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SUBSURFACE    MOVEMENT   0F    RADI0NUCLIDES

In   this   presentati.on  we   shall   be   concerned  with   how   radionuclides  move   in

the   subsurface.     This   1.s   the   realm  of   groundwater   flow;   so  we   shall   spend   some

time  exami.ning   the   subsurface  movement  of  water   before   the  ml.gration  of

radl.onuclides   l.s   considered.     We  will   consi.der   the   source   of   groundwater,   what

forces  make  it  move  underground,   the  physi.cal   properties  of  aquifers,   how  to

determine  the  direction  and  rate  of  flow,   and  finally  the  effects  of

di.spersion   and  adsorpti.on.

The   source  of  most  groundwater   is   the  hydrologi.c  eycle   (Figure  1).

Evaporati.on   from  the  oceans  and  other  secondary   sources  puts  water  vapor  into

the  atmosphere  which   later  falls  as   preci.pi.tati.on.     A  portion  of  this

precipitation  i.nfiltrates  below  the  land  surface  and  becomes  part  of  the

subsurface  water  flow  regi.me.     The   amount  that   infiltrates   depends   on  many

factors.     A  few  of  the  most  important  are:     the  amount  of  ral.nfall,   the  rate

of  rai.nfall,   sol.1   type,   and  previous   soil   moisture.

The   forces   that  make  water  move  underground  are  mai.nly   two:     pressure  and

gravl.ty  or  elevati.on.     Fi.gure  2   shows   schemati.cally   how  pressure   and  elevation

can   be  used  to  move  water.     The   sum  of  these   two  quantities   i.s   given   the   name

hydraull.c   head   (Fi.gure   3).     To  measure   hydraulic   head   in   the   fl.eld  we   simply

drill   a  well   and  measure   the  water   level   in   the  well   with   regard   to   some   datum

(usually   sea   level,   see   Figure  3).

In   1856,   in  Dijon,   France,   an   engi.neer  named  Darcy   observed   that  water

moves   from  areas   of  high   head  to  areas   of  low   head.     He  also  observed  that  the

amount  of  water  moved  was   proporti.onal   to  the   head  difference.     These

observations   are   today   called  Darcy's  Law   (Figure  4).     In   addition   to   the   head

dl.fference  between   two   points,   the  velocity  of  water  flow  depends   on  the
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hydraulic  conductivi.ty  and  the  porosity   of  the  aquifer.     These  are  ptrysi.cal

properties  which  will   be  discussed  later.

There   are   two  major  classi.fications   of  aquifers:     Confined  and  unconfined

(Figure  5).     An   unconfi.ned  aquifer   has  a  water  table  at  atmospheri.c

pressure.     If  a  well   i.s   drilled   i.nto   the  unconfi.ned  aqui.fer  the  water  in   the

well   stands  at  the  level   of  the  water  table.     On  the  other  hand,   a  confl.ned

(or  Artesian)   aquifer  is  bounded  on   the  top  and  bottom  by  a  relatively

impermeable   layer   such   as  clay  or  shale.     If  a  well   is   drilled   1.nto   this

aqul.fer  the  water  level   or  kydraull.c   head  will   be  above  the  upper  confl.nl.ng

layer.     Confined  and  unconfined  aqui.fers  may  both  be  present  at  a   given

location;   the  water  level   i.n   the  confi.ned  aqui.fer  well   may   be  above  or  below

the  water  table,   depending  on  the  dl.rection  of  water  movement.

The  unsaturated  zone  exists   from  the  ground  surface  down   to  the  water

table   (Figure  6).     It  1.s  thi.s  zone  that  infi.1trating  water  must  traverse  to

become  part  of  the  water  table  and  the   saturated  zone.     The  amount  of  moi.sture

1.n  thi.s  zone   depends   on   the  precipi.tation   history  as  well   as   the   ptrysical

properties  of  the  zone.

We  next  turn  our  attenti.on   to   the  prtysical   properti.es  of  the   flui.d  and

aquifer  that  effect  groundwater  flow.     The  porosity   (Figure  7)   of  an  aqui.fer

is   defined  as   the   amount  of  voi.d   space   l.n   a   sample   divi.ded  dy   the   sample

volume.     Typical   porositi.es   vary   fran  about  1%  to  50%.     Porosities   can   be

expressed  as  either  percents   or  decimal   values.     Obviously,   the   void   space   of

the  porosity   is   the   volume  occupl.ed   dy   groundwater.

The  kydraulic   conductivity   (Figure  8)   depends  on  both   fluid  and  aqul.fer

properties.     The  main   aqui.fer  dependence   i.s   on  the   square  of  the  average   grain

dl.ameter.     This  means   that   fi.ne   grained  materials  will   have   low   hydraull.c

conductivl.ty   and  will   not  allow  water  to  move  through   easily.     There   is   an
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additi.onal   aquifer   dependence,   C,   whl.ch   depends   on   grain   shape   and   pore

interconnectivity;   however,   I.t   is   a  complex   function   and  can   not  be  easi.1y

calculated  for  real   aquifer  materi.als.     The   fluid  properties  of  weight

density,  T,   and  viscosi.ty,   ti.   also  enter  the  expression   for  rtydraulic

conductivl.ty.     Flul.ds   wi.th   higher   wei.ght  densi.ties   and   lower   vl.scosities   have

greater  rtydraul ic  conductivi.ty.

The   speci.fic  yield   (Fi.gure  9)   of  an   unconfined  aquifer   is   defined  as   the

amount  of  water  that    can  be  drained  by  the  action  of  gravity  from  a  unit

volume.     Obviously   the   specific  yield  must  be  less   than   the   porosi.ty   because

some  water   is   held  very   tightly  by  molecular  forces.

The   storage  coefficient   (F1.gure  10)   is   defi.ned   for  confined  aqul.fers.     It

is  the  amount  of  water  yi.elded  dy  elasti.c   properties  per  unit  volume  of  the

aqui.fer  when   the   trydrauli.c   head   i.s   lowered.      It  depends   on   the   compressibi.lity

of  water  and  the  aquifer  matri.x,   so   1.t  is  much   smaller  than   specifi.c  yield.

For  thi.s   reason,   unconfi.ned  aqui.fers   are   generally  much  more,  prolific.

Figure   11   shows   schematically   some   typi.Gal   aquifer  materials   and  a   range

of  ptrysical   parameters   for  some   typi.cal   geologic  materials.     Sketch   (a)   shows

well   sorted  sand  or   gravel   with   good  porosity   and  permeability.     Sketch   (b)

shows   a  poorly   sorted  unconsoll.dated  material   with  much   lower  porosity   and

permeabi.11.ty   than   (a).      Sketch   (c)   1.s  a  well   sorted  unconsolidated   granular

materi.al   whose   grai.ns   are   also   porous.     Thus   one  would   expect   (c)   to   have  even

higher  porosity   than   (a).     Sketch   (d)   represents   something   like  a   sandstone

whl.ch   has   its   grains   cemented   together.     One  would  expect   (d)   to   have  mucli

lower  porosity   and  permeability   than   (a).     Sketch   (e)   represents   a

limestone.     Usually   the   original   porosity   of   limestone   1.s   low;   however,

fracturing   and   dissolution  can   cause   secondary   porosi.ty.     Sometimes   thl.s   can

be   very   pronounced  as   i.n   areas  where   caves   are   very   common.     Sketch   (f)
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represents   somethi.ng  like  crystali.ne   rock  that  had  11.ttle   initial   porosity   but

has   been   fracturecd  to  create  secondary  porosi.ty   and  permeabi.lity.     We  do  not

have  a   sketch   representi.ng  clay;   but,   it   is   very   fine   grai.ned  wi.th   a  high

porosity  and  very   low   specl.fic  yield  and  permeability.     Shale  also   has  a   low

permeability.     Clays   and   shales   are   some  of  the  main   confinl.ng   layers   for

confi.ned  aqui.fers.

One  of  the  mal.n   tools  of  the   groundwater  hydrologl.st  1.s   the   kydraulic

head  map.      If  one  wl.shes-to  monl.tor  the   groundwater  moveout   in   an   area,   the

usual   procedure   1.s   to   dri.11   a  number  of  observation  wells   and   record  the  water

level   1.n   each.     Each   of   these  measurements   can   be   located  on   an   areal   map.

Lines   of  constant  trydraulic   head  can   be   drawn   through   thl.s   data   either  dy   hand

or  computer   program.     Such   a  map   is   shown   1.n   Figure   12.     Darcy's   law   tells   us

that  water   flows   only   1.n   response   to  a  change   in   rtydrauli.c   head.     Tneret`ore,

water  will   flow  perpendi.cular  to   the   li.nes  of  constant  head.     Two   sample   flow

11.nes   are   drawn   on  Figure   12.     Wi.th   thi.s   technique  we   can   determine   the

directi.on  a   pollutant  will   migrate.     W1.th   thi.s   knowledge   it   i.s   possible   some

remedial   action  can  be   taken.

Since   the  Chernobyl   acci.dent  occured  in   a  rl.ver  valley   setting,   I   have

decl.ded  to   illustrate   some  of  the   thi.ngs  we   have   discussed  by   looking  at  the

Kansas   Ri.ver   valley   near  Lawrence   (Figure   13).      F   -F'    1.s   a   typical   cross

section  of  the   ri.ver  valley  just  north  of  Lawrence.     The   saturated  thickness

averages   about  40   feet.     It   1.s   an  unconfined  aquifer  composed  of

unconsolidated   sand  and   gravel   wi.th   some  clay   and   silt  that  has   been   deposited

dy   river   action   (alluvl.urn)   over   the   recent   geologic   past   (about  one  mi.111.on

years).     We  would  expect  the  alluvium  to  have   relatively   high  porosity   and

permeability.     Beneath   the   alluvium,   the  bedrock   consl.sts   of  consolidated

rocks   that  are   relati.vely   impermeable.     This   area   gets   about  thirty   five
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1.nches   of   rain   on   average   each  year.     Some   of   thi.s  makes   its   way   down   to   the

water  table  and  becomes   part  of   the   groundwater   flow.     The  trydraulic   head

contours   1.ndl.cate   that  the  water   flow  is  mai.nly   down   the   axi.s   of  the   river

valley.     The   river  meanders   back   and  forth  across   the  valley.     In   some  places

the  ri.ver  gains  water  from  the  groundwater  system;   in  other  areas   it  loses

water  to  the  groundwater  system.     Overall   the  stream  gains  water  from  the

groundwater  system.     This  overall   gain  of  water  represents   the  amount  of

preci.pitati.on  maki.ng   1.ts  way  to  the  river  through   the   groundwater  system.

Thi.s  type  of  behavior  is  usually  called  stream-aquifer  interaction.

Obvi.ously,   after  heavy  precipitation  when  the   river  stage  is  very  hl.gh  due  to

overland  runoff,   the  river  is   feedi.ng  water  into  the  groundwater  system.

We   have   already   consi.dered  Darcy's   Law  whi.ch  wi.11   allow   us   to   calculate

the  average   groundwater  velocity.     The   basic   equation   is   shown   agal.n   at  the

top   of  Figure  14.     Using   some   typical   values   for  hydraulic   conductivl.ty,

porosity   and  trydraulic   gradi.ent   for  Kansas  we  can  calculate   some   typical   water

velocities   i.n   different  geologic   envi.ronments.     The  major  unconfi.ned  aquifers

in  Kansas   are  the  Ogallala  and  the  major  river  valleys.     Typical   water

velocities   i.n   these  unconfined  aqui.fers  would  be  1-2  ft./day.     In   the  central

Kansas   Lower  Cretaceous   aqui.fer  consi.sting   of   the   Cheyenne   and  Dakota

Sandstones,   typi.cal   water  veloci.ti.es  would  be   .1-.01   ft./day.      In  clays   and

shales  which   have   very   low  permeabi.11.ty,   typical   water   velocities   would  be

•01-.0001   ft./day.     We   see  that  even  in  prolific  aquifers   the  water  velocity

is   not  large.   For  example   1.n   the  Kansas   River   valley,   on   average   it  would   take

a  water  molecule  7-15  years  to  travel   one  mile.

In   the   preceeding   discussion   I   have  been   careful   to   say   average

velocl.ties.     In   actual   fact,   a  water  molecule  may  experi.ence  a   range  of

velocities   in  moving.from   point  A  to   point  8.     This   is   because   the   maxl.mum
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velocity  occurs  at  the  center  of  a  pore  channel   and  goes  to  zero  at  the  pore

boundary   (Fi.gure   15).     Also   there   are   numerous  ways   a   particle   can   go   from  A

to  8  depending  on  which  pore  channel   it  traverses.     If  the  water  contains  a

solute  whose  concentration   varies   over  space,   molecular   diffusi.on  wi.1l   cause

the  solute  to  be  spread  from  areas  of  greater  concentrati.on  to  areas  of  lower

concentration.     Molecular   di.ffusion  will   be  operati.ve   until   there   is  a  uniform

concentrati.on  throughout  the  aqui.fer.     The  cumulative  effect  of  all   these

mechanl.sins   is   called  hydrodynami.c   dispersion.     The   net  effect  of  tlydrodynamic

dispersi.on   is  that  a  group  of  particles  whi.ch   started  out  together  at  point  A

will   arrrive  a  poi.nt  8  at  dl.ffering   ti.mes.

Figure  16   shows   a  schematic   for  an  experiment  that  would  exhibit

hydrodynamic   disperl.son.     If  at  some  time  to  we   start  feedi.ng  water  with  a

tracer  concentration   Co  through   a   sand  colunm,   it  wi.11   be  observed  that  the

outflowing  water  wl.11   slowly   build   up   to   concentrati.on  Co.      If   no   dl.spersion

was   occuring   the  water  would  suddenly  change   from  zero  concentration   to  Co.

Many   solutes   that  are  dissolved  in  groudwater   react  with   the  porous

medium  and  are  adsorbed  or  precipi.tated.     Experi.mentally   it   is   found  that  many

times   the  mass  of  solute   adsorbed  or  preci.pitated  per  uni.t  mass  of  porous

medium,   S,   is   dl.rectly   related  to   some  power,   b,   of   the  concentration  C

(Figure   17).      If  b  =   1,   the   solute   is   said  to   exhibi.t  a   11.near   1.sotherm.     For

the  case  of   solutes  which  exhi.bit  fast  reversible   reacti.ons  and  linear

isotherms,   a   retardation  equation  can  be  written   1.nvolving  the  dl.stribution

coefficient,   Kd   (Figure  17).     Thi.s  means   that  the   solute   does   not  move  as   fast

as   the  average  water  veloci.ty  and  I.s  retarded.     Plugging  typical   values   in  for

densl.ty   and  porosity,   we   find  that  when  the  di.stri.buti.on   coefficient  Ka  =  1,

the  average  solute  veloci.ty  i.s  only   1/5  to  1/10  that  of  the  average  water

velocity.     As  Kd  gets   larger  the   solute  becomes   more   immobile.     If  the
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dl.stributi.on   coeffi.cient  Kd  =   100,   the   solute   velocity   is  1/400   -1/1000  of

the  average  water  velocity

Fi.gure  18  shows   some  experimentally   determi.ned  distribution   coefficl.ents

for  common   radionuclides   in   alluvium  and  bentonite  clay.     Fortunately,   most  of

the  Kd   are   qui.te   large   and  consequently   the  movement  of   the   nuclide  wi.11   be

severly   retarded.     137Cs   and  9°Sr  are  usually  consi.dered  the  most

environmentally   troublesome.     We   see   that  9°Sr   is   the  more  mobi.1e   i.n

groundwater  of   the   two.     Fi.gure  19   shows   some   data   on   the  movement  of

radl.onuclides   from  a   dl.sposal   crib   for   low  level   wastes   at  Hanford,

Washi.ngton.      In   this   case  ]°6RU  was   the  most  mobile,   9°Sr  was   the   next  most

mobile,   and   ]37Cs   was   relatively   immobi.le.     Thi.s   agrees   well   wi.th   the   values

for  Kd   that  we   saw   1.n   Fi.gure   18.

Probably   the   best  way   to  keep   contamination   of  aquifers   to   a  mi.ni.mum   i.n

the  event  of  a  nuclear  reactor  accident  is  to  have  a  contai.nment  vessel   as  an

integral   part  of  the   design.     However,   if  it  1.s   breached  or  absent,   there  are

some  other  thi.ngs   that  should  be  considered  when   the   reactor  sl.te   is

selected.     If  possible,   the  reactor  should  not  be  sited  over  or  near  prolific

aquifers,   especi.ally   if  they  have  a   strong   interaction  wi.th  a  nearby  major

stream.     However,   since  the   reactor  needs  a  reli.able   supply  of  water  for

cooling   and   steam  generation,   thi.s   cri.terion   for   preventi.on  of  water  pollutl.on

by   an   accident  may   be   1.gnored.

If  1.t  is   necessary  to  sl.te  a  reactor  over  an  aqui.fer,   several   other

factors  may   be   consi.dered   to   keep  water   pollution   to   a  ml.nimum  in   case  of   an

accident.     A  site   should  be  selected  that  has  a  maxi.mum  depth  to  the  water

table.     Clay-bearing   geologic  materials  are  effecti.ve   i.n   retardi.ng

radionucli.de  movement.     A   site   should  be   chosen   such   that  the   geologic

materials   under   the   reactor  have  a   large  Kd.     For  example,   in  a   river  valley
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setting,   a  site  with   very  clean   sands   and  gravels   and  11.ttle   clay  would   not  be

the  best   sl.te   from  the   standpoint  of  preventl.ng   radionuclide  mi.gration.     S1.nce

a   difference   in  hydrauli.c   head  is  what  causes  water  to  rove,   a  si.te   should  be

chosen  that  has  nearly  a  constant  trydraulic  head  across   it.     If  the   geologic

materl.als   also   have   a  low  rtydraulic   conductl.vity,   these   two  criteri.a  wi.11

l.nsure  very   low  water  velocities  and,   consequently,   even  lower   rates  of

migratl.on   for   radionucll.des,..

In   summary,   water   veloci.tl.es   are   usually   low  and   radionucli.de  mi.gration

is  usually   retarded  considerably.     However,   in  cases  where   large  quantities  of

radl.onucll.des  with   relatively   long   half-11.Yes   such   as  9°Sr  are   released,   it   is

possi.ble   to   have   si.gnificant  contaminati.on  of   the   groundwater   eystem  and  any

strongly  coupled  nearby   surface  water  body.     We   have   di.scussed  several   factors

that,   if  considered  at  the  time  the   reactor  site   is   selected,   could  ml.nl.ml.ze

the  amount  of  water  contaminati.on   resulting   from  an  accident.
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PRESSURE   =   P

Figure  2



h = p/7 +  Z

h=   dy   +  z

h  -  Hydraulic  head

p  -  Fluid  pressure

7  -  Weight  density

z  -  Elevation  of  measuring  point

Figure  3



Darcy's  Law

x2

K    h2-hl_      K   Ahri - - fr rxnx2

V  -  Average  water  velocity

K  -  Hydraulic  conductivity,  depends  on

both  f luid  and  aquif er   properties

n  -  Porosity  of  the  aquifer

Water  f lows  from  areas  of  higher  hydraulic

head  to  areas  of  lower  hydraulic  head.

Figure  4
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Divisions  of subsurface  water.
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Hydraulic  Conductivity  or

Coeff icient  of   Permeability

K-cd2+

c  -  Dimensionless  factor  depending  on

grain  shape  and  interconnectivity

d  -  Mean  grain  diameter

7  -  Fluid  weight  density

P  -  Fluid  viscosity

Figure  8



Specif ic  Yield  (  Unconfined  Aquifers  )

is  the   amount  of  water  that  can  be

d+ained  by  the  action  of  gravity.

S;ry -V w /V t

Sy  -  Sbecific  Yield

Vw  -  Volume  of  water  drained  by  gravity

Vt  -  Total  volume  of  s.ample

Sy <` n

Figure  9



Storage  Coefficient  (  Confined  Aquif ers  )

is  the  amount  of  water  yielded  by  elastic

properties  when  the  hydraulic  head  is  lowered.

s = ryb( cL +  np )

b  -  Thickness  of  aquif er

CL   -  Compressibility  of  aquifer

P   -  Compressibility  of  water

Figure   10



Figure   11
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Hydraulic    Head    Map

Figure   12



Kansas    Biver   Valley

Pleistocene

Figure   13



Average  Water  Velocity

KAh_Tax

Typical  Values  For  Kansas

Unconf ined    Unconsolidated  Alluvium

Ogallala  and  Major  Fiver  Valleys

V a 1-2ft./day

Central  Kansas

Lower  Cretaceous  Aquif er

Cheyenne  and  Dakota  Sandstones

V*.1-.01   ft./day

ln  Typical  Clays  and  Shales

Vs.01-.0001   ft./day

Figure   14



Hydrodynamic    Dispersion

Mixing   in  individual  pores

Mixing  of   pore   channels

Figure   15

-t=

Mixing  by  moleculo/

diffusion



Example   of   Hydrodynamic   D.ispersion

Direction
o' flow

Time alter  introduction ol tracer   -    -

Figure   16

Outftw  containing
`iacei  concel`lra`ion  a



Distribution  Coeff icient

S=Kdcb         Experimentally

S-  Mass  of  solute  adsorbed  or  precipitated

per   unit  mass  of  porous  medium.

C  -  .Solute  concentration

b  -  Some  power  to  be  determined

experimentally

Betardation  Equation

Vs/V = 1/(  i  + Kd #)

Vs  -  Solute  velocity

Typically  P/n  = 4-10

If  Kd  =  1     Vs  =  V/5-V/10

As  Kd  gets  larger  the  species  is

more  immobile.

Figure   17



DISTRIBUTION    COEFFICIENTS    FOR   ALLUVIUM   AND    BENTONITEa

Distribution   Coeffici.ent   (mL/g)

Al l uvium                                                         Bentoni.te

El ement                 Sorpti.on                 Desorption               Sorpti on                 Desorpti on

U(VI)

Nb

Ba

Cs

CO

Ce

Eu

6

6

30

20

0.15

220

10

1900

3800

8000

9000

>20,000

>5000

4.6

180

300

3500

4000

8000

21 '000

>2000

>2000

1700

1000

4000

1800

1300

>500

>1400

2500

2200

6000

2200

7000

>2000

>6000

aData   from  Wolfsberg   (1978)   and   Wolfsberg   and   Wanek   (1982).

bTrace  water  produced  by   leaching  test  debri.s.

Figure   18



Figure  5.3     Downward  movcn`cnt  of radionuclidcs  from  crill  `lscd  for  \\':istc  disiios.`l
at  Hanford. Washington, January  1956.   Two oulcr wells wcrc drilled af!cr use of crib
``'as discontinued.   (Diagram from Lindcroth and Pcarce [38].)

Figure   19




