	  Thus,	  Hg	  isotopes	  in	  sediment	  and	  biota	  from	  Yolo	  

Bypass	  wetlands	  links	  IHg	  in	  sediment	  to	  bioaccumulated	  MMHg	  and	  further	  confirms	  that	  

MMHg	  is	  formed	  in	  situ	  within	  these	  wetlands.	  Therefore	  the	  transport	  of	  IHg-‐enriched	  

sediment	  from	  upstream,	  and	  its	  deposition	  in	  Yolo	  Bypass,	  is	  an	  important	  process	  that	  

supplies	  IHg	  to	  downstream	  wetlands.	  This	  potentially	  labile	  IHg,	  derived	  from	  upstream	  

mining	  sources,	  could	  then	  be	  methylated	  leading	  to	  MMHg	  bioaccumulation	  in	  Yolo	  

Bypass	  food	  webs.	  	  

	  

5.3.7	  Hg	  Sources	  and	  Processes	  in	  Cache	  Creek	  

5.3.7.1	  Annual	  Changes	  in	  Δ199Hg	  	  

Our	  estimates	  of	  Δ199Hg	  for	  IHg	  and	  MMHg	  in	  Cache	  Creek	  changed	  beyond	  

analytical	  uncertainty	  between	  2013	  and	  2014.	  This	  result	  could	  indicate	  different	  IHg	  

and/or	  MMHg	  pools	  between	  years	  (Figure	  5.2A).	  The	  estimated	  Δ199Hg	  of	  IHg	  was	  higher	  

in	  2013	  (0.55±0.07‰)	  than	  in	  2014	  (0.06±0.18‰),reflecting	  the	  accumulation	  of	  an	  IHg	  

source	  with	  positive	  Δ199Hg	  only	  in	  2013.	  Aquatic	  organisms	  accumulate	  IHg	  from	  their	  

dietary	  resources,	  and	  so	  the	  difference	  in	  Δ199Hg	  may	  reflect	  the	  different	  types	  of	  biota	  

sampled	  or	  changes	  in	  habitat	  and/or	  flow	  conditions.	  For	  example,	  IHg	  Δ199Hg	  in	  2014	  
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was	  similar	  to	  sediment,	  suggesting	  that	  sediment	  is	  a	  significant	  resource	  at	  the	  base	  of	  

the	  food	  web	  for	  biota	  in	  slower	  moving	  water.	  However	  in	  2013,	  the	  Δ199Hg	  of	  IHg	  was	  

higher	  than	  all	  sediment	  from	  this	  study.	  Organisms	  sampled	  in	  2013	  were	  mainly	  from	  

riffle	  environments	  where	  some	  biota	  (e.g.,	  Hydropsychidae)	  rely	  on	  filtering	  particulates	  

and	  detritus	  that	  are	  moving	  downstream	  with	  streamflow.	  Thus,	  IHg	  in	  2013	  could	  reflect	  

IHg	  from	  upstream	  resources	  or	  suspended	  sediment	  that	  has	  higher	  Δ199Hg	  than	  bar	  or	  

terrace	  sediment.	  Additionally,	  changes	  in	  Cache	  Creek	  flows	  shift	  the	  relative	  input	  from	  

upstream	  tributaries	  containing	  different	  Hg	  sources	  (e.g.,	  mine	  wastes	  from	  Clear	  Lake	  vs.	  

hydrothermal	  Hg	  from	  Bear	  Creek).8,	  11	  Alternative	  IHg	  sources,	  with	  slightly	  positive	  

Δ199Hg,	  include	  precipitation	  (0.37±0.26‰;	  mean±1SD;	  n=43),33,	  55,	  76-‐78	  or	  hydrothermal	  

fluids	  (0.13±0.06‰).79	  Small	  positive	  Δ199Hg	  (<0.4‰)	  has	  been	  observed	  in	  some	  

hydrothermal	  precipitates,	  Hg	  ores	  and	  sinters,30	  although	  the	  majority	  of	  these	  materials	  

have	  Δ199Hg	  near	  zero	  (<0.2‰).35,	  38,	  39	  Therefore,	  we	  think	  it	  is	  possible	  that	  IHg	  in	  2013	  

organisms	  might	  be	  from	  an	  upstream	  IHg	  source	  with	  high	  Δ199Hg.	  However	  the	  limited	  

sample	  collection	  in	  2013	  (n=7),	  with	  a	  small	  number	  of	  low	  %MMHg	  organisms,	  limits	  our	  

ability	  to	  identify	  this	  IHg	  source.	  	  

Regardless	  of	  differences	  in	  IHg,	  the	  Δ199Hg/Δ201Hg	  ratios	  of	  biota	  demonstrate	  that	  

the	  Δ199Hg	  and	  Δ201Hg	  of	  MMHg	  results	  from	  MIF	  during	  MMHg	  photodegradation.	  

Therefore,	  we	  interpret	  the	  change	  in	  MMHg	  Δ199Hg	  between	  2013	  and	  2014	  to	  result	  from	  

differences	  in	  the	  extent	  of	  MMHg	  photodegradation.	  This	  result	  is	  consistent	  with	  a	  

parallel	  study	  of	  the	  Yuba	  River,	  where	  a	  greater	  extent	  of	  MMHg	  photodegradation	  was	  

found	  in	  2014	  compared	  to	  2013.42	  The	  Yuba	  River	  and	  Cache	  Creek	  are	  on	  opposite	  sides	  

of	  the	  Sacramento	  Valley	  (75	  km	  apart)	  and	  contaminated	  by	  different	  Hg	  sources	  (Au	  
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mining	  vs.	  Hg	  mining)	  but	  experience	  relatively	  similar	  environmental	  conditions	  (e.g.,	  high	  

sunlight/low	  shading).	  Thus,	  we	  suggest	  the	  change	  in	  Δ199Hg	  between	  years	  in	  both	  

streams	  might	  results	  from	  large-‐scale	  controls	  on	  MMHg	  exposure	  to	  sunlight.	  For	  

example,	  changes	  in	  streamflow	  could	  affect	  MMHg	  exposure	  (and	  thus,	  photodegradation)	  

by	  changing	  water	  depth,	  water	  clarity	  and	  MMHg	  residence	  time.	  Both	  streams	  had	  

significantly	  higher	  flows	  in	  2013	  than	  in	  2014	  due	  to	  progressive	  drought	  that	  is	  

decreasing	  discharge	  in	  many	  California	  rivers	  and	  streams.	  Alternatively,	  the	  timing	  of	  

sampling	  may	  also	  be	  important	  since	  both	  streams	  were	  sampled	  in	  early	  spring	  of	  2013	  

compared	  to	  early	  summer	  of	  2014.	  Thus,	  there	  may	  have	  been	  a	  greater	  extent	  of	  MMHg	  

photodegradation	  prior	  to	  sampling	  in	  June	  2014	  (during	  spring)	  than	  prior	  to	  March	  2013	  

sampling.	  Whether	  due	  to	  annual	  or	  seasonal	  differences,	  the	  consistent	  trend	  in	  MMHg	  

Δ199Hg,	  between	  Cache	  Creek	  and	  the	  Yuba	  River,	  demonstrates	  that	  MMHg	  in	  short-‐lived	  

aquatic	  organisms	  may	  be	  useful	  to	  identify	  changes	  in	  the	  extent	  of	  MMHg	  

photodegradation.	  

	  

5.3.7.2	  δ202Hg	  of	  IHg	  and	  MMHg	  	  

Although	  there	  were	  differences	  in	  MMHg	  Δ199Hg	  between	  years,	  the	  δ202Hg	  of	  pre-‐

photodegraded	  MMHg	  in	  Cache	  Creek	  was	  always	  between	  −1.40	  and	  −1.45‰,	  indicating	  a	  

common	  pool	  of	  MMHg	  was	  photodegraded	  each	  year.	  Pre-‐photodegraded	  MMHg	  δ202Hg	  is	  

~0.7‰	  lower	  than	  IHg	  in	  the	  food	  web	  (−0.59	  to	  −0.68‰)	  and	  ~0.4‰	  lower	  than	  co-‐

located	  sediment	  (−0.99	  ±	  0.45‰;	  Figure	  5.4).	  This	  relationship	  (δ202Hg	  offset	  of	  −0.4	  to	  

−0.7‰)	  is	  consistent	  in	  both	  direction	  and	  magnitude	  with	  our	  previous	  work	  in	  the	  

nearby	  Yuba	  River	  (δ202Hg	  offset	  of	  −0.4	  to	  −0.9‰).42	  The	  negative	  δ202Hg	  offset	  implies	  
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that	  either	  (1)	  a	  different	  IHg	  source	  (i.e.,	  not	  bulk	  sediment	  or	  IHg	  in	  the	  food	  web)	  with	  a	  

δ202Hg	  of	  −1.4‰	  or	  lower	  is	  preferentially	  methylated	  in	  Cache	  Creek	  or	  (2)	  in-‐situ	  

methylation	  of	  IHg	  results	  in	  net	  negative	  MDF.	  	  

The	  presence	  of	  MMHg	  in	  streams	  is	  often	  considered	  a	  function	  of	  point	  and	  non-‐

point	  sources	  of	  Hg	  and	  drainage	  basin	  landscape	  characteristics	  that	  promote	  Hg	  

deposition	  and	  IHg-‐methylation	  within	  the	  watershed.67,	  80-‐82	  Therefore,	  Hg	  accumulated	  in	  

the	  watershed	  and	  stored	  in	  organic	  matter	  or	  soils	  could	  be	  a	  source	  of	  MMHg	  to	  Cache	  

Creek.	  If	  so,	  then	  the	  negative	  δ202Hg	  offset	  might	  be	  an	  artifact	  of	  the	  difference	  between	  

the	  δ202Hg	  of	  in	  stream	  IHg	  (from	  sediment	  or	  the	  food	  web)	  and	  the	  δ202Hg	  of	  watershed	  

IHg	  sources.	  If	  we	  assume	  the	  δ202Hg	  offset	  here	  is	  consistent	  with	  Yolo	  Bypass	  or	  previous	  

studies	  (i.e.,	  +0.4	  to	  +0.8‰)49-‐51,	  57,	  then	  we	  would	  predict	  the	  external	  IHg	  source	  to	  have	  

δ202Hg	  between	  −2.2	  and	  −1.4‰.	  	  Terrestrial	  organic	  matter	  and	  soils	  typically	  have	  low	  

δ202Hg	  and	  negative	  Δ199Hg	  and	  could	  provide	  a	  substrate	  for	  IHg-‐methylation	  in	  upstream	  

floodplains	  or	  reservoirs.83	  Forest	  floor	  samples	  from	  the	  Midwest	  US	  ranged	  from	  δ202Hg	  

of	  −1.05	  to	  −1.88‰,55	  and	  foliage,	  soil	  and	  leaf	  litter	  in	  northern	  CA	  had	  a	  similar	  range	  

(−1.54	  to	  −2.53	  ‰).47	  These	  values	  are	  consistent	  with	  predicted	  external	  IHg	  sources	  

(−2.2	  to	  −1.4‰)	  for	  Cache	  Creek.	  However,	  this	  steep	  mountainous	  catchment	  has	  high	  

erosion	  rates	  and	  does	  not	  allow	  for	  significant	  accumulation	  of	  surface	  organic	  matter.84	  

The	  mass	  of	  IHg	  in	  surface	  organic	  matter	  is	  likely	  small	  relative	  to	  Hg	  from	  mine	  wastes	  in	  

this	  region,	  such	  as	  the	  ~100	  Mg	  of	  Hg	  stored	  in	  Clear	  Lake	  (upstream	  of	  our	  sampling	  

sites).85	  Furthermore,	  MMHg	  concentrations	  in	  Cache	  Creek	  biota	  increases	  with	  distance	  

away	  from	  these	  upstream	  reservoirs.11	  Methylation	  of	  sediment	  IHg	  is	  thought	  to	  be	  

promoted	  by	  local	  geochemical	  conditions	  such	  as	  high	  sulfate	  in	  Bear	  Creek	  and	  Cache	  
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Creek.11	  62	  Previous	  work	  in	  streams	  suggests	  that	  IHg	  can	  be	  methylated	  in	  situ	  in	  

hyporheic	  zones86	  or	  when	  associated	  with	  epilithic	  periphyton87	  or	  filamentous	  algae.65	  

Thus,	  Cache	  Creek	  sediment	  is	  the	  most	  likely	  source	  of	  labile	  IHg	  leading	  to	  MMHg	  in	  

lower	  Cache	  Creek.75	  

Only	  a	  fraction	  of	  IHg	  in	  stream	  sediment	  might	  be	  available	  for	  methylation,17,	  82	  

and	  the	  negative	  δ202Hg	  offset	  might	  be	  an	  artifact	  of	  the	  difference	  between	  δ202Hg	  of	  labile	  

Hg	  in	  sediment	  and	  the	  δ202Hg	  of	  bulk	  sediment.	  The	  isotopic	  composition	  of	  labile	  Hg	  in	  Hg	  

mine	  wastes	  and	  sediment	  was	  estimated	  from	  leaching	  experiments	  (water	  soluble,	  

thiosulfate	  extractable,	  etc.)	  and	  mobilized	  leachates	  have	  been	  found	  to	  have	  up	  to	  1.3‰	  

higher	  δ202Hg	  than	  the	  corresponding	  bulk	  material.31,	  37,	  88	  Additional	  processes	  could	  

fractionate	  Hg	  mass	  dependently	  (–MDF)	  in	  mine	  waste	  systems,	  such	  as	  co-‐precipitation	  

or	  sorption	  reactions,	  with	  lower	  δ202Hg	  in	  the	  reaction	  products	  such	  as	  HgS	  or	  Hg	  bound	  

to	  colloids.27,	  28	  Other	  studies	  have	  demonstrated	  systematic	  differences	  in	  the	  δ202Hg	  of	  

different	  size	  fractions	  of	  sediment,32,	  35	  although,	  as	  discussed	  above,	  we	  observed	  no	  such	  

differences	  in	  Cache	  Creek.	  Clearly,	  it	  is	  possible	  for	  different	  pools	  of	  Hg	  within	  sediment	  

to	  have	  δ202Hg	  that	  is	  different	  from	  the	  bulk	  sediment,	  depending	  on	  the	  source	  material	  

and	  transport	  history.	  However,	  neither	  sediment	  size-‐fractions	  nor	  experimental	  

estimates	  of	  labile	  Hg	  in	  sediment	  can	  identify	  a	  specific	  fraction	  of	  Hg	  in	  Cache	  Creek	  

sediment	  that	  would	  have	  consistent	  δ202Hg	  of	  −1.4	  to	  −1.45‰	  and	  be	  preferentially	  

methylated	  in	  this	  stream.	  Because	  the	  δ202Hg	  of	  external	  Hg	  sources	  or	  labile	  Hg	  in	  

sediment	  cannot	  explain	  the	  pre-‐photodegraded	  MMHg	  δ202Hg,	  we	  suggest	  that	  the	  

difference	  in	  δ202Hg	  results	  from	  net	  negative	  MDF	  of	  up	  to	  0.7‰	  between	  IHg	  and	  MMHg	  

within	  Cache	  Creek.	  	  
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5.3.8	  Comparison	  of	  MDF	  in	  California	  Streams	  and	  Wetlands	  

In	  this	  study,	  we	  observed	  a	  negative	  δ202Hg	  offset	  in	  Cache	  Creek	  but	  a	  positive	  

δ202Hg	  offset	  in	  Yolo	  Bypass	  wetlands.	  	  Combined	  with	  the	  negative	  δ202Hg	  offset	  previously	  

observed	  in	  the	  Yuba	  River,42	  we	  suggest	  that	  streams	  and	  wetlands	  within	  the	  same	  

drainage	  can	  have	  different	  relationships	  between	  sediment	  IHg	  and	  MMHg.	  In	  the	  Yuba	  

River,	  the	  only	  other	  study	  where	  a	  negative	  δ202Hg	  offset	  was	  observed,	  we	  proposed	  that	  

net	  negative	  MDF	  could	  result	  from	  different	  biotic	  MMHg	  degradation	  pathways	  or	  the	  

extent	  of	  biotic	  MMHg	  degradation.42	  Each	  of	  these	  mechanisms	  depends	  upon	  physical	  and	  

geochemical	  conditions	  that	  vary	  between	  stream	  and	  wetland	  environments.	  Therefore,	  

we	  further	  hypothesized	  that	  the	  net	  MDF	  between	  IHg	  and	  MMHg	  might	  result	  from	  

characteristic	  differences	  between	  fast	  flowing	  water	  and	  standing	  water	  environments.	  

The	  +δ202Hg	  offset	  in	  Yolo	  Bypass	  wetlands	  and	  −δ202Hg	  offsets	  in	  Cache	  Creek	  and	  Yuba	  

River	  supports	  this	  hypothesis.	  In	  light	  of	  these	  results,	  we	  reexamine	  the	  possible	  

mechanisms	  for	  the	  negative	  MDF	  observed	  in	  stream	  systems.	  .	  	  

It	  was	  previously	  speculated	  that	  biotic	  oxidative	  MMHg	  degradation,	  instead	  of	  

biotic	  mer-‐mediated	  degradation,	  could	  result	  in	  different	  MDF	  because	  these	  pathways	  

have	  different	  reaction	  products.42	  Oxidative	  MMHg	  degradation	  results	  in	  Hg2+	  and	  could	  

be	  remethylated	  (methylation	  has	  a	  −MDF)25,	  26,	  whereas	  Hg0	  is	  partially	  lost	  by	  evasion	  

during	  mer-‐mediated	  degradation	  (resulting	  in	  +MDF	  of	  residual	  MMHg).23	  However,	  

isotope	  fractionation	  during	  oxidative	  MMHg	  degradation	  has	  not	  yet	  been	  quantified.	  

Oxidative	  MMHg	  degradation	  is	  thought	  to	  be	  dominant	  in	  relatively	  pristine	  environments	  

where	  bioavailable	  Hg	  is	  low.89,	  90	  Therefore,	  we	  might	  expect	  significant	  mer-‐mediated	  
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degradation	  (+MDF)	  and	  a	  +δ202Hg	  offset	  in	  relatively	  contaminated	  environments	  and	  a	  

−δ202Hg	  offset	  in	  low	  THg	  environments	  (or	  when	  bioavailable	  Hg	  is	  limited)	  regardless	  of	  

the	  environmental	  setting.	  In	  both	  the	  Yuba	  River	  and	  Cache	  Creek,	  large	  quantities	  of	  

sediment	  with	  elevated	  THg	  persist	  yet	  we	  observe	  a	  –δ202Hg	  offset	  between	  this	  sediment	  

and	  MMHg	  in	  the	  food	  web.	  In	  the	  UW	  of	  Yolo	  Bypass,	  where	  sediment	  THg	  is	  closer	  to	  pre-‐

mining	  background	  values	  (~60	  ng/g),	  we	  observed	  a	  positive	  δ202Hg	  offset	  (+0.35‰).	  

Although	  there	  was	  a	  range	  in	  sediment	  THg	  in	  Yolo	  Bypass,	  the	  δ202Hg	  offset	  did	  not	  

change	  as	  a	  function	  of	  sediment	  THg.	  A	  study	  in	  multiple	  estuaries	  on	  the	  NW	  coast	  also	  

reported	  positive	  δ202Hg	  offsets	  in	  estuaries,	  regardless	  of	  sediment	  THg	  (6	  to	  2,960	  

ng/g).57	  Therefore,	  sediment	  THg	  concentrations	  alone	  cannot	  predict	  the	  δ202Hg	  offset.	  

Future	  characterization	  of	  MDF	  during	  oxidative	  degradation,	  and	  additional	  

measurements	  of	  geochemical	  parameters	  that	  control	  Hg	  bioavailability	  (i.e.,	  DOC,	  redox,	  

etc.)	  or	  mer-‐enzyme	  activity,	  might	  help	  to	  explain	  the	  observed	  relationships	  between	  IHg	  

and	  MMHg	  in	  aquatic	  environments.	  	  

Instead	  of	  different	  biotic	  degradation	  pathways,	  the	  negative	  δ202Hg	  offset	  in	  the	  

Yuba	  River	  and	  Cache	  Creek	  might	  simply	  indicate	  that	  there	  is	  a	  lack	  of	  biotic	  MMHg	  

degradation	  (no	  +MDF)	  in	  streams	  prior	  to	  MMHg	  bioaccumulation.	  An	  experimental	  study	  

of	  biotic	  IHg-‐methylation	  and	  MMHg	  degradation	  suggested	  that	  turbulent	  diffusion	  of	  

MMHg	  from	  the	  IHg	  substrate	  could	  increase	  the	  magnitude	  of	  negative	  MDF.26	  Following	  

this,	  Donovan	  et	  al.42	  	  proposed	  that	  in	  situ	  IHg	  methylation	  in	  flowing	  water	  might	  

continually	  advect	  MMHg	  to	  the	  water	  column,	  removing	  it	  from	  the	  substrate	  and	  

decreasing	  the	  quantity	  of	  MMHg	  available	  for	  biotic	  degradation.	  This	  would	  result	  in	  pre-‐

photodegraded	  MMHg	  with	  lower	  δ202Hg	  than	  the	  IHg	  substrate	  because	  it	  would	  have	  
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undergone	  relatively	  little	  biotic	  degradation	  (i.e.,	  minimal	  +MDF).	  Conversely,	  in	  standing	  

water	  such	  as	  the	  Yolo	  Bypass	  wetlands,	  MMHg	  may	  be	  stored	  in	  the	  sediment	  for	  longer	  

periods	  of	  time	  leading	  to	  a	  greater	  extent	  of	  biotic	  MMHg	  degradation	  (and	  +MDF).	  In	  this	  

study,	  −MDF	  was	  observed	  in	  Cache	  Creek	  and	  +MDF	  was	  observed	  in	  Yolo	  Bypass	  

wetlands.	  Although	  we	  acknowledge	  Cache	  Creek	  flows	  varied	  between	  years,	  we	  suggest	  

these	  results	  are	  consistent	  with	  the	  hypothesis	  that	  biotic	  MMHg	  degradation	  occurs	  to	  a	  

lesser	  extent	  in	  streams	  than	  in	  standing	  water	  environments.	  Therefore,	  we	  suggest	  that	  

biotic	  MMHg	  degradation	  is	  limited	  in	  stream	  environments	  while	  photochemical	  MMHg	  

degradation	  is	  a	  significant	  degradation	  pathway	  (up	  to	  35%	  in	  the	  Yuba	  River	  and	  Cache	  

Creek).	  Conversely,	  in	  wetland	  environments	  biotic	  degradation	  must	  occur	  to	  a	  much	  

greater	  extent	  compared	  to	  streams,	  evidenced	  by	  positive	  δ202Hg	  offset,	  while	  MMHg	  

photodegradation	  is	  relatively	  limited	  (9-‐12%).	  

	  

5.3.9	  Implications	  for	  Future	  Studies	  

This	  study	  provides	  valuable	  new	  insight	  that	  will	  aid	  in	  future	  tracing	  of	  Hg	  and	  

MMHg	  in	  stream	  and	  wetland	  food	  webs	  in	  the	  Sacramento	  Valley	  and	  elsewhere.	  Analysis	  

of	  THg,	  MMHg	  and	  Hg	  isotopes	  in	  benthic	  macroinvertebrates	  and	  forage	  fish	  proved	  

valuable	  to	  identify	  the	  isotopic	  composition	  of	  MMHg.	  The	  variety	  of	  biota	  analyzed	  with	  

different	  feeding	  behaviors	  provided	  evidence	  for	  multiple	  MMHg	  isotopic	  compositions	  

within	  a	  single	  aquatic	  environment.	  Thus,	  we	  suggest	  it	  is	  important	  to	  consider	  feeding	  

preferences	  and	  behavior	  in	  future	  Hg	  isotope	  food	  web	  studies.	  This	  detail	  could	  

ultimately	  help	  to	  identify	  benthic	  and	  planktonic	  MMHg	  exposure	  pathways	  in	  aquatic	  

environments.	  In	  this	  study,	  Hg	  isotopes	  in	  sediment,	  and	  estimates	  of	  IHg	  in	  the	  food	  web,	  
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enabled	  us	  to	  compare	  the	  δ202Hg	  of	  IHg	  and	  pre-‐photodegraded	  MMHg	  in	  Cache	  Creek	  and	  

Yolo	  Bypass.	  We	  found	  positive	  (Yolo	  Bypass	  Wetlands)	  and	  negative	  (Cache	  Creek	  and	  

Yuba	  River42)	  δ202Hg	  offsets	  within	  the	  same	  watershed,	  indicating	  that	  biotic	  MDF	  changes	  

between	  these	  environments.	  We	  think	  the	  best	  explanation	  for	  this	  difference	  is	  the	  

absence	  of	  biotic	  MMHg	  degradation	  (with	  +MDF)	  in	  streams,	  which	  implies	  that	  MMHg	  

photodegradation	  is	  the	  primary	  MMHg	  degradation	  pathway	  in	  stream	  environments.	  
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Table	  5.1:	  MMHg	  and	  IHg	  compositions	  in	  food	  webs	  from	  (A)	  Cache	  Creek	  and	  (B)	  
Yolo	  Bypass	  Wetlands	  	  
Cache	  Creek	  estimates	  are	  derived	  from	  linear	  relationships	  between	  %MMHg	  and	  Hg	  
isotope	  values	  (either	  δ202Hg	  or	  Δ199Hg).	  The	  error	  (1SE)	  is	  the	  error	  associated	  with	  the	  
intercept	  of	  the	  linear	  regression.	  Yolo	  Bypass	  MMHg	  estimates	  are	  based	  on	  all	  organisms	  
within	  each	  individual	  wetland	  with	  greater	  than	  80%MMHg.	  	  The	  error	  is	  the	  1SD	  of	  the	  
mean	  value	  for	  this	  group	  of	  organisms.	  	  
	   	  

(A) δ202Hg) 1SE Δ199Hg 1SE

‰ ‰) ‰ ‰)
IHg $0.59 0.15 0.55 0.07

MMHg $1.16 0.08 0.60 0.04
IHg $0.68 0.16 0.06 0.18

MMHg $0.92 0.07 1.22 0.08

2013

2014

(B) δ202Hg) 1SD Δ199Hg 1SD n

‰ ‰) ‰ ‰)
Upper%Wetland%(UW) MMHg 10.30 0.16 0.99 0.44 9

Permanent%Wetland%2%(PW2) MMHg 0.08 0.28 0.96 0.18 7
Lower%Wetland%(LW) MMHg 10.22 0.10 0.70 0.21 3
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Figure	  5.1:	  THg	  concentration	  (1/THg)	  vs.	  δ202Hg	  for	  regional	  sediment	  	  
Diamonds	  represent	  Cache	  Creek	  sediment	  (colors	  denote	  size	  fraction:	  filled	  =	  <63μm,	  
half-‐filled	  =	  1mm-‐63μm,	  empty	  =	  <1mm)	  and	  checkered	  diamonds	  are	  from	  Bear	  Creek.	  
Circles	  represent	  Yolo	  Bypass	  (colors	  denote	  wetland:	  blue	  =	  upper,	  black	  =	  PW2,	  green	  =	  
lower)	  and	  squares	  represent	  the	  Yuba	  Feather	  River	  (orange	  for	  Yuba	  River	  and	  yellow	  for	  
Feather	  River)42.	  Pre-‐mining	  sediment	  from	  San	  Francisco	  Bay	  (x)	  are	  included	  from	  a	  
previous	  study	  of	  subtidal	  sediment	  cores.33	  The	  dashed	  line	  represents	  the	  relationship	  for	  
all	  samples	  collected	  and	  analyzed	  in	  Yolo	  Bypass	  wetlands	  (n=9).	  
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Figure	  5.2:	  %MMHg	  vs.	  Δ199Hg	  for	  biota	  from	  (A)	  Cache	  Creek	  and	  (B)	  Yolo	  Bypass	  
Wetlands	  	  
Co-‐located	  sediment	  is	  included	  on	  each	  figure	  at	  approximate	  %MMHg	  (<5%)	  with	  black	  
and	  white	  diamond	  symbols.	  Colored	  symbols	  for	  (A)	  denote	  location	  (red	  =	  Reg.	  	  Park,	  
green	  =	  Rumsey,	  pink	  =	  Guinda,	  and	  brown	  =	  Capay)	  with	  open	  symbols	  sampled	  in	  2013	  
and	  closed	  symbols	  from	  2014.	  The	  type	  of	  symbol	  denotes	  the	  sample	  type	  (triangle	  =	  
predators,	  square	  =	  collector-‐filterer,	  circle	  =	  collector-‐gatherer,	  plus	  sign	  =	  crayfish,	  X	  =	  
filamentous	  algae,	  and	  star	  X	  =	  fish).	  Colored	  symbols	  in	  (B)	  represent	  different	  wetlands	  
(blue	  =	  UW,	  black	  =	  PW2,	  green	  =	  LW)	  and	  different	  symbols	  represent	  different	  types	  of	  
biota	  (triangles	  =	  engulfer	  predator,	  circles	  =	  piercer	  predator,	  square	  =	  collector	  gatherer,	  
plus	  sign	  =	  crayfish,	  dash	  =	  fairy	  shrimp,	  x=	  mosquitofish,	  and	  star	  x	  =	  mississippi	  
silverside).	  	  
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Figure	  5.3:	  %MMHg	  vs.	  δ202Hg	  for	  biota	  from	  (A)	  Cache	  Creek	  and	  (B)	  Yolo	  Bypass	  
Wetlands	  
Co-‐located	  sediment	  is	  included	  on	  each	  figure	  at	  approximate	  %MMHg	  (<5%)	  with	  black	  
and	  white	  diamond	  symbols.	  Colored	  symbols	  for	  (A)	  denote	  location	  (red	  =	  Reg.	  Park,	  
green	  =	  Rumsey,	  pink	  =	  Guinda,	  and	  brown	  =	  Capay)	  with	  open	  symbols	  sampled	  in	  2013	  
and	  closed	  symbols	  from	  2014.	  The	  type	  of	  symbol	  denotes	  the	  sample	  type	  (triangle	  =	  
predators,	  square	  =	  collector-‐filterer,	  circle	  =	  collector-‐gatherer,	  plus	  sign	  =	  crayfish,	  X	  =	  
filamentous	  algae,	  and	  star	  X	  =	  fish).	  Colored	  symbols	  in	  (B)	  represent	  different	  wetlands	  
(blue	  =	  UW,	  black	  =	  PW2,	  green	  =	  LW)	  and	  different	  symbols	  represent	  different	  types	  of	  
biota	  (triangles	  =	  engulfer	  predator,	  circles	  =	  piercer	  predator,	  square	  =	  collector	  gatherer,	  
plus	  sign	  =	  crayfish,	  dash	  =	  fairy	  shrimp,	  x=	  mosquitofish,	  and	  star	  x	  =	  mississippi	  
silverside).	  	  
	   	  



179	  

	  

	  

Figure	  5.4:	  Hg	  isotopic	  composition	  (δ202Hg	  vs.	  Δ199Hg)	  of	  Cache	  Creek	  sediment	  and	  
biota	  
All	  types	  of	  sediment	  (black	  and	  white)	  and	  biota	  symbols	  (colored)	  correspond	  to	  the	  
identical	  samples	  as	  explained	  in	  Figures	  5.2	  and	  5.3	  for	  Cache	  Creek.	  The	  estimated	  MMHg	  
isotopic	  composition	  for	  each	  year	  is	  labeled	  and	  the	  size	  of	  the	  cross	  represents	  the	  1SE	  
error	  associated	  with	  the	  estimated	  isotopic	  composition.	  The	  experimental	  slope	  for	  
MMHg	  photodegradation	  (1	  mg/L	  DOC	  from29)	  is	  drawn	  from	  estimated	  MMHg	  values	  as	  a	  
black	  dashed	  line,	  and	  the	  pre-‐photodegraded	  MMHg	  is	  estimated	  when	  Δ199Hg	  is	  near	  zero	  
(δ202Hg	  of	  	  −1.4	  and	  −1.45‰).	  	  
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Figure	  5.5:	  Hg	  isotopic	  composition	  (δ202Hg	  vs.	  Δ199Hg)	  of	  Yolo	  Bypass	  sediment	  and	  
biota	  
All	  symbols	  are	  colored	  according	  to	  their	  location	  (blue	  =	  UW,	  black	  =	  PW2	  and	  green	  =	  
LW).	  The	  different	  types	  of	  biota	  and	  sediment	  (diamonds)	  symbols	  correspond	  to	  the	  
identical	  samples	  as	  explained	  for	  Yolo	  Bypass	  in	  Figures	  5.2	  and	  5.3.	  
Estimates	  of	  MMHg	  isotopic	  compositions	  for	  each	  wetland	  are	  included	  as	  large	  crosses	  
and	  the	  size	  of	  the	  cross	  denotes	  the	  1SE	  uncertainty	  of	  the	  estimate.	  Experimental	  
photochemical	  degradation	  slopes	  under	  10	  mg/L	  conditions	  (from29)	  are	  included	  as	  
dashed	  lines	  (colored	  according	  to	  location)	  for	  comparison	  of	  pre-‐photodegraded	  MMHg	  
δ202Hg	  with	  sediment.	  	  
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5.4	  Supporting	  Information	  

Figure	  5.S1:	  Regional	  map	  of	  Cache	  Creek,	  Yolo	  Bypass	  and	  the	  Yuba	  River.	  
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Figure	  5.S2:	  Cache	  Creek	  Sampling	  Locations	  and	  Collection	  Details	  
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Figure	  5.S3:	  Yolo	  Bypass	  Wetland	  Sampling	  Locations	  and	  Collection	  Details	  
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Figure	  5.S4:	  Hg	  Isotopic	  Composition	  of	  all	  sediment	  from	  the	  region.	  	  
Diamonds	  represent	  Cache	  Creek	  sediment	  (colors	  denote	  sediment	  size	  fraction:	  filled	  =	  
<63um,	  half	  filled	  =	  1mm-‐63um,	  empty	  =	  <1mm)	  and	  checkered	  diamonds	  are	  from	  Bear	  
Creek.	  Circles	  represent	  Yolo	  Bypass	  (colors	  denote	  wetland:	  blue	  =	  upper,	  black	  =	  PW2,	  
green	  =	  lower)	  and	  squares	  represent	  the	  Yuba	  and	  Feather	  Rivers	  (orange	  for	  Yuba	  River	  
and	  yellow	  for	  Feather	  River).42	  	  
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Figure	  5.S5:	  Δ201Hg	  vs.	  Δ199Hg	  for	  Cache	  Creek	  biota.	  	  
Sediment	  is	  plotted	  as	  black,	  white	  and	  gray	  diamonds	  for	  comparison	  but	  these	  samples	  
are	  not	  included	  on	  the	  linear	  regression	  for	  all	  biota.	  	  
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Figure	  5.S6:	  Δ201Hg	  vs.	  Δ199Hg	  for	  Yolo	  Bypass	  biota.	  	  
Sediment	  from	  each	  wetland	  is	  included	  as	  black,	  blue	  or	  green	  diamonds	  but	  not	  used	  for	  
the	  regression	  of	  all	  biota.	  	  
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Table	  5.S1:	  THg,	  MMHg,	  and	  Hg	  isotope	  values	  for	  all	  sediment	  from	  Cache	  Creek,	  Bear	  Creek	  and	  Yolo	  Bypass	  	  

	  
	   	  

Water&Body Site,&Location Sample&Type MMHg THg %MMHg δ204Hg& δ202Hg& δ201Hg& δ200Hg& δ199Hg& Δ204Hg Δ201Hg Δ200Hg Δ199Hg

km dw%ng/g dw%ng/g % ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰
unsieved,)ground 23683 /0.14 /0.11 /0.06 /0.03 0.06 0.02 0.02 0.02 0.08
unsieved,)ground 26052 /0.67 /0.40 /0.24 /0.20 /0.01 /0.08 0.06 0.00 0.09

Terrace unsieved,)ground 467600 /0.64 /0.41 /0.29 /0.20 /0.03 /0.03 0.02 0.01 0.07
Rumsey,%Floodplain unsieved,)ground 1480.8 /1.71 /1.13 /0.82 /0.57 /0.28 /0.02 0.04 0.00 0.01

<1mm,)ground 87.2 /2.14 /1.45 /0.97 /0.70 /0.25 0.03 0.13 0.03 0.12
1mm063um,)ground 173.4 /1.39 /0.92 /0.65 /0.40 /0.12 /0.03 0.04 0.06 0.11
<63um,)unground 0.89 97.6 0.9% /1.30 /0.78 /0.54 /0.42 /0.14 /0.13 0.05 /0.02 0.06
<63um,)unground 0.89 1060.0 0.1% /0.31 /0.20 /0.14 /0.11 /0.05 /0.01 0.01 /0.02 0.00
<63um,)unground 0.89 584.8 0.2% /2.20 /1.42 /0.98 /0.68 /0.17 /0.08 0.09 0.03 0.19
<1mm,)ground 503.3 /2.55 /1.69 /1.11 /0.81 /0.20 /0.03 0.15 0.03 0.22

1mm063um,)ground 327.8 /0.75 /0.55 /0.35 /0.26 /0.07 0.06 0.06 0.01 0.07
<63um,)unground 0.98 830.5 0.1% /0.87 /0.51 /0.36 /0.27 /0.04 /0.11 0.02 /0.01 0.09
<63um,)unground 0.98 3867.7 0.0% /1.70 /1.10 /0.77 /0.58 /0.17 /0.05 0.06 /0.02 0.11
<63um,)unground 0.98 158.0 0.6% /1.61 /1.08 /0.76 /0.52 /0.13 0.00 0.05 0.02 0.15

<63um,)unground 2.89 56.7 5.1% /1.24 /0.85 /0.57 /0.40 /0.15 0.02 0.07 0.02 0.06
<1mm,)ground 61.8 /1.07 /0.67 /0.44 /0.29 /0.03 /0.07 0.06 0.04 0.14
<1mm,)ground 35.8 /1.55 /1.03 /0.75 /0.54 /0.20 /0.01 0.02 /0.02 0.05
<1mm,)ground 37.4 /1.41 /0.90 /0.67 /0.46 /0.19 /0.07 0.00 /0.01 0.04
<1mm,)ground 130.4 /0.94 /0.61 /0.40 /0.30 /0.04 /0.03 0.06 0.00 0.11
<1mm,)ground 116.3 /0.99 /0.68 /0.45 /0.33 /0.06 0.02 0.07 0.02 0.11
<1mm,)ground 182.4 /0.87 /0.57 /0.38 /0.27 /0.09 /0.01 0.05 0.01 0.06

<63um,)unground 2.50 253.7 1.0% /0.78 /0.54 /0.34 /0.25 /0.04 0.03 0.07 0.02 0.10
<1mm,)ground 225.5 /0.86 /0.53 /0.32 /0.25 /0.03 /0.07 0.08 0.01 0.10

Bear%Creek

Rumsey%Bar

Capay%Bar

Yolo%Bypass

Upper%Wetland

Permanent%Wetland%2%
(PW2)

Lower%Wetland

Bar

Cache%Creek
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Table	  5.S2:	  THg,	  MMHg	  and	  Hg	  Isotope	  Values	  for	  All	  Aquatic	  Organisms	  

	   	  

Water&Body Location Sampling&
Year Sample&Type MMHg THg %MMHg δ204Hg& δ202Hg& δ201Hg& δ200Hg& δ199Hg& Δ204Hg Δ201Hg Δ200Hg Δ199Hg

dw&ng/g dw&ng/g % ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰
Damselfly)Larva)(Coenagrionidae) 390.9 401.5 97% 71.48 70.95 0.17 70.47 1.00 70.06 0.89 0.01 1.24
Mixed)Dragonfly)Larva)(Libellulidae/and/Gomphidae) 472.9 497.8 95% 71.41 70.93 70.12 70.46 0.61 70.03 0.58 0.01 0.84
Creeping)Waterbug)Larva)(Naucoridae) 463.0 531.6 87% 71.60 71.04 70.16 70.48 0.66 70.05 0.62 0.04 0.93
Asian)Clam)(Corbicula/fluminea) 359.4 843.2 43% 71.30 70.86 70.26 70.41 0.31 70.01 0.39 0.02 0.52
Filamentous)Algae)(Spyrogyra/and/Hydrodictyon) 78.4 220.1 36% 70.46 70.34 0.03 70.19 0.33 0.04 0.29 70.02 0.42
Mosquitofish)(Gambusia/affinis) 560.6 682.5 82% 71.29 70.87 0.28 70.43 0.93 0.02 0.94 0.01 1.15
Net)Spinning)Caddisfly)Larva)(Hydropsychidae) 59.0 129.5 46% 71.65 71.07 70.36 70.54 0.32 70.06 0.45 0.00 0.59
Hellgrammite)(Megaloptera) 182.7 218.4 84% 71.54 71.06 70.33 70.49 0.36 0.04 0.46 0.04 0.62
Asian)Clam)(Corbicula/fluminea) 138.7 334.4 41% 71.12 70.72 70.23 70.29 0.33 70.04 0.32 0.07 0.51
Mayfly)Larva)(Heptageniidae/&/Ephemerellidae/spp.) 45.2 120.2 38% 71.21 70.70 70.20 70.37 0.46 70.16 0.33 70.02 0.63
Damselfly)Larva)(Coenagrionidae) 254.7 252.8 100% 71.54 71.01 0.25 70.49 1.11 70.03 1.01 0.02 1.36
Mixed)Dragonfly)Larva)(Libellulidae/and/Gomphidae) 220.9 271.2 81% 71.45 70.96 0.22 70.45 1.00 70.01 0.94 0.03 1.24
Creeping)Waterbug)Larva)(Naucoridae) 231.1 272.3 85% 71.67 71.07 70.06 70.52 0.77 70.08 0.75 0.02 1.04
Asian)Clam)(Corbicula/fluminea) 417.3 666.0 63% 70.85 70.58 0.13 70.28 0.63 0.00 0.56 0.01 0.77
Filamentous)Algae)(Spyrogyra/and/Hydrodictyon) 7.2 36.6 20% 71.73 71.15 70.58 70.58 0.08 70.01 0.28 0.00 0.37
Speckled)Dace)(Rhinichthys/osculus) 375.4 428.7 88% 71.34 70.86 0.18 70.41 0.90 70.05 0.83 0.02 1.12
Damselfly)Larva)(Coenagrionidae) 411.8 454.0 91% 71.42 70.90 0.36 70.43 1.20 70.08 1.03 0.02 1.42
Mixed)Dragonfly)Larva)(Libellulidae/and/Gomphidae) 379.4 395.1 96% 71.51 71.01 70.15 70.49 0.60 0.00 0.61 0.02 0.86
Creeping)Waterbug)Larva)(Naucoridae) 502.7 588.1 85% 71.67 71.10 0.08 70.55 0.88 70.03 0.91 0.00 1.16
Asian)Clam)(Corbicula/fluminea) 604.3 888.9 68% 70.99 70.69 70.02 70.34 0.52 0.04 0.50 0.01 0.69
Filamentous)Algae)(Spyrogyra/and/Hydrodictyon) 83.2 139.2 60% 71.33 70.91 70.02 70.46 0.61 0.03 0.67 70.01 0.84
Mosquitofish)(Gambusia/affinis) 588.6 774.0 76% 71.28 70.82 0.76 70.36 1.51 70.07 1.37 0.05 1.71
Red)Swamp)Crayfish)(Procambarus/clarkia) 396.4 409.6 97% 71.35 70.82 70.04 70.42 0.63 70.12 0.58 0.00 0.84
Stonefly)Larva)(Perlidae) 102.8 104.8 98% 71.56 71.03 70.28 70.43 0.41 70.02 0.49 0.09 0.67
Net)Spinning)Caddisfly)Larva)(Hydropsychidae) 128.9 165.3 78% 71.55 71.10 70.38 70.53 0.26 0.10 0.45 0.02 0.54
Damselfly)Larva)(Coenagrionidae) 220.3 191.4 100% 71.84 71.23 70.54 70.58 0.24 0.00 0.39 0.04 0.55
Burrowing)Mayfly)Larva)(Ephemeridae) 85.0 151.2 56% 71.50 71.02 70.55 70.48 0.10 0.02 0.22 0.03 0.35
Aquatic)Worm)(Oligochaeta) 79.7 222.5 36% 71.31 70.81 70.53 70.42 0.00 70.10 0.08 70.02 0.20
Asian)Clam)(Corbicula/fluminea) 365.2 490.5 74% 70.28 70.18 0.57 70.08 0.95 70.01 0.71 0.01 1.00
Filamentous)Algae)(Spyrogyra/and/Hydrodictyon) 37.6 65.8 57% 71.11 70.77 0.14 70.40 0.80 0.04 0.72 70.02 1.00
Mosquitofish)(Gambusia/affinis) 607.7 697.1 87% 71.49 70.96 0.02 70.46 0.76 70.06 0.74 0.02 1.00
Red)Swamp)Crayfish)(Procambarus/clarkia) 294.9 363.8 81% 71.20 70.81 70.08 70.39 0.53 0.01 0.53 0.02 0.73

Damselfly)Larva)(Coenagrionidae) 127.5 205.1 62% 70.41 70.46 0.17 70.35 0.72 0.28 0.52 70.11 0.84
Mixed)Dragonfly)Larva)(Libellulidae/and/Gomphidae) 233.6 204.1 114% 70.81 70.48 0.30 70.17 0.77 70.09 0.66 0.07 0.89
Red)Swamp)Crayfish)(Procambarus/clarkia) 188.7 162.6 116% 70.93 70.52 70.16 70.31 0.21 70.15 0.23 70.05 0.34
Mosquitofish)(Gambusia/affinis) 630.3 565.9 111% 70.54 70.34 0.47 70.17 0.87 70.03 0.73 0.00 0.95
Damselfly)Larva)(Coenagrionidae) 71.1 74.7 95% 70.66 70.35 0.45 70.18 0.71 70.14 0.71 0.00 0.79
Backswimmers)(Notonectidae) 145.4 167.6 87% 70.64 70.39 0.51 70.17 1.02 70.06 0.80 0.02 1.11
Fairy)shirmp)(Linderiella/occidentalis) 147.9 165.8 89% 70.13 70.10 0.56 70.03 0.80 0.02 0.64 0.02 0.83
Mississippi)Silversides)(Medinia/beryllina) 113.8 131.2 87% 70.23 70.11 1.40 70.08 1.79 70.07 1.48 70.03 1.81
Mosquitofish)(Gambusia/affinis) 116.7 125.2 93% 70.13 70.11 1.08 70.03 1.47 0.04 1.16 0.02 1.50
Red)Swamp)Crayfish)(Procambarus/clarkia) 60.3 67.2 90% 70.41 70.30 0.30 70.12 0.58 0.04 0.53 0.03 0.66
Damselfly)Larva)(Coenagrionidae) 143.6 260.9 55% 70.46 70.23 0.23 70.11 0.45 70.12 0.41 0.00 0.51
Mixed)Dragonfly)Larva)(Libellulidae/and/Gomphidae) 133.6 142.5 94% 0.46 0.30 0.89 0.17 1.03 0.01 0.67 0.02 0.95
Dragonfly)Larva)(Aeshnidae) 189.2 205.6 92% 0.17 0.18 0.93 0.08 1.08 70.10 0.80 70.01 1.03
Water)Scavenger)Beetle)(Hydrophilidae) 426.1 523.9 81% 70.77 70.47 0.25 70.22 0.65 70.07 0.60 0.02 0.77
Creeping)Waterbug)Larva)(Naucoridae) 243.4 297.4 82% 0.15 0.16 0.64 0.10 0.80 70.09 0.52 0.02 0.76
Backswimmers)(Notonectidae) 261.3 296.5 88% 70.20 70.14 0.60 70.05 0.86 0.01 0.71 0.03 0.89
Mosquitofish)(Gambusia/affinis) 232.7 246.9 94% 0.38 0.26 1.15 0.18 1.34 70.01 0.96 0.05 1.28
Mosquitofish)(Gambusia/affinis) 300.5 330.5 91% 0.36 0.23 1.02 0.12 1.11 0.02 0.85 0.01 1.05
Backswimmers)(Notonectidae) 243.7 232.5 105% 70.33 70.20 0.48 70.13 0.83 70.02 0.63 70.03 0.88
Midge)Larva)(Chironomidae) 77.8 131.7 59% 70.24 70.13 70.01 70.04 0.20 70.05 0.09 0.02 0.23
Red)Swamp)Crayfish)(Procambarus/clarkia) 196.0 167.3 117% 70.49 70.34 0.05 70.16 0.39 0.01 0.31 0.01 0.47
Mosquitofish)(Gambusia/affinis) 587.4 573.2 102% 70.26 70.13 0.48 70.05 0.73 70.06 0.58 0.01 0.76

Cache)Creek

Rumsey

Capay

2014

2014

Upper

Lower

2013

2014

2014

2013

Permanent)Wetland)2

Yolo)Bypass

2014

2014

2013

2013

Regional)Park

Guinda
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Table	  5.S3:	  Total	  Hg	  concentration	  and	  Hg	  Isotope	  values	  for	  all	  SRMs	  
For	  SRMS's,	  N1	  denotes	  the	  number	  of	  combustion	  replicates	  and	  N2	  denotes	  the	  total	  number	  of	  isotope	  measurements	  
during	  all	  analytical	  sessions.	  Theta	  denotes	  the	  standard	  deviation	  of	  the	  mean	  values	  for	  process	  replicates.	  For	  UM	  
Almaden,	  N1	  denotes	  the	  number	  of	  analytical	  sessions	  that	  UM-‐Almaden	  was	  measured	  and	  theta	  represents	  the	  SD	  of	  mean	  
Hg	  isotope	  values	  for	  analytical	  sessions	  between	  January	  2013	  and	  December	  2014	  during	  which	  the	  run	  concentrations	  
were	  either	  between	  3	  and	  5	  ng/g,	  or	  less	  than	  3	  ng/g.
	  

	  
	   	  

Reference'Material N1 N2 THg'(dry'wt) 1SD δ204Hg' 2σ δ202Hg' 2σ δ201Hg' 2σ δ200Hg' 2σ δ199Hg' 2σ Δ204Hg 2σ Δ201Hg 2σ Δ200Hg 2σ Δ199Hg 2σ

ug.g ug/g ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰
NRC$TORT'2 11 23 0.276 0.005 0.00 0.15 0.06 0.08 0.63 0.07 0.09 0.06 0.76 0.04 '0.08 0.06 0.59 0.03 0.06 0.05 0.75 0.04
NIST$SRM$1944 6 14 3.51 0.30 '0.68 0.14 '0.45 0.08 '0.35 0.10 '0.21 0.09 '0.11 0.07 '0.01 0.08 '0.01 0.04 0.01 0.06 0.00 0.05

UM'Almaden$(3'5$ppb) 100 '0.86 0.07 '0.57 0.05 '0.47 0.05 '0.28 0.04 '0.16 0.04 '0.01 0.06 '0.04 0.03 0.01 0.03 '0.02 0.03
UM'Almaden$(<3$ppb) 24 '0.86 0.17 '0.55 0.11 '0.45 0.13 '0.26 0.09 '0.14 0.11 '0.04 0.12 '0.03 0.07 0.02 0.05 0.00 0.09
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CHAPTER	  6:	  Conclusions	  
	  

	   Mercury	  (Hg)	  has	  been	  used	  for	  centuries	  in	  precious	  metal	  mining	  and	  more	  

recently	  for	  industrial	  processes	  such	  as	  caustic	  soda	  production	  (i.e.,	  the	  Hg-‐cell	  

chloralkali	  process)	  and	  Li	  isotope	  separation	  (for	  thermonuclear	  weapons	  production).	  

Inorganic	  Hg	  (IHg)	  has	  been	  discharged	  to	  aquatic	  environments	  during	  the	  mining	  of	  HgS	  

ores	  and	  the	  use	  of	  metallic	  Hg.1	  Although	  Hg	  use	  has	  decreased	  in	  North	  America,	  

historical	  releases	  of	  IHg	  persist	  in	  the	  environment	  (“legacy	  Hg”).	  In	  aquatic	  environments,	  

a	  fraction	  of	  IHg	  can	  be	  converted	  to	  monomethyl	  mercury	  (MMHg)	  by	  methylating	  

microbes	  in	  low	  oxygen	  zones	  (e.g.,	  in	  sediment,	  periphyton	  or	  the	  water	  column).2	  MMHg	  

bioaccumulates	  in	  the	  food	  web	  and	  the	  recent	  realization	  of	  its	  detrimental	  neurotoxic	  and	  

developmental	  effects	  in	  humans	  and	  wildlife	  has	  increased	  interest	  in	  the	  distribution	  and	  

biogeochemistry	  of	  legacy	  Hg	  sources.	  	  

	   It	  is	  difficult	  to	  differentiate	  between	  multiple	  Hg	  sources	  or	  trace	  their	  dispersal	  

and	  bioaccumulation	  using	  total	  Hg	  (THg)	  and	  MMHg	  concentration	  measurements	  alone.	  

Recent	  analytical	  advances	  have	  allowed	  for	  the	  measurement	  of	  Hg	  stable	  isotope	  ratios	  in	  

a	  variety	  of	  environmental	  matrices	  (soils,	  sediment,	  fish,	  etc.).	  Natural	  variations	  in	  Hg	  

stable	  isotope	  compositions	  can	  help	  differentiate	  Hg	  sources	  and	  shed	  new	  light	  on	  Hg	  

transport	  and	  biogeochemical	  transformations	  in	  the	  environment.3	  Identifying	  and	  tracing	  

legacy	  Hg	  sources	  is	  valuable	  to	  assist	  with	  the	  remediation	  of	  Hg	  contaminated	  
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environments.	  Moreover,	  understanding	  the	  transformation	  of	  these	  legacy	  IHg	  sources	  to	  

MMHg	  may	  help	  reduce	  future	  MMHg	  exposures	  to	  humans	  and	  wildlife.	  	  

Throughout	  this	  dissertation,	  variation	  in	  Hg	  stable	  isotope	  ratios	  are	  used	  to	  

understand	  the	  distribution	  and	  transformation	  of	  legacy	  Hg	  sources.	  We	  measured	  Hg	  

stable	  isotope	  ratios	  in	  sediment	  and	  biota	  to	  (1)	  characterize	  the	  isotopic	  composition	  of	  

Hg	  sources	  from	  mining	  and	  industry,	  (2)	  assess	  the	  spatial	  and	  temporal	  distribution	  of	  

these	  Hg	  sources	  and	  (3)	  elucidate	  MMHg	  formation,	  degradation	  and	  exposure	  pathways	  

in	  streams	  and	  wetlands	  contaminated	  by	  legacy	  Hg	  sources.	  Below,	  I	  provide	  a	  brief	  

overview	  of	  our	  key	  findings	  and	  then	  conclude	  by	  considering	  future	  directions	  for	  Hg	  

isotope	  research	  in	  aquatic	  ecosystems	  contaminated	  by	  legacy	  Hg	  sources.	  

6.1	  Review	  of	  Key	  Findings	  

6.1.1	  Characterizing	  Legacy	  Hg	  Sources	  

Hg	  stable	  isotope	  ratios	  can	  be	  used	  to	  identify	  Hg	  sources	  in	  sediment,	  but	  only	  if	  

the	  Hg	  source	  is	  isotopically	  distinct	  from	  uncontaminated	  sediment	  in	  the	  region.	  In	  

Chapter	  2,	  we	  measured	  the	  isotopic	  composition	  of	  Hg	  in	  sediment	  directly	  downstream	  of	  

the	  Y12	  National	  Security	  Facility	  (Y12)	  to	  characterize	  the	  isotopic	  composition	  of	  Hg	  

released	  during	  its	  historical	  use.	  We	  found	  that	  highly	  contaminated	  sediment	  was	  

isotopically	  distinct	  from	  uncontaminated	  sediment	  from	  a	  nearby	  reference	  stream	  that	  

contained	  no	  Hg	  point	  sources.	  Enabled	  by	  this	  initial	  finding,	  we	  measured	  sediment	  along	  

a	  longitudinal	  transect	  downstream	  of	  Y12	  and	  were	  able	  to	  identify	  Y12	  derived	  Hg	  far	  

downstream	  (~40	  km)	  of	  its	  origin.	  We	  further	  increased	  the	  scope	  of	  this	  study	  by	  

measuring	  sediment	  from	  multiple	  tributaries	  of	  varying	  size	  that	  were	  nearby	  but	  not	  
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downstream	  of	  Y12.	  In	  larger	  tributaries,	  the	  isotopic	  composition	  of	  sediment	  reflected	  

the	  accumulation	  of	  background	  atmospheric	  and	  geogenic	  Hg	  in	  the	  watershed.	  In	  small	  

tributaries	  near	  Y12,	  the	  sediment	  had	  anomalous	  low	  δ202Hg	  that	  we	  hypothesized	  was	  

from	  a	  local	  atmospheric	  Hg	  source	  in	  the	  region.	  By	  characterizing	  Hg	  released	  from	  Y12	  

that	  is	  stored	  in	  local	  sediment,	  this	  study	  provides	  a	  foundation	  for	  future	  Hg	  isotope	  

research	  to	  understand	  the	  conversion	  of	  this	  legacy	  Hg	  source	  to	  MMHg.	  

	  

6.1.2	  Tracing	  the	  Spatial	  and	  Temporal	  Distribution	  of	  Hg	  Sources	  

Building	  on	  previous	  work	  in	  San	  Francisco	  Bay	  4,	  5,	  and	  utilizing	  Hg	  isotope	  

techniques	  to	  identify	  anthropogenic	  Hg	  sources	  (Chapter	  2)6,	  we	  investigated	  the	  spatial	  

and	  temporal	  distribution	  of	  Hg	  sources	  in	  SF	  Bay	  (Chapter	  3).7	  Previously,	  Gehrke	  et	  al.4	  

attributed	  spatial	  variation	  in	  the	  δ202Hg	  of	  SF	  Bay	  sediment	  to	  different	  mining	  sources	  

(Au	  and	  Hg	  mining)	  that	  were	  deposited	  in	  the	  Bay.	  However,	  pre-‐mining	  sediment	  was	  not	  

characterized	  and	  the	  timing	  of	  Hg	  sources	  entering	  the	  Bay	  was	  not	  determined.	  We	  used	  

210Pb	  dated	  sediment	  cores	  to	  address	  these	  remaining	  questions.	  We	  found	  that	  the	  

isotopic	  composition	  of	  pre-‐mining	  sediment	  was	  consistent	  with	  low	  THg	  marine	  

sediment	  measured	  elsewhere	  (e.g.,	  8,	  9).	  We	  also	  observed	  spatial	  variation	  in	  Hg	  isotopic	  

compositions	  in	  historical	  (c.1960)	  sediment,	  which	  confirmed	  that	  Hg	  from	  two	  distinct	  

mining	  sources	  (Hg	  and	  Au	  mining)	  were	  deposited	  in	  north	  and	  south	  SF	  Bay	  prior	  to	  

1960.	  	  

In	  Chapters	  4	  and	  5,	  we	  moved	  upstream	  in	  the	  Sacramento	  River	  watershed	  to	  

better	  characterize	  legacy	  Hg	  and	  Au	  mining	  sources	  surrounding	  SF	  Bay.	  In	  Chapter	  4,	  we	  

identified	  the	  isotopic	  composition	  of	  Au-‐mining	  contaminated	  sediment	  in	  the	  Yuba	  Fan,	  
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an	  anthropogenic	  sediment	  deposit	  alongside	  the	  lower	  Yuba	  River.	  Yuba	  Fan	  sediment	  

was	  distinct	  from	  pre-‐mining	  sediment,	  and	  we	  suggested	  this	  Hg	  source	  could	  be	  traced	  to	  

downstream	  floodplains	  or	  lowland	  environments.	  In	  Chapter	  5,	  we	  found	  highly	  variable	  

δ202Hg	  in	  Hg	  mining	  contaminated	  sediment	  in	  Cache	  Creek.	  This	  was	  consistent	  with	  

heterogeneity	  reported	  in	  other	  streams	  containing	  Hg	  mine	  wastes,10-‐12	  and	  suggests	  it	  

may	  be	  challenging	  to	  identify	  and	  trace	  distinct	  Hg	  sources	  in	  sediment	  downstream	  of	  Hg	  

mines.	  Nonetheless,	  the	  Hg	  isotopic	  composition	  of	  sediment	  in	  Yolo	  Bypass	  wetlands	  was	  

indistinguishable	  from	  Hg	  in	  the	  Yuba	  Fan,	  suggesting	  the	  deposition	  of	  Au	  mining	  derived	  

Hg	  into	  Yolo	  Bypass.	  Overall,	  the	  results	  in	  Chapter	  4	  and	  5	  generally	  suggest	  that	  sediment	  

Hg	  isotopic	  compositions	  are	  valuable	  to	  identify	  legacy	  Hg	  sources	  and	  trace	  their	  

transport	  and	  deposition	  throughout	  Sacramento	  Valley	  (CA)	  watersheds.	  	  

	  

6.1.3	  MMHg	  Isotopic	  Composition	  in	  Aquatic	  Food	  Webs	  

	   In	  Chapters	  4	  and	  5,	  we	  began	  to	  investigate	  MMHg	  formation,	  degradation	  and	  

bioaccumulation	  in	  stream	  and	  wetland	  environments	  containing	  legacy	  Hg	  sources	  (Yuba	  

River,	  Cache	  Creek,	  and	  Yolo	  Bypass).	  The	  isotopic	  composition	  of	  MMHg	  is	  valuable	  

because	  it	  reflects	  the	  Hg	  source(s)	  and	  the	  sum	  of	  fractionation	  caused	  by	  biogeochemical	  

processes	  (e.g.,	  methylation	  and	  degradation)	  prior	  to	  MMHg	  entering	  the	  food	  web.	  Due	  to	  

the	  low	  concentration	  of	  MMHg	  in	  many	  environmental	  matrices,	  it	  is	  difficult	  to	  obtain	  and	  

isolate	  enough	  MMHg	  for	  direct	  high	  precision	  measurement	  of	  its	  isotopic	  composition	  

(e.g.	  13,	  14).	  Therefore,	  in	  Chapters	  4	  and	  5,	  we	  build	  upon	  previous	  work	  by	  Tsui	  et	  al.15	  to	  

estimate	  the	  isotopic	  composition	  of	  MMHg	  and	  IHg	  by	  analyzing	  a	  variety	  of	  different	  

aquatic	  organisms	  with	  a	  range	  in	  %MMHg	  (the	  percent	  ratio	  of	  MMHg	  to	  THg).	  	  
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In	  Chapters	  4	  and	  5,	  we	  measured	  THg,	  MMHg	  and	  Hg	  isotope	  ratios	  in	  a	  wide	  range	  

of	  aquatic	  organisms.	  The	  analysis	  of	  a	  diverse	  set	  of	  biota,	  particularly	  in	  Cache	  Creek	  and	  

Yolo	  Bypass	  (Chapter	  5),	  provided	  insight	  on	  MMHg	  sources	  and	  potential	  exposure	  

pathways.	  There	  was	  significant	  variation	  in	  the	  Hg	  isotopic	  composition	  of	  organisms	  that	  

could	  not	  be	  explained	  by	  the	  %MMHg	  alone.	  For	  example,	  in	  Cache	  Creek	  filamentous	  

algae	  and	  clams	  had	  a	  wide	  range	  in	  δ202Hg	  that	  we	  attributed	  to	  accumulation	  of	  IHg	  from	  

sediment	  that	  is	  isotopically	  heterogeneous	  (δ202Hg	  range	  of	  1.5‰).	  In	  Yolo	  Bypass,	  high	  

%MMHg	  biota	  had	  a	  1.5‰	  range	  in	  Δ199Hg,	  from	  crayfish	  who	  forage	  near	  sediment	  (with	  

low	  Δ199Hg)	  to	  fish	  who	  forage	  at	  the	  water	  surface	  (with	  the	  highest	  Δ199Hg).	  We	  

hypothesized	  that	  there	  may	  be	  isotopically	  distinct	  pools	  of	  MMHg	  in	  these	  wetlands	  (e.g.,	  

highly	  photodegraded	  MMHg	  with	  higher	  Δ199Hg	  in	  the	  water	  column).16	  This	  led	  to	  the	  

suggestion	  that	  future	  studies	  which	  carefully	  consider	  the	  feeding	  behavior	  of	  different	  

organisms	  might	  be	  able	  to	  distinguish	  between	  benthic	  and	  planktonic	  MMHg	  exposure	  

pathways.	  	  

Overall	  we	  were	  able	  to	  estimate	  the	  isotopic	  composition	  of	  MMHg	  in	  every	  

location	  studied	  in	  the	  Sacramento	  Valley.	  In	  the	  Yuba	  River	  (Ch.	  4)	  and	  Cache	  Creek	  (Ch.	  

5),	  the	  pre-‐photodegraded	  MMHg	  (subtracting	  MDF	  and	  MIF	  from	  photochemical	  MMHg	  

degradation)	  had	  consistently	  lower	  δ202Hg	  than	  IHg	  in	  sediment	  (i.e.,	  negative	  δ202Hg	  

offset).	  In	  contrast,	  in	  Yolo	  Bypass	  wetlands	  (Ch.	  5)	  pre-‐photochemically	  degraded	  MMHg	  

had	  higher	  δ202Hg	  than	  IHg	  (i.e.,	  positive	  δ202Hg	  offset).	  In	  past	  studies	  of	  lakes,	  estuaries	  

and	  the	  coastal	  ocean,	  consistent	  positive	  δ202Hg	  offsets	  were	  attributed	  to	  net	  biotic	  MDF	  

during	  methylation	  and	  degradation.17-‐20	  Thus,	  the	  negative	  δ202Hg	  offset	  in	  the	  Yuba	  River	  

and	  Cache	  Creek	  suggests	  that	  net	  MDF	  during	  biotic	  MMHg	  formation	  and	  degradation	  is	  
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different	  than	  in	  any	  previously	  studied	  environment.	  In	  Chapter	  4,	  we	  hypothesized	  that	  

changes	  in	  the	  extent	  or	  the	  pathway	  of	  biotic	  MMHg	  degradation	  in	  the	  Yuba	  River	  could	  

lead	  to	  net	  negative	  MDF	  between	  IHg	  and	  MMHg.	  In	  Chapter	  5,	  with	  the	  additional	  results	  

from	  Cache	  Creek	  and	  Yolo	  Bypass,	  we	  hypothesized	  that	  biotic	  MMHg	  degradation	  occurs	  

to	  a	  lesser	  extent	  in	  streams	  than	  in	  standing	  water	  environments.	  	  Thus,	  the	  combined	  

results	  of	  Chapters	  4	  and	  5	  suggest	  a	  fundamental	  difference	  in	  MMHg	  degradation	  in	  

streams	  compared	  to	  wetlands,	  lakes	  or	  coastal	  ocean	  environments.	  	  	  

6.2	  Future	  Directions	   	  

The	  results	  of	  this	  dissertation	  provide	  interesting	  avenues	  for	  future	  research	  to	  

advance	  the	  application	  of	  Hg	  isotopes	  to	  trace	  Hg	  and	  MMHg.	  Specifically,	  additional	  

experimental	  work	  to	  understand	  Hg	  isotope	  fractionation	  would	  aid	  in	  the	  comparison	  of	  

sediment	  (IHg)	  and	  MMHg	  isotopic	  compositions	  (Chapters	  4	  and	  5).	  For	  example,	  

throughout	  this	  dissertation,	  we	  demonstrated	  that	  Hg	  isotope	  ratios	  in	  sediment	  could	  

identify	  and	  trace	  different	  legacy	  Hg	  sources.	  However,	  only	  a	  small	  fraction	  of	  Hg	  in	  

sediment	  (less	  than	  ~5%)	  is	  labile	  and	  undergoes	  methylation.	  The	  isotopic	  composition	  of	  

labile	  Hg	  in	  sediment	  is	  unknown	  and	  the	  ability	  to	  isolate	  and	  measure	  Hg	  isotope	  ratios	  of	  

this	  sediment	  fraction	  would	  be	  valuable.	  Additionally,	  estimating	  the	  δ202Hg	  of	  pre-‐

photodegraded	  MMHg	  and	  its	  comparison	  with	  IHg	  (Chapter	  4	  and	  5)	  is	  reliant	  on	  

relationships	  derived	  from	  a	  small	  number	  of	  photochemical	  MMHg	  degradation	  

experiments	  (e.g.,	  21,	  22).	  It	  is	  not	  well	  understood	  how	  these	  experimental	  relationships	  

may	  change	  in	  different	  ecosystems	  (i.e.,	  freshwater,	  marine,	  estuarine,	  etc.)	  that	  have	  

different	  physical	  conditions	  (standing	  vs.	  flowing	  water),	  MMHg	  concentrations,	  and	  types	  
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of	  DOC	  or	  other	  binding	  ligands.	  Thus,	  future	  work	  to	  identify	  labile	  Hg	  in	  sediment	  and	  

expand	  photochemical	  degradation	  studies	  (with	  conditions	  specific	  to	  different	  

environments)	  would	  strengthen	  comparisons	  of	  IHg	  and	  MMHg	  and	  advance	  the	  

interpretation	  of	  Hg	  isotope	  data	  in	  future	  food	  web	  studies.	  	  

	   Despite	  these	  caveats,	  the	  measurement	  of	  Hg	  stable	  isotopes	  in	  sediment	  and	  biota	  

should	  continue	  to	  provide	  valuable	  insight	  on	  Hg	  sources	  and	  biogeochemistry	  in	  aquatic	  

environments.	  Throughout	  this	  work,	  we	  demonstrated	  that	  Hg	  isotopes	  provide	  a	  

conservative	  tracer	  of	  sediment	  bound	  Hg	  to	  downstream	  environments.6,	  7	  We	  also	  

measured	  Hg	  isotopes	  in	  a	  variety	  of	  different	  aquatic	  organisms,	  with	  a	  range	  of	  %MMHg,	  

to	  obtain	  estimates	  for	  the	  isotopic	  composition	  of	  MMHg	  in	  food	  webs.	  In	  the	  process,	  we	  

found	  evidence	  for	  multiple	  MMHg	  sources	  and	  suggested	  that	  future	  work	  could	  

distinguish	  between	  MMHg	  exposure	  pathways.16	  By	  combining	  sediment	  and	  biota	  Hg	  

isotope	  measurements,	  we	  demonstrated	  a	  fundamental	  difference	  in	  MDF	  between	  IHg	  

and	  MMHg	  in	  streams	  (Yuba	  R.	  and	  Cache	  Cr.)16,	  23	  when	  compared	  to	  wetlands	  (Yolo	  

Bypass)	  and	  previously	  studied	  lakes,18	  coastal	  oceans20	  or	  estuaries.17,	  19	  Therefore,	  future	  

research	  that	  combines	  Hg	  isotopes	  in	  sediment	  and	  aquatic	  organisms,	  across	  a	  range	  of	  

different	  environments	  (i.e.,	  different	  Hg	  sources,	  physical	  and	  geochemical	  characteristics,	  

etc.),	  should	  continue	  to	  enhance	  our	  understanding	  of	  Hg	  biogeochemistry	  and	  processes	  

that	  lead	  to	  MMHg	  bioaccumulation	  in	  aquatic	  food	  webs.	  	  	  
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