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Figure	  2.	  Arsenic	  specia0on	  in	  the	  bulk	  (a)	  and	  <	  2	  μm	  sediment	  frac0on	  (b),	  the	  “reac0ve”	  and	  total	  As	  (c),	  and	  sediment	  profile	  of	  the	  Flooded	  Site	  (d).	  

Figure	  3.	  Results	  of	  the	  linear	  combina0on	  fiTng	  of	  the	  k3	  –	  weighted	  chi	  func0on	  of	  Fe	  EXAFS	  spectra	  for	  four	  sediment	  samples	  from	  
each	   site	   (a,	   c).	   The	   numbers	   provided	   are	   the	  %	   contribu0on	  of	   each	  mineral	   to	   the	   total	   Fe	   concentra0on.	   The	  k3	   –	  weighted	   chi	  
func0ons	  are	  displayed	  as	  solid	  colored	  lines,	  and	  the	  black	  dashed	  lines	  are	  the	  fits	  (b,	  d).	  The	  colors	  in	  the	  tables	  correspond	  to	  the	  
colors	  in	  the	  graphs.	  The	  sampling	  depths	  are	  given.	  

Arsenic	  (especially	  AsO3
3-‐)	  is	  o[en	  associated	  with	  iron	  oxides,	  which	  are	  concentrated	  in	  the	  fine	  grains	  of	  the	  sediment,	  and	  therefore	  we	  would	  expect	  to	  see	  a	  dispropor0onately	  high	  amount	  of	  As	  in	  the	  <	  2	  μm	  frac0on	  and	  perhaps	  a	  difference	  

in	  specia0on.	  Nevertheless,	  in	  the	  Seasonal	  Site,	  the	  arsenic	  specia0on	  is	  consistent	  between	  the	  bulk	  sediment	  and	  clay	  size	  frac0on	  (Figure	  1a	  &	  1b).	  Arsenic	  exists	  as	  100%	  As(V)	  from	  0	  to	  4	  m.	  Here	  the	  sediment	  profile	  drains	  in	  the	  dry	  season,	  
allowing	  oxygen	  to	  penetrate.	  In	  addi0on,	  the	  top	  4	  m	  has	  hues	  of	  oxidized	  iron,	  and	  low	  organic	  content	  (0.3	  –	  0.5	  %	  C).	  The	  sediment	  remains	  saturated	  year-‐around	  below	  4	  m,	  and	  as	  a	  result,	  we	  observe	  a	  rela0ve	  decrease	  in	  AsO4

3-‐	  –	  the	  	  oxo	  
As(V):As(III)	  ra0o	  is	  approximately	  1:1	  at	  5	  m.	  Arsenic	  (III)	  predominates	  below	  5	  m	  as	  AsO3

3-‐	  and	  arsenic	  sulfides.	  Realgar	  (AsS)	  is	  present	  in	  both	  the	  bulk	  and	  clay	  frac0on,	  and	  arsenopyrite	  (FeAsS)	  is	  found	  in	  the	  bulk	  sediment.	  The	  5.5	  m	  sample	  is	  
from	  a	  greyish	  black,	  organic-‐rich	  (5.5	  %	  C)	  layer,	  and	  the	  6.10	  m	  sample	  is	  black	  peat	  (21.5	  %	  C).	  Under	  anaerobic	  condi0ons,	  sulfate	  and	  iron	  oxides	  will	  be	  reduced,	  forming	  iron	  sulfides	  to	  which	  arsenic	  can	  par00on,	  explaining	  the	  10	  to	  15-‐fold	  
increase	  in	  total	  As	  concentra0on	  in	  the	  peat	  rela0ve	  to	  the	  mineral-‐dominated	  sediment	  of	  the	  top	  5	  m	  (Figure	  1c).	  However,	  only	  2	  %	  of	  the	  arsenic	  in	  the	  peat	  is	  reac0ve	  compared	  to	  the	  11	  –	  25	  %	  	  observed	  higher	  in	  the	  profile.	  

In	  the	  Flooded	  Site	  the	  As(V):As(III)	  ra0o	  decreases	  as	  a	  func0on	  of	  depth	  in	  both	  the	  bulk	  sediment	  and	  <	  2	  μm	  frac0on,	  indica0ng	  arsenic	  reduc0on	  is	  occurring	  over	  0me.	  Here	  As(V)	  disappears	  in	  the	  clay	  size	  frac0on	  below	  2.5	  m	  and	  in	  the	  bulk	  
sediment	  at	  4	  m,	  indica0ng	  reducing	  condi0ons	  occur	  closer	  to	  the	  land	  surface	  than	  in	  the	  Seasonal	  Site.	  Arsenic	  sulfide	  (realgar)	  was	  detected	  at	  3	  m.	  The	  generally	  higher	  propor0on	  of	  As(V)	  in	  the	  bulk	  rela0ve	  to	  the	  clay	  size	  frac0on	  (especially	  at	  
0.26	  m)	  may	  be	  a>ributed	  to	  the	  greater	  array	  of	  mineral	  surfaces	  (e.g.,	  silicates)	  to	  which	  As(V)	  can	  sorb.	  Arsenic	  reac0vity	  is	  greatest	  at	  the	  surface,	  indica0ng	  ac0ve	  arsenic	  reduc0on	  is	  most	  likely	  to	  occur	  here.	  	  

The	   iron	  mineralogy	   is	  consistent	  for	  both	  sediment	  profiles,	  and	   is	  
predominantly	   comprised	   of	   iron	   oxides	   (ferrihydrite,	   goethite	   &	  
hema0te)	   and	   silicates	   (smec0te,	   hornblende	   &	   augite).	   The	   two	  
excep0ons	   are	   the	   pyrite	   found	   in	   the	   peat	   layer	   (6.10	   m)	   in	   the	  
Seasonal	  Site,	  and	  the	  siderite	  found	  in	  the	  Flooded	  Site	  at	  a	  depth	  
of	   2.63	  m.	   The	   co-‐associate	   of	   arsenic	   with	   iron	   and	   sulfur	   in	   the	  
peat	  layer	  is	  shown	  in	  the	  pink	  region	  of	  Figure	  4.	  	  

Arsenic	  becomes	  more	  reduced	  as	  depth	  increases	  in	  both	  the	  Seasonal	  and	  Flooded	  Sites,	  with	  AsO3
3-‐	  predomina0ng	  closer	  to	  the	  land	  surface	  at	  the	  Flooded	  Site.	  The	  reac0ve	  arsenic	  is	  	  within	  11	  –	  27	  %	  of	  the	  total	  As	  

for	  all	   sediments	  with	   two	   important	  excep0ons.	   First,	   arsenic	   reac0vity	   is	   greatest	   (37	  %	  of	   total)	   at	   the	   surface	  of	   the	   site	  where	   fresh	   iron	  oxides	  are	   codeposited	  with	  organic	  ma>er	  under	   con0nuously	  flooded	  
condi0ons	  leading	  to	  ac0ve	  dissimilatory	  As/Fe	  reduc0on.	  Second,	  arsenic	  reac0vity	  is	   lowest	  (2%	  of	  total)	   in	  the	  peat,	  which	  contains	  10	  –	  15-‐fold	  more	  total	  As	  than	  any	  other	  sediment	  layer.	  The	  source	  of	  reac0ve	  
arsenic	  in	  these	  sediments	  is	  most	  likely	  the	  (1	  M	  HCl	  dissolvable)	  iron	  oxides.	  On	  the	  other	  hand,	  peat	  layers	  appear	  to	  be	  a	  sink	  for	  arsenic.	  

Introduc0on/Objec0ves	  

Sediment	  cores	  were	  retrieved	  from	  depths	  of	  0.2	  to	  6	  m	  at	  the	  
Seasonal	  Site	  and	  from	  0.2	  to	  4	  m	  at	  the	  Flooded	  Site.	  Sediments	  
were	  dried	  under	   95%N2/5%H2	   atmosphere.	  A	   1	  M	  hydrochloric	  
acid	   (HCl)	   extrac0on	   was	   performed	   on	   the	   bulk	   sediments	   to	  
quan0fy	   the	   “reac0ve”	   As	   pool	   –	   from	   the	   dissolu0on	   of	  
amorphous	   Fe/Mn	   oxides,	   acid	   vola0le	   sulfides,	   and	   carbonates	  
(Keon	  et	  al.,	  2001).	  Total	  arsenic	  concentra0ons	  were	  determined	  
by	   X-‐ray	   fluorescence	   (XRF).	   The	   reac0ve	   and	   total	   arsenic	  
concentra0ons	  are	  displayed	  as	  a	  func0on	  of	  depth	  for	  each	  site	  
(Figure	  1).	  	  

Millions	   of	   people	   in	   the	   deltaic	   regions	   of	   S/SE	   Asia	   regularly	  
consume	  arsenic	  contaminated	  groundwater.	  Within	  the	  Mekong	  
Delta	   of	   Cambodia,	   for	   example,	   arsenic	   persists	   within	   the	  
groundwater	   despite	   being	   flushed	   by	   several	   pore	   volumes	   of	  
recharge.	  The	  iden0ty	  and	  reac0vity	  of	  the	  minerals	  contribu0ng	  
to	   the	   persistence	   of	   arsenic	   in	   the	   deltaic	   aquifers	   remain	  
elusive.	  Here	  we	  seek	  to	  define	  the	  molecular	  form	  of	  the	  arsenic	  
and	   its	   host	   phases	   along	   two	   defined	   flow	   paths:	   i)	   in	   a	  
seasonally	   saturated	   wetland	   (Seasonal	   Site)	   and	   ii)	   in	   a	  
con0nuously	  saturated	  wetland	  (Flooded	  Site).	  	  

Methods	  

Arsenic	   specia0on	   was	   determined	   for	   the	   bulk	   sediments	   and	  
clay	  size	  frac0on	  (<	  2	  μm)	  by	  X-‐ray	  absorp0on	  near-‐edge	  structure	  
(XANES)	   spectroscopy	   -‐	   the	   clay	   size	   frac0on	   was	   isolated	   by	  
sonica0on	   for	   10	   h	   followed	   by	   gravity	   separa0on	   in	   anoxic	  
deionized	  water.	  Linear	  combina0on	  fiTng	  of	  XANES	  fluorescence	  
spectra	  was	  op0mized	  over	  a	   range	  of	  11850	   to	  11890	  eV	  using	  
normalized	  spectra	  of	  five	  standards	  represen0ng	  the	  poten0al	  As	  
species	  within	  the	  aquifers.	  The	  results	  of	  the	  linear	  combina0on	  
fits	   are	  displayed	  as	   a	   func0on	  of	   depth	   for	   each	   site	   (Figures	  1	  
and	   2).	   Iron	   extended	   X-‐ray	   absorp0on	   fine	   structure	   (EXAFS)	  
spectroscopy	  was	  used	   to	  determine	   the	   iron	  mineralogy	  of	   the	  
bulk	   sediments.	   Energy	   scans	   for	   Fe	   EXAFS	  were	   collected	   from	  
-‐230	  to	  +900	  eV	  about	  the	  Fe	  foil	  edge.	  A	  spline	  func0on	  was	  fit	  
through	   the	   absorp0on	   envelope	   and	   subtracted	   from	   each	  
spectrum.	   The	   resul0ng	   EXAFS	   func0on	   (chi)	   was	   transformed	  
from	  eV	  to	  k-‐space	  (Å-‐1)	  and	  weighted	  by	  k3.	  Linear	  combina0on	  
fiTng	  of	  the	  Fe	  EXAFS	  chi	  func0on	  was	  performed	  over	  a	  k	  range	  
of	  3	  to	  12	  Å-‐1	  using	  30	  different	  iron	  mineral	  standard	  spectra.	  The	  
chi	   func0ons	   and	   linear	   combina0on	   fits	   are	   shown	   for	   four	  
depths	   at	   each	   site	   (Figure	   3).	   The	   fits	   were	   constrained	   by	  
synchrotron	  X-‐ray	  diffrac0on.	  
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Depth&(m)
Ferrihydrite Goethite Hematite Fe3Smectite Hornblende Augite Pyrite Siderite
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!1.66 10 22 30 38

!2.63 16 14 13 39 18

!3.93 31 14 12 43

Component&(%)

Depth&(m)
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Flooded	  Site	  –	  Iron	  Mineralogy	  	  
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Figure	   4.	   μX-‐ray	  fluorescence	   rela0ve	  distribu0on	  of	  
As,	  Fe,	  and	  S	   in	  the	  peat	   layer	  mapped	  at	  11881	  eV.	  	  
The	  scale	  bar	  is	  in	  μm.	  

Figure	  1.	  Arsenic	  specia0on	  in	  the	  bulk	  (a)	  and	  <	  2	  μm	  sediment	  frac0on	  (b),	  the	  “reac0ve”	  and	  total	  As	  (c),	  and	  sediment	  profile	  of	  the	  Seasonal	  Site.	  
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The	  Flooded	  Site	  is	  near	  satura0on	  up	  to	  the	  surface	  	  in	  the	  	  dry	  season.	  	  

The	  Seasonal	  Site	  in	  the	  dry	  season.	  	  


