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Abstract

This   study   develops   a   seismic-ref lection   method   that   gives

detai  led   hydrologic   and   geologic    information   about   a   shal  low   aquifer

without   the   need   for   many   observation   wells.      Seismic-ref lection

surveys  were   used   to   fol  low   the   drawdown    in   a   shal  low  aquifer   during

a   pumping   test.      using   severe   analog   low-cut   filters   and   1/4+n

geophone   spacings,   335-Hz   ref lections  were  obtained   from   the   top  of

the   saturated   zone   2.7  in  deep.      The   reflections  moved   down    in   time

as   the   saturated   zone   dropped   in   response   to   pumping.      The   dominant

frequency   and   band`^ridth   both   dropped   during   pumping,    indicating   a

more   diffuse   reflecting   boundary.      Slight   elevation   rises    in   the

ref lector   of   as  much   as   a.3  in  at   specif ic   locations   on   the  COP

sections  may    indicate   a   higher   elevation   oT   the   capillary   fringe   and

therefore   f iner   sediments   in   those   locations.      The   top   of   the

saturated  zone   dropped   less   than   expected   and   did   not   show  signs   of

the   cone   of   depression.      This,   combined  with   drawdown   data   and

garma-ray   logs,    led   to   the   conclusion   that   an    intermediate   clay

layer,   previously   thought   to   be   discontinuous,   caused   a   perched

water    table    in    the   vicinity   of    the   pumping   wel  I.

Analysis   of    the   stacking   velocities   and   correlation   coef f icients

showed   that   water    retained   in   the   soil    layer    is   probably   responsible

for   most   of    the    lateral    variation   of    the   stacking   velocities.

Ampl  itude-versus-offset   analysis   of   the   corrmon-offset   data   show

there   are   two   offsets  where   the  multiple   ref lection   reaches  maximum

amplitude,    possibly   where   the   seismic   energy    is    incident   on   the

ref lecting   interface   at   the  P-and   S-wave   critical    angles.
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I n t roduct i on

The   role   of   seismic  methods    in   ground-water    investigations   has

traditionally   been   to   supply    information   on   the   subsurface.geology

of   an   area  of    interest.      Typically,    refraction   surveys   have   been

employed   to   determine   the   thickness   of   unconsol  idated   sediments   over

bedrock   although   they   can   be   used   to   roughly   determine   the   depth   to

the  water   table   (Eaton,1974).     Most   ground-water   data  are  obtained

though   direct   measurements    in   observation   wells,    limiting

information   to   a   series   of   widely   spaced   points   with   aquifer

properties    inferred   between   and   beyond   the  wells.       If   closely   spaced

data   are   necossa.ry,   many  wells   are   needed,   often   at   a   high   cost.       In

some   areas,   such   as   hazardous-waste   sites,    it  may   not   be   possible  or

desirable   to   obtain   hydrologic   data   by   such   traditional   means.      This

study   shows   that-shal  low  seismic-ref lection   surveys   possess   the

potential    to   provide   direct   hydrologic   information   at   a   point

without   direct   well   measurements.

Seismic-ref lection   methods   have   not   been   corTTnonly   used   for

ground-water    investigations    in   the   past   for   several    reasons.       It   can

be   difficult    to   record   and    identify   reflections   from   shallow

interfaces   because   their   amplitudes   tend   to   be   sinal  ler    than   the

ground   roll   which    is   also   present    (Steeples   and   Knapp,1982).      until

the   recent   advent   of   seismic   processing   on  microcomputers,    the

processing   costs  were   about   double   the   cost   of   col  lecting   the   data.

In   addition,   many   problems   such   as   spatial    aliasing   and   the

air-coupled  wave   can   cause   erroneous    interpretations   (Steeples   and

Miller,1986).



Previous  Studies

Much   of    the   emphasis    in   geophysical    research   at   the  Kansas

Geological   Survey   (KGS)   has   been    in   the   area   of   high-resolution,

shallow  seismic   ref lection.      The   current    ideas   and   practices   at   the

KGS   concerning   the   collection   of   shallow  seismic-reflection   data   are

presented   in   two   papers   by  Knapp   and  Steeples   {1986a.b).      Present

methods   rely   heavi  ly   on   the   optimum-window   technique   (Hunter   et   al  .,

1984)   to   obtain   ref lections  without   the   interference   from

nonref lected   energy   and   on   the   co[TTnon-depth-point   stacking  method

{CDP)   original  ly   developed   by   Mayne   (1962).

In   spite   of   .the   many   applications   of   high-resolution   seismic

ref lection,    there   are   no   examples    in   the   literature  where   the  water

table  was   specif ically   the   target   of   a   ref lection   survey.      Schepers

(1975)   reported   obtaining   a   ref lection   from   the   ground-water   surface

in   a   paper   that   described   a   technique   for   resolving   thin

near-surface   layers,      Steeples   and  Knapp   {1982)   mention   recording   a

water-table   reflection   while   testing   seismic   sources.       In   a   typical

unconf ined   aquifer,    both   density   and   seismic   P-wave   velocity   are

greater   below   the  water   table   than   for   the   unsaturated   sediments

above,   making   the  water    table   theoretical  ly   an   excel  lent   ref lector

of   seismic   energy.      With   this    in   mind,    an   experiment   was   conducted

during   an   aquifer-pumping   test   to   attempt   to   fol  low   the  water   table

s®ismical  ly   as    it   was   drawn   down.



Geologic  Setting

The   site   chosen   for    this   experiment   was   about   60  in  southwest   of

the   Arkansas   Biver,    6   kin  east   of   Great   Bend,   Kansas    (Figure   1).      The

KGS   conducted   an   eight-day   pumping   test   to   study   the    interaction   of

the   shallow   alluvial    aquifer   with   the   Arkansas   F`iver.      The   pumping

test  was   excellent   for   our   seismic   experiments   because   the   test  was

long   enough   to   al  low  some   degree   of   stabi  I  ization   of    the  water   table

at   the   pumping    level.      Also,    the   1750   gpm  of   water   pumped   from   the

20-inch-diameter   wel  I    stressed   the   aquifer   suff iciently   to   draw  down

the  water   table   and   create   a   large  cone   of   depression.      The  25

observation   wells   on   the   test   site   provided   excellent   hydrologic   and

geologic   control    (Figure   2).

The   Pleistocene   and   Flecent   al  luvium   that   make   up   the   aquifer   of

interest   consist   of   fine-to-coarse   sand,   gravel,   and   silt   as   shown

in   the   generalized   cross   section   adapted   from  Latta   {1950)   (Figure

8).      Drillers'    logs   from   the   observation   wells   show  mostly   coarse

feldspathic   sand   and   gravel   with   discontinuous,    thin   clay    layers

{Figure   4).      The   depth   to   the   alluvium-bedrock    interface  was   29  in  at

the   pumping   well    and   this   correlated  well   with   calculations   from   the

prel  iminary   seismic   data.

The   general  ized   site   stratigraphy   shows   two   prominent   clay

layers,    the   lower   being   thicker   and  more   continuous   over    the   test

Site   (Figure   5).      At   the   time   of   the   test,    the   continuous   extent   of

the   lower   Clay  wasn't   realized.       It  was   assumed   that   the   clay   layer

was   discontinuous   and   that    the   aquifer    functioned   as   one   unit    from

bedrock   to   surface,   an    incorrect   assumption   as   shown    later.



Plgure 1 -    Location of the pumping-test site.



Figure 2 -    S.rte map showing the location of the pumping well (PW), 25 observation
wells, the walkaway test, and the seismic lines.  The large number of  wells
provide excellent hydrologic and geologic control.
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Alluvium -  .Flecent and Pleistocene -Very coarse gravel, sand,
and silt comprising stream deposits in the larger

valleys.

Dune Sand -  Flecent and Pleistocene - Pine-to  medium-grained
wind-blown sand containing minor amounts of silt,
clay, and coarse sand.

Meade Formation - Pleistocene - lnterbedded lenses of un-
consolidated gravel, sand, and silt.  Caliche is
common throughout the formation.

Dakota Formation - Cretaceous -Alternating beds or lenses of
van.colored clay, shale, siltstone, and fine-to coarse-
grained sandstone.   Contains Mironstone" in thin
beds, lignite, and a little pyrite.

Kiowa Shale - Cretaceous - Light-gray to black shale and sandy
shale, containing beds or lenses of fine-to medium-
grained sandstone and thin beds of hard calcareous
sandstone and sandy limestone.   Pyrite, gypsum,
shell fragments, and cone-in-cone calcite are common.

Figure 3 -    Diagrammatic geologic cross section adapted from Latta (1950). The cross
section runs north-south through the eastern edge ot Great Bend.
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The   prepumping  water    levels   at   the   test   site   show   the   pumping

well    is   close   to   the   center   of   a   local   water-table   high,   perhaps   due

to   a   greater   elevation   of    the   clay    layer    {Figure   6).      Water    levels

at   maximum  drawdown   show  a  w®l  I-developed   cone   of   depression   (Figure

7).     The  asymetric   cone  of   depression   indicates   recharge   from   the

northeast.      The   seismic   lines  were   shot   over   a   portion   of   the   cone

of   depression   that   had   2.5-5.a  in  of   drawdown.      It    is   important   to

keep   this    in   mind  when    interpreting   the   seismic   sections   collected

during   the   pumping   test.

Pr®I iminary  Testing

The   key   to   the   success   in   recording   very   shal  low  seismic

ref lections   at   this   site  was   the   proper   choice   of   equipment   and

recording   parameters.      Of   the   seven   seismic   lines   shot   at   the  Great

Bend   pumping-test   site,    the   f irst   two   lines  were   for   the   purpose   of

testing   new  analog   f i  lters   and   geophone   dampers   and   to   set   up   the

recording   parameters   for   the   COP   lines   to   be   shot   during   the   pumping

test.      These   two   days   of   preliminary   testing  were   important    in

choosing   parameters   best   suited   to   these   experiments.

The   seismograph   used   in   these   experiments,   an    Input/Output   DHB

2400,    is   a   24-channel    system  with   12-bit    {11-bit   plus   sign)

analog-to-digital    {A/0)   conversion   and   a  wide   selection   of   pro-A/D

alialog   I ilters.      The   DHB  2400   is   a   fixed-gain   system   that    is   capable

of   sampling   at    time    intervals   of   as   short   as   1/4  millisecond.       IA-6

ampl  if iers   that   had   120-nanovolts   rms   peak-to-peak   background   noise

were   used   to   help    improve   the   signal-to-noise   ratio.

9



Plgure 6 -    Water-table-elevation map of the pumping-test site before pumping.  The
higher water table elevation around the pumping well may be because the
Continuous clay layer  has a higher elevation in the vicinity of the pumping
well causing a perched water table in the area.
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Plgure 7 -    Water-table elevation map at maximum drawdown showing the cone of
depression as measured {rom the observation wells.  The asymmetric cone
of depression indicates recharge trom the northeast.  The extension ot the
cone to the north of the river indicates that the river does not act as a
no-flow boundary.  Drawdown under the seismic lines ranged from 2.5 in to
5 in.  The elevation at the pumping well was 545.15 in.
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The   seismic   source   was   a   single   180-grain   bullet    f ired

vortically    into    the   ground   from   a   30.06   hunting   rifle.      This   rifle

was   modif ied   by   adding   an   air-blast-containment   device   that   silenced

much   of   the   sound   of    the   shot,    thereby   reducing   the   air-coupled  wave

on   the   seismic   records.      A  motion   sensor   was  mounted   on   the   gun   and

when   the   gun   f ired,    the  movement   sent   a   signal    to   trigger   the

seismograph   to   start   recording.      This   source   has   been   ef fective   for

some   ot    the   very   shal  low  work   done   by   the  KGS   {Tread`^ray,    1987;

Branham,    1986)   and   is   capable   of   producirig   f requencies   of   several

hundred   hertz   (Miller   et   al..1986).

The   receiv.ers  were   single  Mark   Products   loo-Hz   geophones   that

have   a   6-dB/octave   rol  lot i   below   loo  Hz.      This  means   that   at   50  Hz

the   response   is   down   6   dB   and   at   25  Hz   the   response   is   down   12   dB,

etc.      They   provided   low-cut   filtering   in   addition   to   that   from   the

analog   filters    in   the   seismograph.

The   f irst   day   of    testing   at   the   pumping-test   site  was   in   January

1986.      The  main   goal    of    that   day's   testing  was   to   obtain   a

ref lection   from   the  water   table.      The   f irst   ref lection   record   shot

on   the   f irst   day   of   testing   used   a   geophone   spacing   of    1   in,   a

source-to-closest-receiver   of fset   of   about   1   in,   and   a   pro-A/D

low-cut   f ilter   of   480   Hz   {Figure   8).      Geophones   were   undamped   for

this   experiment.      \^inile   reflections   are   visible   from  02  msec   to

about   57  msec,    the   shallowest   of   these  was   from  a   depth   calculated

to   be   about   20  in.      The  water   table  was   expected   to   be  around   2-7  in

below   ground   surface   so   the   geophones  were  moved   to   a   spacing   of

1/4  in   to   better   view   the   close   offsets   where   shallower   reflections.

12



Field     File
January   23,   1986

F}eceiver     Offset

Om                  6m                  12m

Plgure 8 -    Field record collected during the initial seismic reconnaissance of the
pumping-test site.   F`eflections from within the saturated alluvium are
shown in yellow.  The reflection from the top of the saturated zone is
Present on receiver offsets ot 2-4 in but is difficult to identify because the
receiver interval (1  in) was too large.
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if   any,   would   be   found.       A   shallow   reflection    (Figure   9)    became

visible   on   offsets   of   2.5-4.5  in  with   this   spacing.      This   ref lection

was   present   on   the   f irst   f ield   record   but   only   on   two   or    three

traces  which  was   not   enough   to   identify    it   as   a   ref lection.

The   first   day   of    testing   in   January   had   not   solved   all    the

Problems   so   a   second   trip  was  made   to   the   site   in   Apri  I  ,    two  weeks

b®foro   the   pumping   test.      The   goals   of   this   second   day   of   testing

were   to   remove   some   of   the   noise   obscuring   the   shallow   ref lection   on

the   inner   traces   and   to   conduct   a  walkaway   test   to   identify   deeper

ref lectors   at   the   site.      To   remove   additional    noise   on   the   near

traces,    the   pr®LA/D   low-cut   filters  were   changed   from  480  Hz   to   600

Hz   and   geophone   dampers  were   installed   to   provide   a.6   of   critical

-damping.

The   new   low-cut   analog   f i  lters   had   24-dB/octavo   rol  loft   below

the   -3   dB   point   of   Coo  Hz.      Combined  with   the   100-Hz   geophones,    the

600-Hz   low-cut   f i  lters   removed  much   of   the   lower   frequency   ground

roll    before   A/D   conversion.      An   amplitude-versus-frequency   spectrum

average  of   two   different   shots   demonstrates   the   importance   of   the

low-cut   filter    (Figure   10).      One  was   recorded   with   no   pro-A/D   filter

and   the   second   had   a   600-Hz   pro-A/D   filter.       It    is   obvious   that   the

shot   recorded  without   f i  ltering   has   a   higher   ampl  itude  whi  le   the

shot   filtered  with   the   600-Hz   low   cut   has   a   broader   band`^/idth.      This

broad   band`^/idth   gives   a   short   wav®let    in   the   time   domain,    a   critical

element   ot   high   resolution   (Knapp   and   Steeples,1986a,b).      Little

energy   was   recorded   below   loo   Hz.      Applying   a   GOO-Hz    low-cut    filter

when   the   ref lected   signal    is   in   the   loo-to   500-Hz   range   removes

14



Field     File
January   23,   1986

Receiver    Off set
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Plgure 9 -    Field record from the same location as the record in Figure 8.   Receiver

interval has been decreased to 1/4 in.  The reflection from the top of the
saturated zone (orange) is visible on offsets of 2.5-4.5 in.
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Frequency   F}esponse   Comparison   of   a   GOO-Hz
Pre-A/D    Low-cut   Filter   with   No   Filter

0     loo  200   300   400   500  600   700   800  9001000

Frequency      (Hz)

Figure 10 -  Graph showing the results of removal of the low-frequency ground-roll
energy by pre-AID analog filtering.  The filters remove a larger proportion of
ground roll than the reflected signal so the recorded energy has a higher
proportion of reflected signal.  The apparent increase in energy above 400
Hz on the 600-Hz tittered data is probably due to additional
aircoupled-wave energy escaping during that particular shot.
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some   of    the   signal    as   well    as    the   ground   roll.      The    important   point

is   that   the   filtering   removes   much  more   ground   roll    than   reflected

signal,    and   the   seismograph   afTiplifier   gains   can   be    increased   to

compensate   for   the   loss   of   signal.      The   end   result    is   seismic

records  with  most   of   the   ground   roll    removed   and   a   broad-band

r®f lection   signal    recorded.

The   loo-Hz   geophones   normal  ly   used   by   the  KGS   for   shal  low

seismic-ref lection  work   are   undamped   to   increase   their   sensitivity

in   the   ZOO-loco  Hz   range.      This   leaves   the   geophones   susceptible   to

being   overdriven   by   energy   around   loo  Hz.      A   device  was   built   to

damp   the   geophones.   to   a.6  of   critical    to   try   to   prevent   overdriving

of    the   near-source   geophones   by   high-ampl  itude  F`ayleigh  waves

{ground   roll).      On   an   undamped   file,    traces  with   source-to-receiver

offsets   of    less   than    1.5  in  show  signs   of   overdriving.   while  with

damping   only   traces  within   a.5  in  of   the   source   show  evidence   of

overdriving   {Figur®    11).       Channels    18   and    19   of    the   file  with

damping  were   bad   due   to   poor   electrical    connections  within   the

damping   device.

Much   of   the   data   i ron   the   two   days   of   prel  iminary   testing  was

col  lected   using   a   spl  it-spread   geometry  where   the   source   has   an

equal    number   of    recording   geophones   on   each   side   (Figure   12).      The

source  was   located  mid\^ray   between   geophone   locations    in   what    is

known   as   half-integer   offset.      This   particular   geometry   has

advantages    in   reducing   ground   roll   on   stacked   COP   sections   (Knapp,

1986).      End-on   geometry   allows   easier   stacking-velocity   calculations

and   eventual  ly  was   chosen   for    the   COP   lines   since   the   ground   roll
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Figure 11 -   Geophones were damped lo 0.6 ol crilical lo prevent lhe close-ollsel geophones from
being overdriven.   This allowed the rell8clion (orange) to become visible al closer ollsels.



A  comparison  of  split-spread  and  end-on
recording  geometries

Figure 12-The split-spread geometry used had 12 live geophones on either side ot the
source (three shown here).  The end-on geometry had all 24 live
geophones on one side (five shown), which allowed more accurate velocity
calculations.
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was   already   greatly   reduced   from   the   filtering.       Table    1    gives   a

sumnary   of   the   recording   parameters   used.

A   prel  iminary  walkaway   test  was   col  lected   about   30  in  south-

southeast   of    the   pumping  well    {Figure   13).      The   shallowest   reflector

and   the   target   of   this   series   of   tests   (A)    is   visible   on   offsets

between   zero   and   6  in  and   between   20  and   30  ms   in   time.      Two  weaker

ref lections.   presumably   from  clay   layers,   are   shown   by   (a).      The

ref lection   from   the   top   of    the   bedrock    is   shown   by   {C)   and   a

ref lection   from  within    the   bedrock    is   shown   by    (D).      Arrivals   from

the  water-table   refraction   (E),    the   air-coupled  wave   (F),    the

near-surface   refracted  wave   (G),   and   the   ground   roll    (H}   are   clearly

visible.      The   optimum-window  offset    (Hunter   et   al.,1984)   used   for

the   COP   lines    is   also  marked.      The   air-coupled  wave   and   the   ground

rol  I   obscure   the   deeper   ref lectors   at   times   greater   than   30  msec  on

the   a-6+n  offsets   used.      The  COP   lines   could   have   been   shot   using

different   offsets   to   see   either   the   shallow   reflector   or   the   deeper

ref lectors,   but   not   both  with   a   single   survey   using   the   given

geometries   and   a   24-channel   seismograph.      Note   also   that   the

velocity   of   the   unsaturated   sediments  was    less   than   the   velocity   of

sound   in   air,    hence   the   f irst   arrival    in   the   near   of fsets  was   the

a i r-coup I ed  wave .

Analysis  of   Field  Data

Four    lines   were   shot    in   conjunction   with   the   pumping   test.      One

was   shot   on   April    17,    four   days   before   the   pumping   started.      The

second  was   shot   on   Apri  124,    three   days   aLfter    the   pumping   started.
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F=ecordina     Parameters

Seismograph:     Input/Output  DHB  2400
24  channels
Fixed  gain
11-bit   +   sign   A/D   conversion
500   samples
1/4-millisecond    sample    interval
125-millisecond    record    length
600-Hz    pre-A/D    low-cut    filter

24-dB/octave  rolloff
1500-Hz    anti-alias    high-cut    filter

60-dB/octave  rolloff

Source:

Receivers:

Table   1.

Single   180-grain   bullet   from   a
silenced   30.06    rifle

Single  Mark  Products  loo-Hz  geophones
Damped  to   0.6   of  critical
1/4-meter   group    interval
1/4-meter   source-near   receiver   offset
6-meter   source-furthest    receiver    offset
End-on  geometry
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Figure 13 -Walkaway le§l wilh inlerpretalion ldenlilying the major seismie arrivals.
The target relleclor is the lop ol lho saluraled zone (A).  0lher arrivals
visible are rellecltons lrom clay layers in lli8 alluvium (a), lop ol the
bedrock surface (C). a boundary within the bedrock (D), as well as the
relraclion lrom the saluraled zone (E), the air-coupled wave (F), and the
near-surface relraclion (a).  The stippled area (H) is predoninalely surlace
Waves.
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The    third    lino  was   shot   on   April    28,    after   seven   days   of   pumping,

the   time   of   maximum   drawdown.      A   fourth    line  was   shot   on   April    29,

just   af tor    the   pump   was    turned   off ,   during   the   time   of    the  maximum

rate   of   recovery.      A   final    line  was   shot   on   August    14   to   check   the

reproducibility   of    the   results   over   an   extended   period   of    time.

The   bulk   of    the   results   came   from   the   four    lines   shot    in   April

during   the   pumping   test.      The   geophones  wore   let t    in   place   for   the

duration   ot    the   pumping   test   so   all    four    lines   could   be   collected

with   no   change   in   the   near-surface   receiver   conditions.      Any   changes

from  one   line   to   the   next   were   from   the   changing   hydrologic

conditions,    including   rainfall,    and  minor   source   variations.      The

I ine   of   geophones   extended   i ron   the   neutron-probe   access   tube.

I  inearly   away   from   the   pumping  wel  I  ,    to   4  in  beyond   the   loow

observation  well    (Figure   2).      Subsurfac®   coverage   ranged

approximately   i ron   1   in  southeast   of   the   neutron-probe   access   tube   to

the   loow  observation  wel  I  ,   covering   a  major   portion   of   the   expected

change   in  water    level  .

Example   field   files   from   each   of    the   four   COP    lines   shot   during

the   pumping   test   show   a   downward   shift    in   time   of    the   ref lection   on

the   second,    third.    and   fourth   files  when   compared   to   the   first   file

(Figure   14).      The   ref lection   has   a   zero-offset   time   of   22.5  msec   on

the   April    17th   file.    28.4  msec   on   the   April    24th   i ilo,    24.5  msec   on

the   April    28th   file,    and   25.3  msec   on    the   April    29th   file.      Depth

calculations   based   on   the   normal   moveout   {ro)   of   the   ref lectors

give   depths   of   2.7  in   for    the   first   file,    a.a  in   for    the   second   file,

3.a  in   for    the   third   f ilo.   and   3.a  in   for    the   fourth   file.      These
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Figure 14 -  Pleld records from tlie same location (COP 266) with the reflection (orange)
the direct/near-siirface refracted wave (yellow), and the airooupled wave
(blue) identified.  Notice tlie dowm^rard shift in time o{ the reflection durl.ng
the pumping test.
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depth   calculations   are   for   a   single   point   along   the   seismic    lines

and   are   not   the   average   values   aLcross   the   entire    lines.      The

calculated   stacking   velocity   at   tha.t   point   changed   over   the   course

of   the   test   for   reasons   discussed   later.      The   ref lection   is   the

strongest   coherent   event   on   the   records.      Beneath   the   ref lection,

the   f irst   primary   multiple   ref lection    is   visible   on    the   first   file

at   about   double   the   zero-offset    intercept   time   for   the   ref lection.

An   ampl  itude-versus-frequency   spectrum  of   a   single   trace   has

peaks   that   can   be   identif ied   according   to   the   type   of   seismic   energy

primarily   responsible   for    the   peak   (Figure   15).      The  most   obvious

peaks   correspond   .to   the   direct/refracted  wave  and   the   ref lected

wave.      There   is   a   conspicuous    lack   of   energy   below   150  Hz  where   the

large-amplitude   ground-roll    energy  would   be,   had    it   not   been   removed

by   the   severe   low-cut   f i  ltering  mentioned   earl  ier.

The  ampl itude-versus-frequency   spectra  of   the   ref lected

wavelots,   before   pumping   and   at   maximum  drawdown.   were   obtained   by

averaging   the   spectrum  of    the   ref locted  wavelet   from  a   single

channel   with   a   source-to-receiver   of fset   of   2.5  in   for   six

consecutive   shot   points.      The   prepumping   spectrum  has   a   higher

dominant   f requency   and   a   broader   band`^ridth   than   the  maximum-

drawdown   spectrum   {Figure   16).      This   effect   would   be   expected.if    the

acoustical   boundary   causing   the   ref lection   became  more   diffuse   after

the   pumping   started.      This    illustrates,    in   the   frequency   domain,    the

difference   that    is   visible    in   the   time   domain   on    the   field   records

between   the   ref lected  wavelet   before   pumping   and   the   ref lected

wavelet   at   maximum   drawdown.
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frequency  (Hz)

I reflected   energy
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Plgure 15 -Amplitude-versus-frequency spectrum of a single trace with the major
energy peaks identified.   Background noise is a combination of instrument
and ambient ground noise.
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BEFORE   PUMPING A.T   MAXIMuhl   DRAWDOWN

0       200     400     600     800    1000                        0       200     400     600     800    1000
frequency  (Hz)

Figure 16 -Amplitude-versus-frequency spectra ol the reflected wavelel.   Each spectrum is lh8
average ol the rellecled wavelel lrom a single channel al 2.5-in ollsel for six conseculive
shot poinl§.  The spectrum belore pumping has a higher dominant frequency and a
broader bandwldth than lhe sp8clrum al maximum drawdown.



F]esu I ts

Th®   remaining   analyses   of    the   data   concentrated   on   answering   four

qu®® t I ons :

(i}  rmat  was   the   exact   nature   of   the   shallow   ref.Iecting   surface

seen   on   the   i ield   records?

{2)   Could   the   data   collected   targeting   the   shallow   reflector   be

used   to   image   the   clay    layers   in   the   alluvium?

(3)  \mat   caused   the   humps   in   the   shallow   reflection   that  were

visible   on   the   COP   sections?

(4)    Is   there.any    information   contained   in   the   calculated

stacking   v®locities   and   correlation   coef f icients   that   could

characterize   the   sediment   above   the   ref lector?

Processing   of    the   data  was   done   in   two   phases.      F`®latively

.imp|®   processing  was   done   to   supply   information   on   depth   to   the

r.||®ctor,   drop   of   the   ref lector   as   the   pumping   test   Continued,   and

th®   shape   of    the   ref lecting   Surface.      Af tor   a   general    understanding

was   reached   about   what   Was   happening   geological  ly   and

hydrological  ly,   a   Series   of   more   compl  icated   processing   steps  was

p®r{ormed  on   the   data   to   try   to   enhance   the   topography   of   the

r®(|®ctor   as   well    as    to   rTrake   any   underlying   clay    layers   visible

(Flgure    17).

_Flo f I ec t_im
The   results   from   the   simple   processing   sequence  were   excellent

duo   to   the   strength   of    the   target   ref loctor   and   the   f irst   primary
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Processing  Steps Explanation

Preparation   of   data   for Field tapes are read  into the  Data General

processingEditingbad   tracesTime-breakcorrectionCOPsortNormal-moveout MV  20000  computer  and  put  into  aL  format
that  the  processing  software  can  read.Traceswithlittleornoreflection

information  are  deleted.Shotstaticcorrectionsare  applied  to

uniformly  align  each  field  file.    Shot
statics are  based  on  the  air{oupled  waive
arrival.Dataare  sorted  into  groups  containing

traces  with  the  same  source-to-receiver
midpoint  (COP).NMOstackingvelocities  are  calculated  and

correctionSurface-consistent applied  to  line  up  the  reflected  wavelet  in  a
straight  line  across  the  COP  gather.Surface-consistentstaticsarecalculated

static    correction and  applied to the data to remove the
(AUTS)COPstackAutomatic   gain-control effects  of  slight  velocity  anomalies  at  a

given  receiver  or  shot  location.AllthetracesinaCOPgatherare  summed

to  form  a  single  trace  per  COP.Automaticgain-controlscalingis  applied

scaling to the  COP  traces to  enhance  the weaker
signals  further  down  in  time  on  the  traces.

Plgure 17 -COP-processing steps and their explanation.
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multiple   ref lection.      For    the   simple   processing,    a   constant   stacking

velocity  with   time  was   used   for    two   reasons.      First,    there  were   no

deeper    ref lections   visible   on   either    the   f ield   records   or    in   any   of

the   subsequent   analyses.      Second,    the   constant   velocity  with   time

emphasized   the  multiple   ref lections.      This  was   done    in   order    to   show

that   as   the   primary   ref lection  moved   down    in   time   throughout   the

test,    the  multiple   ref lections  moved   down   twice   as   far.      This

stacking   velocity   was   al  lowed   to   vary   horizontal  ly   over   the   length

of   the   line   because   there  was   a   change   in   the   calculated   stacking

velocities   across   the   line   on   the   order   of   20-30  in/sac.      The

stacking   velociti6s   are   discussed   in   greater   detail    later   and  are

shown    in   Figure   35   along  with   the   velocity   function   applied   to   the

data.

On   the   COP   section   from  Apri  117th,    the   shal  low   ref lection   at   22

msec   has   a   high   ampl  itude   and   is   the  most   continuous   event   on   the

section    {Figure   18).      slight   humps   are   visible    in   the   shallow

ref lection   at   cops  220-240,   296-305,   and  again   at   330-338.     The

strong   amplitude   event   at   46  msec   is   at   twice   the   time   and   stacks   in

at   the   same   velocity,    suggesting   that    it    is   the   f irst   primary

multiple   ref lection.      A   second   event   at   70  msec   appears   to   be   a

second   multiple   reflection   while   there    is   a   hint   of   a   third   multiple

ref lection   around   90  msec.

The   COP   section   from   the    I  ine   col  lected   on   Apri  I    24th   shows   the

shallow   ref lection   has   dropped   to   about   24  msec,   corresponding   to   an

average   depth   of   about   2.9  in   (Figure   19).       In   addition,    the   humps    in

the   ref lection   observed   on   the   April    17th   data   are  much    less
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CDP  Section

COP   Number

200       220       240       260       280

April     17'

'1

5   meters

Flgure 18 -COP section collected before pumping began showing the reflection from
the top of the saturated zone (orange)  at 22 msec and two surface multiple
reflections (green).   Slight humps in the  reflection at cops 220-240,
296-305, and 330-338  may indicate finerngrained sediments.
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CDP    Section

COP   Number April     24,     1986

200       220        240        260       280       300       320        340       360       380

1'

5   meters

Plgure 19 -  COP section collected three days into the pumping test.   The reflection
(orange)  has shifted down in time to 24 msec and the  multiple reflections
(green)  are noticeably weaker  than those in Figure  18.    The humps
previously observed  are beginning to flatten.
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pronounced.      The   other    changes    from   the   April    17th   section   are   that

the   first   multiple   reflection,    at   48  msec,    is    lower    in   amplitude   and

less   continuous   than    its   counterpart   on   the   f irst   section.   and   the

second  multiple   ref lection    is   barely   noticeable   at   72  msec.

The   Apri  128th   COP   section,    col  l®cted   at   maximum   drawdown,    shows

the   shal  low   ref lection   has   dropped   to   about   26  msec.   corresponding

to   a   depth   of   approximately   3.1   in,   and   the   previously   observed   humps

in   the   rot lection   have   disappeared   (Figure   20).      The   i irst   multiple

ref lection   has   dropped   to   51   msec  with   simi  lar   ampl  itude   and  wavelet

character   as   the   first   multiple   reflection   observed   on   the  April

24th   COP   section..

The   neutron-probe   data   col  lected   during   the   pumping   test  were

used  as   a   reference   to   try   to   determine   if   the   strong   acoustical

boundary   seen   on   the   seismic   data  was   a   hydrologic   boundary.      The

neutron   probe   shows   the   percentage   of   water   per   total    unit   volume

present   at   a   given   depth   in   an   aquifer.      For   example,    for   a   sand

with   OOC!fo  porosity   that   was   ful  ly   saturated,    the   neutron-probe   data

would   show  a  moisture   content   of   a.30.      That   same   sand  with   a

uniform   1/3   saturation   would   show  as   a.10   on   the   neutron   probe.      By

taking   saturation   readings   at   regular   depth    intervals,   moisture

prof iles   of   the   near-surface   sediments  were   constructed.

The   neutron-probe   data  were   col  I.cted   on   Apri  119th,   24th,   and

28th   at   COP   202   (Figure   21).      Plotted   along  with   the   neutron-probe

data   are   the   calculated   depths   to   the   ref lecting   interface   from   the

seismic   data   at   COP   202   and   the  water    level    at   CDP   202   interpolated

from  measurements    in   the   observation   wells.      On   all    three   curves,
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CDP  Section

CDP   Number

200       220       240       260

April

11

5   meters

Plgure 20 -  COP section collected at maximum drawdown.   The re(lection  (orange )  has
dropped to about 26 msec and does not have the pronounced humps seen
previously in  Figure  18.   The first multiple  reflection (green)  is weaker than
in  Figures  18 or 19  and the second  multiple  reflection  has disappeared.
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Figure 21 -  Moisture profiles from neutron-probe data, rellecling inlerlace lrom seismic
dala and water levels inlerpolaled lrom observalion wells.  On all three
dales, the top ol the saliii.aled zone from the moisture proliles correlated
well with lho seismic-relleclor depth.  The water level from the ol)servalion
wells correlated only belor8 pumping, suggesting thal on the shorl term,
the upper portion ol lho aquiler acted as a separate unit lrom lhe lower
portion.
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the   ref lector   depth   correlates   extremely   well   with   the   depth  where

the  moisture   profiles   show  a    large,    rapid    increase    in   water   content.

This   correlation   between   reflector   depth   and   the   top   of    the   fully

saturated   sediment    is   expected   since   the   presence   of   water   greatly

inf luences   both   the   velocity   and   the   density   {the   two   parameters

that   determine   ref lection   coeff icients)   of   the   unconsolidated

aquifor.      The   April    17th   seismic    line  was   collected   two   days   before

the   installation   of   the   neutron   probe   so   the   closest   comparison

possible  was   the  April    19th   neutron-probe   data.      Since   the   static

water    level   matched   the   neutron-probe   and   seismic   data   very   closely,

the   comparison    ls   probably   valid.

\then   the   pumping   started,    the  water    level    in   the  wells   fell

2.5-5  in   in   the   same   time   the  water    level   based   on   the   neutron-probe

and   seismic   data   showed   a   drop   of   about   a.5  in.      The   f irst

explanation   developed   for   this  was   that   the  water    in   the   aquifer

betwoon   the   top   of   the   saturated   zone   and   the   pumping   level   was   held

in   place   by   surface   tension   and   that   this  water   was   slowly   draining

as   a   delayed-yield   volume.      This   explained  why   the   seismic   and   the

neutron-probe   data   correlated  wel  I   and  water    levels   f ron   the

observation   wells   did   not.      This    interpretation   presented   several

problems   that   became   apparent   as   the   analyses   continued.      First,    the

lithology   of    the   aquifer   was   predominantly      coarse   sand   and   gravel

making    it   a   very   transmissiv®   aquifer    (Sophocloeus   et   al.,1987)   and

not   conducive   to   retaining   these   large   volumes   of   water    in   the   pore

spaces   above   the  water   table.      Second,    the   seismic   sections   show   no

indication   of   any   cone   of   depression.
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Correlating   the   data   from   seismology,    neutron   probe,    and

observation   wel  ls   became   more   cliff icult   with   the   data   col  lected   on

April    29th.      Assuming   the   observed   reflection   was   from   the   top   of

the   saturated  zone,    these   data   should   have   recorded   the   rise  of   the

water    table   from  pumping    levels   back   to   the   original    static    levels.

Vmen   these   data  were   processed,    they   looked   nearly    identical    to   the

data   collected   the   day   before   {Figure   22).      The   neutron-probe   data

from  April   29th   also   remained   virtually    identical    to   the   data   from

the   day   before.      This  was   unexpected   because   the  water    level    in   the

observation   wel  I,10Ow,    rose   over   2  in  during   the   30  minutes    it   took

to   shoot   the   line.      No   recovery   effects  were   seen    in   the   seismic   or

neutron-probe   data.

On   August    14,1986,    a   final    COP   line   was   collected   at   the

pumping-test   site   to   see   if   similar   results   could   be   obtained   after

an   extended   period   of   time.      The   date   in   August  was   chosen   because

late   sumer    is   the   end   of   the   normal    irrigation   season,   when   the

lowest   aquifer   water    levels   are   expected.      Heavy   rainstorms   hit   the

area   a   few  weeks   before   the   experiment   and   consequently,    the  water

table  was   higher    than   expected,   averaging   about   3.1   in  below   the   land

surface.      The   saturated-zone   ref lection    is   very   f lat   and   uniform

across   the   section   (Figure   23).      The   hump   at   CDPs   370-380  was   a

product   of   geophones   planted   in   higher-velocity  material    near    the

locw  observation   wel  I.      The   neutron-probe   data   give   a   depth   of   2.9  in

Which   Compares   to   3.a  in,    the   calculated   depth   f ram   the   seismic   data

at   COP   202.
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CDP   Section
CDP  Number                                           April     29,1986

200       220       240       260       280       300       320       340       360       380

11

5  meters

Figure 22 -  COP section collecl8d just aller the pump was turned oll.  The relleclion
(orange) and multiple relleclion (green) appear almost identical to lhoso al
maximum drawdown (Figure 20). The changing obs8vatien-well water levels
did not appear lo allecl the sei§mlc or ttio neulron-probe data.
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CDP   Section
CDP  Number                                   August    14,1986

200       220       240       260       280       300       320       340       360       380

Moisture     Profile

Moisture    Content
0.0                        0.25                       0.5
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5  meters

Figure 23 -  COP seclton collected four monlhs after lho pumping lesl lo cheek results
over a long period ol lime.  As before, under ronpumping condiliens. the
lop ol the saturated zone, sejsmie rolleclor. and the observation-well water
l8v8ls are al lho same depth.



The   elevation   of    the   ref lector   below   ground   surface  was

calculated   f ron   the   COP   gathers   using   a   Hewlett-Packard  HP-llC   halld

calculator   and   a   program   from  Steeples   and  Miller    {1986).      The

program   takes   ref lection   times   picked   at   various   of fsets   from   the

unstacked  COP  gathers   and   does   a   least-squares   f it   to   a   hyperbola.

It   then   calculates   NIro  stacking   velocity,   zero-of fset    intercept

time,   depth   to   the   ref lector,   and   a   correlation   coeff icient   showing

how   close   the   points   come   to   the   calculated   line.      The   values

graphed,   calculated   for   oven-numbered  cops,    tend   to   f luctuate  about

the   dotted   line  which   is   interpreted  as   the   true   reflecting   surface

(Figure   24).      The   scatter   of    the   values   about   this    line   represent

error   from  near-surface   velocity   changes   and   from   inaccurate   time

readings.      The   ref lecting   surface   clearly   drops   from  an   average

value   of   2.7  in  to   3.2  in  over    the   course   of    the   pumping   test.

The   corrected   interpretation   {Figure   25).    reintorced   by

subsequent   gaima-ray   logs   of   the  observation  wells,    is   that   a   clay

layer,10-13  in  below   the   ground   surface,    is   continuous   enough   over

the   pumping-test   site   to   act   as   a   semi-conf ining    layer.      This    layer

causes   the   upper    10  in   to   act   as   a   perched   aquifer    in   the   vicinity   of

the   pumping  well.      The   water    in   this   upper   part   slowly   drains

through   tor   around)    the   clay    layer   causing   a  much   slower   drop    in   the

saturated   zone   than   expected.      The   seismic   data,   which   image   the   top

of    the   saturated   zone.    record   this   slowly   falling   surface.      The

saturated   zone   drops   to   the   elevation   o{    the   river   and   then

stabilizes   as   a   relatively   flat   surface  with   no   cone   of   depression.
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Figure 24 -  Graphs Of the elevation (below ground surface) of the seismic reflector
(solid line) and the interpreted reflecting surface (dotted line).
Discrepancies between the two lines are due to near-surface velocity
changes and inaccuracies in the time measurements.
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I

Figure 25 -  lnlerprelalion ol llow pallerns al the pumping-lest sile during pumping.
The inlermediale clay layer created a perched water table causing the
upper and lower porlions ol the aquiler lo lLinclion as separate aquilers
over lho time scale ol the lesl.  All ol lho observation wells wei.a screened
below the clay layer so their water levels were rot necessarily indicalivo ol
the short-term changes in water level  above lho clay layer.
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Conversely,    the   clay    layer   also   acts   as   a    lid,    preventing   the  water

f ram   rising   quickly    into    the   upper   portion    from   below.

Additional    Processing

Th.   semi-conf ining   layer   was   an   important   part   of    the

interpretation,   but   ref lections   from   the   clay    layers   within   the

al  luvium  were   obscured   by   ground   rol  I   on   the   source-to-receiver

offsets   used   (see   Figure   13).      Additional    processing   steps   were

performed   to   try   to  make   any   clay-layer   ref lections   visible   on   the     .

COP   sections   (Figures   26   and   27).       In   addition   to   these   f inal

sections   {Figur.es   28   to   32),    the   data  were   stacked   at   the   higher

velocities   at   which   the   clay    layers  would   have   coherently   stacked    if

they  were   present    in   the   data   (COP   sections   not   shown).      These

velocities  were   based   on   the   calculated   stacking   velocities   of   the

ref lections   from   the   clay    layers   on   the  walka`^ray   test.

unfortunately,    the   clay   layers   visible   on   the  walkaway   test   did   not

show   up   at   the   higher   hA®  stacking   velocities.    leading   to   the

conclusion   the   signal    f ram   these   layers  was   too  weak   to   record

through   the   noise.

The   deconvolution   was   effective    in   reducing   the   multiple

ref lections   on   the   sections,   although   the   very   strong   f irst   multiple

re{lection   on    the   April    17th   section    is   still    visible    (Figure   28).

Notice   that   the  multiple   ref lection   has   an   obvious   reversed   polarity

from   the   primary   ref lection,   exactly  what    is   expected   from   the   i irst

primary   multiple   ref lection.      The   question   of    the   clay-layer

continuity   can   only   be   answered   seismically   at    this   point   by   a
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Figure 26 -  Processing steps used to enhance reflection topography and any
underlying clay layers.
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Processing  Steps Explanation

First-arrivalSpikingdecPrestackfilFlesidualst muteonvolutionteraticcorrection
Each trace was zeroed above the reflection
to remove the aircoupled wave and the near-
surface refracted wave.  This allowed the next
step, spiking deconvolution, to operated on
data with a higher signal-to-noise ratio.Afilteroperatorwasappliedtothedata to

collapse the reflected wavelet to a spike.Thedataworefilteredwithabandpassfiltor

to remove unwanted high-and low-frequeney
noise from the data.  The response curve is
shown below.lllereflected wavelets within each NMO-

corrected COP were adjusted slightly to align
the wavolots before stacking.  This helped

(residual   NMO   correction) prevent the reflected wavelet from dropping
in frequency duo to stacking wavelets not
perfectly  aligned.

Frequency   F}esponse   of  the
Prestack   Bandpass   Filter.

0     loo  200   300   400   500  600   700  800  9001000

Frequency      (Hz)

Plgure 27 -  Explanation of additional processing steps from Figure 26 and the
frequency response of the prestack filter.
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CDP  Section

CDP   Number

200       220       240       260       280

April

11

5  meters

Plgure 28 -  COP section recorded before pumping, processed with the same steps
described in  Figures 26 and 27 showing the  ref lection (orange)  and the
multiple  reflection  (green).
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CDP   Section

11

5   meters

Figure 29 -  COP  section  recorded 3 days into the pumping test,  processed with the
same steps described in  Figures 26 and 27 showing the reflection (orange)
and  the  multiple  re(lection  (green).
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CDP  Section

COP   Number April    28,    1986

200       220       240       260       280       300       320       340       360       380

['

5  meters

Plgure 30 -  COP section recorded at maximum drawdown, processed with the same
steps described in  Figures 26 and 27 showing the  ref lection (orange)  and
the  multiple  reflection  (green).
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COP   Number

CDP   Section

April     29,     1986

11

5   meters

Figure 31  -  COP section  recorded just after the pump was turned off,  processed with
the same steps described in  Figures 26 and 27 showing the reflection
(orange)  and the  multiple  reflection  (green).
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CDP  Section

1'

5  meters

Plgure 32 -  COP section recorded 4 months after the pumping test,  processed with the
same steps described in  Figures 26 and 27 showing the  reflection (orange)
and  {lie  mulliplc  rollcction  (green).
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separate   survey   at   the   longer   of fsets   and   geophone   spacings

suggested   by   the  walkaway   test.

Bet lection   Toooaraohv

The   third   subject    looked   at    in   detail   `^/as   the   topography   on   the

shallow   reflection,   especially   on   the   April    17th   COP   section    (Figure

28).     These   humps  occurred  at   cops  220-240,   296-305,   and  a30-338  and

had   a  maximum   relief   of   a.3  in.      As   the   pumping   test   continued,    the

humps   i lattened   (Figures   29   to   31).      Several    hypotheses  might

explain   the   humps,   but   the  most    likely   cause   is   that   f iner-grained

sediments   at   those   locations   caused   the   higher   elevation   of   the

capillary   fringe.       It   also   appeared   that   these   finer-grained

sediments   do   not   extend   to   the   depth   of   the   lowered   saturated   zone,

since   the   humps   are   not   observed   on   the   later   sections.

If   the   humps  were   caused   by   a   higher   capillary   fringe,    it   might

be   ®xp6ctod   that   there  `^rould   bo   son®   change    in   ref l®ction   strength

along   the    line.       In   order    to   see    if   any    information   was   contained   in

the   relative   ref lection   ampl  itudes,   COP   sections   were   produced   using

the   same   simple   processing   steps   ais   before   (see   Figure   17),    except

AGC   scal  ing  was   not   appl  led   and   the   traces   were   not   normal  ized

during   plotting.      Figure   33   shows   the   portion   of   each   section

between   20   and  30  msec.

The   three   humps    in   the   reflection   on   the   April    17th   section   show

some   reduction    in   amplitude,    rein{orcing   the   hypothesis   that   the

humps   are   showing   the   higher   capillary-fringe   elevation.       If    the

f ringe  were   higher   and   therefore   thicker,    the   ref lecting   boundary
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COP   Number                                                                                               April     24th
200         220          240         260         280           300         320        340          360         380

COP   Number
200         220          240          260         280           300         320        340

20

April      28th

360          380

COP   Number April     2gth
ZOO          220          240          260          280           300          320        340          360          380

Figure 33 -  True-relative-amplitude COP sections showing the portion between 20-30
msec.  The humps in the reflector, especially on the April  17th section.
show amplitude  reduction.
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would   bo  more   diffuse,    returning   a   signal    that   was   weaker   but   higher

in   time   on   the   section.      The   weaker   signal,    relative   to   the   rest   of

the    line,    can   also   be   seen   on    the    individual    f ield   records    {Figure

34).     Also,   the   second   peak   of   the   near-surface   refracted  wave   cuts

across   the   reflection,    increasing   the   amplitude   of    the   reflection   on

traces  with   offsets   of   a.75  in  to   4.75  in  where   the   two   arrivals

constructively   interfere.      The   amplitude   of    the   ref lections   then

decreases  on   traces  with   offsets   of   5.a  in  to   6.a  in  where   they

destructively   interfere  with   the   near-surface   refracted  wave.      This

effect    is   easily   seen   on   the   on   the   corTmon-offset   gathers

(Appendix).      The   sections   recorded   after   the   pumping   test   started

still    show  some   signs   ot   reduced   amplitude   in   the   three   areas

mentioned   before.   but   the   reduction   is   less   obvious.   partly   because

the   humps   are   less   pronounced.

The   r®f lection   between   cops   250-290   has   a   higher   ampl  itude   and

is   i lot   (Figure   Oa).      This   suggests   a   sharper    ref lecting   boundary,   a

thinner   capillary   fringe,   and   coarser   sand   or   gravel    near   the   top   of

the   saturated   zone.      This   portion   of    the   ref loction   has   consistently

higher   amplitudes   throughout   all    five    lines.

Stackina   Velocities   and   Correlation   Coeff icients

Analysis   of    the   graphs   of    the   stacking   velocities   (Figure   35)

and   the   correlation   coeff icients   {Figure   36),   calculated   for   the

even-numbered   COP   gathers   using   the   HP-llC   algorithm,    helps   resolve

many   of    the   subtle   anomalies   previously    identified.      The   correlation

coeff icients   are   used   for   comparison   only.      The   closer    the   number    is
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Figure 34 -  Field record from a portion of the line where the reflection was weaker.
Compare this retlection to the relatively strong reflection from April 17th in
Figure 14.
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Plgure 35 - Calculated stacking velocities and the stacking-velocity tunction used in
processing the COP sections.  The velocities calculated tor the August
data were higher and more uniform than for the April data.
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Figure 36 - Calculated correlation coefficients for the COP data.  Correlation
coefficients ot .999 to 1.000 are considered excellent for this data.
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to    1.COO,    the   closer    the   measured   ref lection~arrival    times   are   to

the   hyperbola   representing   the    least-squares-calculated   velocity.

Velocities  with   correlation   coeff icients   higher    than   a.999   are

considered   excellent    for   this   data   set.      A   low   correlation

coeff icient   does   not   necessari  ly  mean   the   calculated   velocity   and

depth   values   are   inaccurate,   but    less   conf idence   can   be   plaLc®d   in

those   values.      The   dotted   line   on   the   stacking-velocity   graphs   shows

the  hurstacking-velocity   function   used   in   processing   the  COP

sect i ons .

The   stacking-velocity   graphs   tor   the   data   collected   in   April   are

similar   with   the   exception   of    the   April    17th    line.      On    this    line,

the   calculated   stacking   velocity   drops  much   faster   across   the

beginning   of   the   line   than    in   the   other   three   cases.      The   lower

correlation   coeff icients    indicate   that   the   specif ic   velocity   values

for   COPs   210-226   on   the   April    17th   lin®  may   be    incorrect.   but    in

general,    the   trend   is   probably   valid.      The   lower   correlation

coeff icients   in   this   area   correspond  with   a   drop    in   amplitude   of    the

rot lection   and   the   increased   interference  with   other   coherent   events

noted   earlier.      A   potential    reason   for    the   change    in   stacking

velocities   from   line   to    line   over   such   a   short   period   of    time   could

be   the   effects   of    rainstorms   that   occurred   on   April    17th   after    the

data  were   col  lected   and   on   Apri  127th.

The   August    14th   velocities   are  more   uniform  and   are   about    10-20

in/Sec   higher    than   the   velocities   from   the   April    data.      The  moisture

prof i  le   from  August    14th   shows   a   decrease    in   the   amount   of   water    in

the   a.5-1.a  in  depth   range   compared   to   the   Apri  I    data   (Figures   21    to
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23).      This   suggests   that    the   extra  water    in   the   upper    1   in  of    the

sediment   creates   a   slow   velocity    layer   that   acts   to   reduce   the

stacking   velocity   for    the   April    data.      The   equation   for   P-wave

velocity    is   given   by

Vp= ( K  +4/3H)

where  K   ls   the   bulk   modulus   (incompressibility),   I   is   the   shear

modulus,   and   q   is   t.he   bulk   density.      A   reduction    in   Vp   could   be

caused  by   either   an   increase   in   density   or   a  decrease   in   the

quantity   (   K  +  4/3  H    ).       It    is   cliff icult   to   say   which   parameters

caused   the   change    in   Vp,    although    it   probably    is   a   combination   of   an

increase   in  q   and   a   decrease   in   K.       If   the  water   was   being   retained

in   the   upper   meter   of   sediment   by   organic-rich   soil  .    it   would   not   be

unexpected   if   the   arirount   of   water   retained   varied   laterally   along

the    line.      This  might   help   to   explain   the    lateral    variability   of    the

calculated   stacking   velocities    in   the  April    data.

The   correlation   coo ff icients   tend   to   become   less   uniform  and

lower   as   the   pumping   test   progressed.      This  may   be   attributed   to

several    factors.      As   the   ref lecting   boundary   dropped   and   became  more

diffuse,    the   ref lected   signal   was   returned   less   coherently   and

consequently  was   not   as   good   a  match   to   a   hyperbola.      Another

possible   cause   is   that   the   source  was   f ired   into   the   ground   close   to

the   same   spots   for   each   line.      Disturbance   of   the   near-surface   layer

caused   by   previous   shots   could   cause   slight   statics   problems  which

might   degrade   the   correlation   coeff icients.      The   f iring   of    the

source    in   close   proximity   to   the   geophones   might   have   slightly
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decoupled   the   geophones   from   the   earth,    resulting    in   a   progressively

worse   transfer   of    the   ref lected   signal    to   the   seismograph.      The   rain

may   have   also   been   a   factor   as  mentioned   before.

The   several    changing   variables    in   these   experiments   prevent

drawing   any   clef inite   conclusions   as   to  what   caused   the   changes   in

the   stacking   velocities   and   the   correlation   coeff icients.      The

aiTrount   of   water    in   the   near-surface   sediments   probably   is   a  major

factor   though.      A   series   of   controlled   experiments   designed   to

isolate   each   variable  would   be   needed   to   draw  clef inite   conclusions.

Conc I us i one

The   seismic   experiments   at   the  Great   Bend   pumping-test   site   show

that   with   proper   equipment   and   f ield   parameters,    it    is   possible   to

obtain   ref lections   from  a   hydrologic   surface   as   shal  low  aLs   2.5  in.

The   strength   and   clarity   of   the   reflection   implies   that   reflections

could   be   detected   as   shal  low  as   1-2  in  under   simi  lar   conditions    if

the   need   arose.       It    is   also   possible   to   follow   the   drop   of   this

surface   as   the  water   drains   out   of   the   pore   spaces   in   response   to

pump i ng .

This   technique   can   be   used,    in   conjunction   with   water    levels

from  wells,    to   detect   perched  water   tables.       It   may   be   possible   to

map   the   limits   of   a   perched  water   table   as  well.      The   perched  water

table   at   the   pumping-test   site   prevents   drawing   clef inite   conclusions

as   to  whether   the   actual    ref lector  was   the  water   table  or   the   top   of

the   saturaLted   zone.      Evidence   f ron   the   neutron-probe   data   suggests

the    latter.      Conclusive   evidence   could   be   found   by   running   similar
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experiments   over   a   truly   unconf ined   aquifer.       It   should   be   possible

to  map   a   cone   ot   depression   i ron  a   pumping  wel  I    under    those

conditions   provided   enough   time  was   allowed   for   the   top   of    the

saturated   zone   to   drop   down   to   the  water   table.      Estimates   of

delayed   yields  might   also   be   determined.

There   is   some   indication   that   this   technique  may   show   lateral

changes   in    lithology   at   the   top   of   the   saturated   zone.      Humps   in   the

ref l®ctions  may   bo   an    indication   of   a   higher   elevation   of    the

capillary   fringe   and   therefore   finer   sediments.       It   would   probably

be   necessary   to   core   or   trench   the   sediments   in   question   to   f ind

conclusive   proof .

Additional   work   needs   to   be   done   to   verify   some   of    the   other

hypotheses   and   to   determine   the   usefulness   of   this   technique   on

other.    less   tavorable   sites.       It   may   turn   out-to   bo   possible   to

characterize   the   unsaturated   portion   of   an   unconf ined   aquifer   by

noting   trends    !n   the   stacking   velocities   of   shallow   reflections.      At

this   pumping-test   site,   evidence   suggests   that   the   upper   1   in  of

sediment,   which    is   mainly   soil.    is   probably   responsible   for   most   of

the   changes    in   NIB  stacking   velocity,   both   along   the    I  ine   and   over

periods   time.      These   changes  may   come   about   because   different   soils

retain   different   amounts   of   water   for   dif ferent    lengths   of   time.
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Append i x

Ampl  i tude   versus   Of f set

The   excel  lent   qual  ity   of   data   col  lected   near   Great   Bend   provided

a   unique   opportunity   to   view   the   rot lection   ampl  itude   as   a   function

of   offset   from   the   source.      Amplitude-versus-offset    (AVO)   phenomena

are   an   energy-partitioning   ef feet   governed  by   P-and  S-wave

Velocities,    densities   (Telford   et   al.,1976),   and   to   some   extent,

absorption   of   the   seismic   energy.      An   in-depth   look   at   the   AVO

effects   on   these   data  would   require  model  ing   based   on   the   Zo®ppritz

equaitions   which   is   beyond   the   scope   of   this   study.     Vthat   are

Presented   hero   are   some   AVO  observations  made   on   the   cormlon-of fset

da ta .

These  AVO  data  are   displayed  as   coimon-of fset   gathers  where   each

trace   in   a   gather   has   the   same   source-to-receiver   distance   {Figur®

37).      The   f irst   data   presented  are   the  corrmon-offset   gathers   from

the   four    lines   collected    in   conjunction   with   the   pumping   test

(Figures   38   to   41).      The   traces   are   not   normalized   or   scaled,

although   the   difference    in   ampl  itude   due   to   the   seismograph   gains

has   not   been   removed.      Source-receiver   of fsets   (and   therefore   the

gather   offsets   of    the   gathers)   range   from   1.25  in   to   6  in.      The   I irst

aLrrival    on   all    of    the   gathers    is   the   air-coupled  wave.      The

air-coupled  wave   does   not    I  ine   up   as  wel  I   across   each   gather   on   the

April   24th,   28th.   and   29th   data   sets   as   does   the   April    17th   data.

Suggesting   an    increasing   statics   problem  with   time.      The   statics

routines   shift    to    line   up   the   ref lection   at    the   expense   of    the

Coherency   of   the   air-coupled  wave.       It   may   be   possible   to   spot
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Common-Offset    Geometry

Shots Fleceivers 1/4   meter

i-.``                ;.:-              +:         .      +::        ...,.......,.                 T                  ....

Plgure 37 -  Schematic diagram o{ a commonroffset geometry.  Illustrated geometry
has a common offset of 1  meter.
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Figure 38 -Common-offset gathers from April 17lh.   First number above each gather is
the source-receiver ollsel and the second number is the angle ol incidence
tor the rellecled energy.  Traces are plotted lrue relative amplitude within
each gather although the ellects of lho seismograph gains have not been
removed.
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Figure 39 -  Common-oflsel gathers lrom April 24lh.  First number above each galher is
the source-receiver ollsel and the second number is the angle ol incidence
for the rellecled energy.  Traces are plolled true relative amplitude within
each galher although the ellecls ol the seismograph gains have not been
removed.
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Figure 40 - Common-oflset gathers from April 28lh.  First number above each gather is
the source-receiver ollsel and lho second number is the angle ol incidence
lor lhe rellecled energy.  Traces are plolled lrue relalive ampliludo within
each gather although the effects of lho Seismograph gains have rot been
removed.
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Figure 41 -  Common-ollsel gathers from April 29lh.  First number above each gather is
the source-receiver ollsel and the second number is the angle ol incidence
for lh8 rellecled energy.  Traces are plolled true relative amplilude within
each gather although the effects of the seismograph gains have not been
removed.
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spatial-aliasing   problems   caused   by    incorrect   use   of   static

correction   routines   by   examining   colmon-of fset   gathers   for   traces

shifted   by   an   excessive   aLmount.   This   also   suggests   that    if    the

velocity   varies    laterally   along   the   COP   line,    the   best   way   to   do

time-break   corrections   (caused   by   variations   in   the   seismograph

record-start   trigger)   would   be   to   align   the   air-coupled  wave  across

a   cofTmon-offset   gather.

Di root/Flef racted  \^fave

The   second   arrival    is   the   direct/refracted  \^rave.       It    is   only   a

direct   \^rave   in   the   true   sense   on   offsets   of    loss   than   1   in  and   beyond

this   the   arrival    has   been   refracted   just   under   the   soil    layer   about

a.5  in  deep.      The   arrival    time   of   the   direct/refracted  wave   over   each

gather    is   not   constant   laterally.   This   Indicates   that   there   is   a

change   in   velocity    in   the   horizontal    direction   of    the   near-surface

sediments   laterally   along   the   line.      This   changing   velocity   tends   to

mimic   the   stacking   velocity   curve   (Figure   35)   calculated   for    the   COP

lines,   especially   on   the   offsets   around   4  in.      This    indicates   that

most   of   the   changes   in   stacking   velocity   are   due   to   changes   in   the

upper    1   in  of   sediment.      Since   there   is   a   refraction,    this   shows   the

velocity   changes    in   the   vertical    direction   as   well    as   the   horizontal

d i r ect i on .

Interference   Ef i ects

The   interference   phenomena   between   the   direct/refracted   arrival

and   the   ref lected   arrival   mentioned    in   the   body   of    this   thesis    is
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clearly    illustrated   on    the   cordon-offset   gathers.      By   following   the

two   peaks   of   the   direct/refracted   arrival   as   the   of fsets    increase,

it    is   possible   to  'see   the    lower   peak   f irst   merge  with   the   ref lected

arrival    and   then   drop   below   it.      Merging   of    the   two  waves   takes

Place   at   offsets   around   3.25-4.5  in.      This  merging   occurs   on   closer

of fsets   on   the   left   side   of   the   gathers  when   compared   to   the   right

side.      This   is   a   function   of   the   slower   near-surface   velocity   on   the

lot t   side  of   each   gather.

The   overall   `freqtiency   of   the   reflection   decreases   on   the   offsets

where   the   direct/refracted   arrival   and   the   ref lected  arrival

constructively   interfere.      On   the   largest   four   offsets,   especially

on   the   April    17th   data.    the   direct/retracted  wave   is    low   enough   in

time   on   the   left   side   of   each   gather   that   the   ref lection    is   exactly

180   degrees  out-of-phase  with   the   direct/refracted   arrival    (Figure

38).   This   total   destructive   interference   results   in   a   delay   in   time

and  an   increase   in   amplitude   of   the   second   peak   of   the

direct/refracted   arrival   and   a   complete   cancellation   of   the

ref I act i on .

The   severity   of    the   interference   effects   is   dependent   on   the

angle  of    incidence   of   the   ref lected   energy.      Comon-of fset   gathers

where   the   ref lected   energy   has   an   angle   of    incidence   of   44   degrees

or   greater   show   the  most   severe   destructive   interference   effects.

The   lack   of    the   direct/refracted   arrival    on   the   April    17th   data

on   offsets   of   3.75  in   to   5  in  on   the   right   side   of    the   gathers   is

probably    indicating   a   zone    in   the   near   surface  which    is   absorbing   a

great   deal   of    the    laterally   propagating   energy.      This   zone`seems   to
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extend   from   about   COP   320   to   the   end   of    the    I  ine   around   COP   380.

Data   from   the   other    lines   show   this   blank   portion   but    it    is    less

obv i ous .

Mu I  t i o I a   Bet I ect i on

The   multiple   ref lection.    visible   on    the   April     17th   corrTron-

of fset   data  on   of fsets   greater   than  4.25  in  and  at   about   50  msec,    is

also   visible   on   the   April   24th,   28th,   and   29th   data   at   the   same

offsets   but   up   to   5  msec    lower    in   time.      The  multiple-ref lection

ampl  itude   seems   to   reach   a  maximum  at   an   offset   of   5  in  on   the   Apri  I

17th   data   and  at   5.25  in  on   the  other   three   sets   of   data.      The

primary   ref lection   has   a   fairly   uniform  ampl  itude   across   the

different   offsets  which  means   the   offsets  where   the  multiple

ref lection   has   the   greatest   amplitude   are   also   the   offsets  where   the

ratio   of   the  multiple-ref lection   energy   to   primary-ref lection   energy

is   the   highest.      This  may   allow  COP   data   that   have

multipl®-ref lection   problems   to   be   edited   according   to   offsets   to

remove  much   of    the  multiple-ref lection   energy.

The   Apri  117th   conTnon-offset   data  were   plotted   again   with   the

effects   of    the   seismograph   gains   removed   and   this   time,    the  multiple

ref lection   has   a  maximum  ampl  itude   at   an   offset   of   2.5  in  and   again

at   5  in   (Figure   42).      This   could   correspond   to   the   amplitude

increases   predicted   by   the  Zoeppritz   equations  when   seismic   energy

is    incident   on   an   acoustic-impedance   boundary   at    the  P-wave   critical

angle   and   the   S-wave   critical    angle   (Pullan   and   Hunter,1985).      An

offset   of   2.5   in   for    the   multiple   ref lection   means    the   angle   of
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1

Figure 42 -Common-oflsel gathers from April 17lh.  First number above each gather is
the source-receiver ollsel and lhe second number is lho angle ol incidence
lor the rellecled energy.  Traces are plolled true relalivo amplitude with all
traces plotted as il they had the same seismograph gain as lho traces al
6.0-in offset. The mulliplo relleelion has a maximum amplitude at 2.5 in and
again at 5.0 in.
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incidence   for    the   seismic   energy   was   about    13   degrees.    slightly

larger    than   the   value   calculated   for   a   simple   two-layer   model    using

Snell's    law  and   refraction   velocities.    It    is    likely   that   the

velocity   distribution    is  more   complex   than   a   simple   Snell  's-law

calculation   can   handle.      There  were   no   S+A/avo   velocities   available

to   check   the  ampl  itude   incr®aso   that  was   possibly   associated  with

the   S-wave   critical   angle.
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