B L T I DT LD L P ENGA © 300, 1 O AR G R s e W b o6 30" PR ST A TN it T Ve £ o SN NE A A St G R e RSy |

L]

R ,5
3 =
)
¥

AD-A137 816

2

GEOPHYSICAL METHODOLOGY STUDIES
FOR MILITARY GROUNDWATER EXPLORATION

by

Phillip R. Romig, Brian D. Rcdriguez, and Michael H. Powers

R
L LY WA T,
——,a-—l -.--.‘

T

Fxploration Research Laboratory
Colorado School of Mines

Ff Golden, Colorado 80401 I:%‘?qi<:::
TV E
o1 b

July 31, 1983

~
e Final Report
el ' P Q\¢;7’ }i
— ... M . ce atmM et e s el
¢
4 Prepared for:
— U.S. Army Mobility Equipment Research and Development Command,
L Fort Belvoir, Virginia

The views, opinions, and/or findings contained in the
¥ — report are those of the author(s) and should not be
‘} construed as an official Department of the Army
position, policy, or decision, unless so designated by
other documentation.

DISTRIBUTION §TXK

Approved for public release:
‘_“Diatnbunoq Un'imifod

34 01 26 oao




;

R L

b
4.

i e

¥

das

Al
143

A

. J9 PERFORMING ORGANIZATION NAME AND ADDRESS 10. :(R'tggRA

ARG WL VNG R W R AR W Y

SECURITY CLASSIFICATION OF THIS PAGE (When Dats Entered)

REPORT DOCUMENTATION PAGE BEFORE COMPL Eriee FORM

T REPGKT NUMBER A6 :oAA{tgslﬁnm G«:-mmm—-—-

4. TITLE (md'Subtlﬂo)n*_;_ S. TYPE OF REPORT & PERIOD COVERED

GEOPHYSICAL METHODOLOGY STUDIES FOR Final, 8/82 - 8/83
FOR MILITARY GROUNDWATER EXPLORATION

8. P!RFORN!%G ORG. REPORT NUMBER

(7. A AUTNOR{O) - . . ] 8. CONTRACT OR GRANT NUMBER(s)

Philllp R. Romig, Brlan D. Rodriguez, and DAAK70-82-C-0102
Michael H, Pgw T

Expiorafion Research Laboratory, Colorado
"School of Mines, Go’den Colorado 80401

e 1. CONTROLLING OFF'CE NAME AND ADORESS OF(C Code w26AAQ 12. REPORT DATE

| Development Command, Procurement and 1. RUMBER OF PAGES

P e a———————————————————
16. DISTRIBUTION STATEMENT (of this Repors)

US Army Mobility Equipment Research and

Produstion Dirgg:grate. Fort Belvoir, VA :
. MONITORING AGENCY NAME & ADDRESS(If different from Controlling Office) | 18. SECURITY CLASS. (of this report)

US Army Mobility Equipment Research and
Development Command, DRDME GS, Fort
Belvoir, VA 22060 18e. DECEASY!

|cn|on7' DOWNGRADING

“‘ll

Accession For _#_
| NTIS GRA&I @
{1 pTIC TAB a.
Unannounced [

i

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if differsnt from Report) Z : i
3y

Distribution/ .
e N\| Availability “Codes
. SUPPLEMENTARY NOTES ra .’) Avail ana/or
¢ /IDist | . Special "
2/
Al
19. KEY WORDS (Continue on reverse side if sary end identify by block nun+ber)

Colorado, Electrical, Fort Carson, Geophysics, Groundwater,
Microcomputef, New Mexico, Reflection, Refraction, Resistivity,
Seismic, Shear wave, White Sands

20. ADSTRACT (Contiwus en reverse stde i necessary and identify bv block numboer)

~This report contains the results of geophysical surveys at two
sites: White Sands, New Mexico and ¥Fort Carson, Colorado. The
geophysical surveys, seismic reflection, seismic refraction, shear
wave refraction and reflection, and electrical resistivity, were
used in an integrated fashicn to detect and assess groundwater
potential at a number of locations at each site. The locations

presented various geological and groundwater conditions. The

oD |:‘:’m~n 73 EOITION OF ) NOV 65 13 OBSOLETE

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entersd)

SR AR 2N E0 TA N AT 12 AN S AR TS NN AR A M A VLG KGR LI A R S e 'J

et

-

RS CLOIRA R PR |



wnrua\:h-mxnlmmi SANA TAS Ak R b AR .S 6 B

SECURITY CLASSIFICATION OF THIS PAGE(Whin Data Entered)

_.results of the surveys varied from fair to good. Factors which

contributed to a successful. assessment of groundwater potential
- were: a) geology consisting cf coarse-grained sediments,

- b) limited knowledge of geolugy, c¢) knowledge of all available
geologic information. Fectors which hindered the assessment of
“groundwater potential were: a) geology consisting of fine-grained

- sediments, b) complex geology and topography, c¢) no prior
know;edge of the geology available. Software developed during
. this study was designed to allow unskilled military personnel to

microcomputer.

interpret refraction and refiection data on a small, field-portablsy

BN LN N Ny \.'"-\g'(\'("-.f\.'f'\."’)s.*' TS Nl L T N R OACK PR AT R AR RS AR

SECURITY CL.ASSIFICATION OF THIS PAGE(When Date Entered)

A Tl ¥

SR U S U JU R Ve R

- A
2 T L g, B et Mt AU SUI S S i S W I O IS AR ALY R

N
H

e
L.}

e,

g

-



TS S L R NSRS W R SRS IS R I A TR LY LTS AT ARYEN

-

EXECUTIVE SUMMARY

This report contains the results of geophysical surveys at
two sites: White Sands, New Mexico and Fort Carson, Colorado.
The geophysical surveys, seismic reflection, seismic refraction,

shear wave refraction and reflection, and electrical resistivity,

were used in an integrated fashion to detect and assess ground-
water potential a2t a number of locations at each site. The loca-
tions presented various geological and groundwater conditions.

The results of the surveys varied from fair to good. Factors

which contributed to a successful assessment of groundwater

&3

potential were: a) geology consisting of coarse-grained sedi-

ments, b limited knowledge of geology, c¢) knowledge of all

! ' available geologic information. Factors which hindered the

assessment of groundwater potential were: a) geology consisting

LA

w »f fine-grained sediments, b) complex geology and topography,

c) no prior knowledge of the geology availabhle. Software

developed during this study was designed to allow unskilled

military personnel to interpret refraction and reflection data on

a small, field-portable microcomputer.
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PREFACE

This work was performed during the period of August 1, 1982
to July 31, 1983 by personnel of the Exploration Research
Labcratory (ERL), Colorado School of Mines (CSM), Golden,

Cclorado. The work was performed for the U.S. Army Mobhility

-
g
'
B
e
aA Equipment Research and Development Commard (DRDME-GS), Fort
| | Belveir, Virginia, as authorized and funded by PIIN DAAK 70-82-
g C-0102, August 1, 1982.
s The work was performed by Mr. Brian D. Rodriquez, and
Mr. Michael H. Powers. This report was prepared by Dr. Phillip
g R. Romig and Messrs. Rodriguez and Powers.

| The overall project was a cooperative effort with the Earth-
i quake Engineering and Geophysics Division (EEGD), Geotechnical
A

Laboratory (GL), U.S. Army Enaineering Waterways Experiment Sta-

tion (WES), Vicksburg, Mississippi. Principal Investigators for

WES were Mr. Dwain K. Butler and Mr. Jose L. Llopis. Information

was freely exchanged between CSM and WES during this

invest’gation.

Dr. James K. Applegate was the Principal Investigator during

data acquisition, processing and interpretation, and was suc-

a ceeded by Dr. Phillip R. Romig during the report preparation
‘ . phase. Mr. Brian D. Rodriguez was the Project Manager, and
9 Mr. Michael H. Powers was the Research Assistant.
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INTRODUCTION

Objectives

The objectives of the CSM (Colorado School of Mines) work

effort were to evaluate existing field methodology, equipment,

§
'

and interpretation methodology of the genphysical methods seismic

refraction, seismic reflection, and DC resitivity in order to

determine their integrated feasihility for near-term military

groundwater detection application.

Background

Previous studies into the use of cgeophysical methods for
detecting groundwater have shown that no magical "black bhox"
exists that allows the definitive location of groundwater
(e.g. Applegate, et al, 1982). Father, it appears that multiple
geophysical methods are useful in an integrated interpretation
node. This is because changes in geophysical parameters asso-

ciated with changes in rock properties due tc the presence of

groundwater are not unique. This creates ambiguities in the
interpretation of any single geophysical method with regard to

groundwater detection. The use of multiple geophysical methods,

which measure different rock properties, reduces the ambigquities

and allows a better assessment of the presence of groundwater.
Furthermore, the .use of methods which measure parameters related
to the rock properties that are most significantly altered by the
presence of groundwater increases the possibility of direct

detection. The most sensitive rock properties are seismic velo-

...... S
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city and electrical resistivity, hence, the CSM work effort con-

centrated on the seismic and electrical methods.

For the near-term solution, the logical research approach ias

to field test existing methodology to assess what developments

are needed for military groundwater detection application. These

&

developments should take the form of hardware development, signal

]

processing development, and/or interpretation methodology devel=-
opment. This development work must be predicated on an empirical
basis as well as on theoretical considerations. Hence, the CSM

work effort evaluated existing field techniques, equipment, and

e M3

interpretation methods for seismic refraction, seismic reflection

and DC (direct current) resistivity to determine the feasibility
of implementing the near-term solution. Seismic refraction,
gseismic reflection, and DC razsistivity have been used extensively

for many years, and the hasic theory is well-described in many

S ]

text books (e.g. Griffiths and King, 1969; Parasnis, 1979;
Telford et al, 1976). 1In a previous MERADCOM report, Applegate,
et al (1982) comprehensively discussed the applications of field
procedures for seismic and electrical methods in groundwater

exploration.

R.
N
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Approach

"7 The seismic wethods that were investigated included seismic
~refracticn (which is traditionally used but in this study was
"refir.xed and modified) and seismic reflection, which is' normally
‘used for much deeper targets but proved to be useful as a cross-
check and an extension of the refraction data set. In both

vrve-f_raetion: and reflection cases; shear waves were used in addi- 1

tion to the commonly used compressional waves. The DC resis-

tivi-y sounding method was investigated by WES (Waterways Experi-

ment Station). The methods were evaluated for their
effectiveness in detecting groundwater in an integrated manner
for the following three cases: (1) no prior Xknowledge of geo-

logy, (2) limited knowledge of the geology, and (3) all availabhle

§

i

i

_ i geologi > information known. Each of the methods was also evalu- ]
% atbed fcr field methodology and equipment durability and avail- ‘
ability. An integral part of the evaluation of the interpreta-

! tion methodology . for the seismic methods included extensive
development of user—ffiendly software, thereby lowering the level

% of expertise required for the processing and interpreting of the

ﬁ data by military personnel while allowing a rapid and easy reduc-

L% tion of the data.

A Mi&iﬁ%ﬂ{ﬂiﬁﬁiﬁﬁﬁiﬁi
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Two £field sites were selected, each representing a common

groundwater occurrence. White Sands Missile Range, New Mexico, ;
was the site for an alluvial aquifer with an unconfined water

' ‘table. Fort Carson, Colorado, was the site for a confined (arte-

sian) aquifer.
Four locations were selected at the White Sands site

(Figure 1), each near a water supply well, test well, or bore-

hole. Thus depth to groundwater was Xxnown for all these

locations &nd variesd from 60 to 450 feet. Limited borehole log

B
{ information was also available. Water quality varied from fresh
AAil ' to brackish (Table 1). The four locations arefvéry.typiCal of
Es alluvial aquifers found worldwide.
A location near White Butte at the Fort Carson site was
!I selected (Figure 2) near a good—qualit& Qell;prdducing water from
the Dakota Sandstone artesian aquifer. The depth to the tdp of

the aquifer at the well was about 270 feet. The ‘“hickness of the :

aquifer was about 100 feet, and it was confined on top and bottom

by shale layers. The Dakota Sandstone outcrops about one mile to

g the west of the White Butte well and has a regional dip to the
) east of about 330 ft/mile (Butler and Llopis, 1983). Due to the
ﬁ‘ rugged topography and complex near-surface geology at the well
ii site, geophysical surveys were also conducted akout one-half

R S
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Table 1
White Sands Borehole Information

[ [N

Depth to Water
- Groundwater Quality Geology

64 (16) ft fresh Sand/gravel to
' 82 ft; weathered
granite: 82 ft

132 (1) ft brackish Sand with silt and
B o o clay, 105-220 ft;
clay with sand/silt
180~430 ft

214 (1) ft ' fresh Gravel, 0-112 ft
T clay, 112-160;

gravel, 160-165;
clay, 165-200;
gravel, 200-210
clay, 210-225; etc.,
below 630 ft mostly
clay

SW-19 427-514 ft = fresh , Poorly sorted sands
o & gravel to >900 ft
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mile to the west and about one-half mile to the south. ‘Surveys

" were performed parallel to the strike of the Dakota Sandstone
(north-south) and perpendicular to theistrike (Figure 2).

Results of CSM/WES

Field work at the two sites was performed hy CSM and the - e
Waterways Experimeht Station (WES). Resistivity data at one of = = |

the White Sands locations (MAR) was provided by ‘the USGS.

Table 2 summarizes the geophysical surveys pefformed at the White
. Sands site. Location numbers correspond to the well or borehole

designation as shown in Fiqure 1. For the seismic refraction

 surveys, the line length refers to the largest shotpoint to geo-

phone spread length, while for the resistivity surveys the line

length refers to the maximum electrode spacihg for " the

Schlumberger soundings. Table 3 summarizes the geophysical sur-

13

'~y

i)

l veys performed at the Fort Carson site.

A. Seismic Refraction

Seismic refraction data were processed and interpreted with

software developed for a field portable microcomputer. This

included computer-aided picking of first arrival events and

"\
v computer-aided method-of-differences refraction interpreta-
1 tion. Figures 3-7 are the computer-generated velocity
2 models.
B

6
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" Tabhle 2

 ,whité~$én&s*666§hysi¢hl’Prograh

Al Survey. *“ “Performing . Line * - B
_Q%” poqatlon‘ Type = . ' Agency Length Commepts :
. UTA-l - refraction CSM ' 330 ft  *Refraction i
: , : " _ line length ;
refers to the g
: Lo ‘ lohgest shot !
resistivity. =~ WES: i o 600 ft to geophone
B | - offset. |
¥ Resistivity line 1

length refers to

the maximum
Schlumberger ]
array spacing ]

43

T-14 refraction - C8M 600 ft Perpendicular
, . . : o A to WES
: ' .WES _ 540 ft refraction and
E ' resistivity
i_ ~resistivity - WES 100C ft
W MAR-2. refraction . CSM 825 ft !
g resistivity USGS _ 4000 ft USGS location
4 . not the same as
CSM line
! .~ 'SW=19 refraction CSM 1650 ft
e S WES : 1800 ft
_Ea 'resistivity WES 1800 ft Perpendicular
L to WES & CSM
refraction,

centered 500 ft
west of well 19

=

Fifortd
B e vl

w

st
-

2 22|

s o
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Table 3

Fort Carson Geophysical Program

Survey Performing Survey Line *

~ Type Agency Numher Length Comments
refraction CSM 1 1650 ft Large variation
g in topography
. along line
| B refraction CSM 2 825 ft Same location
N as WES-4 ]
: refraction o | 3 1100 ft Perpendicular
E to WES-3
resistivity WES 1 1000 ft WES-1 & WES-2
perpendicular,
crossing at
mid-points
l resistivity WES 2 900 ft
i resistivity WES 3 1000 ft
" resistivity WES 4 1000 ft
E resistivity WES 5 700 ft Length limited
by topography
' *Refraction 1line length refers to the largest shot-point to geophone

offset. Resistivity line length refers to the maximum current elec-
trode spacing for the Schlumberger sounding array.
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B. Seismic reflection ?

- : During the field acquisition, no special procedures were fol-
| lowed to collect seismic reflection information; however, an ;
attempt was made to process the refraction data as common-
depth-point (CDP) reflection profiles. Microcomputer reflec- ‘ ;

. tion software was developed as a prototype to test the con- ;

‘cept of a field portahrle reflection processing package.

T

After the creation and utilization of basic filters, normal

moveout velocity analysis, time-variable gain control and CDP

i

stacking, it was determined that the concept is certainly
viable, but the necessary programming for immediately inter-
oretahle results (enhanced signal-to-noise ratio and hetter
plot quality) was not available within our time frame. The

progressive market of microcomputer hardware has recently

introduced field portable "“super-microcomputers" that run

W N

pre-existing, industry standard software. This may preclude

the approachi of software development to fit the hardware, and

il

may suggest the possibility of obtaining hardware to fit the
software. Our data was fully processed on a mainframe com-

puter with standard industry software. Figures R-10 are the

§ nainframe printouts of the reflection profiles at the White

Sands site.

.

C. Shear waves

o AN IS

Shear wave data were collected only at the HTA and T-14 lines

yid

at White Sands, New Mexico. The shear-wave refraction data

from both lines were processed and interpreted with software
9
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on a field-portable microcomputer. This included computer-
assisted removal of the compressional waves which allowed the
shear wave first arrivals to be picked with qreater relia-
bility. Figures 11-12 are the computer-generated velocity

models. Figure 13 is the shear wave reflection profile over ‘

the T-14 line.

D. Resistivity

DC resistivity sounding data were interpreted hy WES (Butler

and Llopis, 1983) on a mainframe computer. Also, selected

resistivity data were interpreted by WES on a microcomputer.
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Interpretation

A.

Water saturation properties

Although the term "water table" has no precise scientific
definition, it is usually used to indicate the depth at which
rock pore spaces are fully saturated (Keller and
Frischknecht, 1966). Of course, there is a transition zone
from partial saturation above the water table to compl»;;te
saturation in the water table. For the purposes of this
report, the term "water table" will be used to indicate the
zone of complete saturation. It is important to understand
how resistivity and seismic rock properties are affected hy
changes in water saturation. For permeable rocks and water

saturation greater than 25%, hulk resistivity varies as

pusﬂ} (1)

where p is bulk resistivity and § is percent water satura-
tion. For permeable rocks and water saturation less than

25%, bulk resistivity varies as

1
Da;;!- (2)
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where n is between 4 and 5 (Keller and Frischknecht, 196f).
From equations (1) and (2) we see that bulk resistivity
varies maximally with percent water saturation in the first
few tens of percent and varies minimally with percent water

saturation in the last few tens of percent (Figure 14).
Thus, resistivity will not only be sensitive to the water
table (complete saturation), but also be sensitive to zones
above the water table that are only partially saturated.

Compressional velocities vary as

—3 (3)

where Vb is compressional (P-wave) velocity, Xk is bhulk

modulus, u is sh:ar mcdulus and 4 is density. Shear

velocities vary as

V. = (=) (4)

where V, is shear vealocity, u ies shear modulus and & is

density. Th: ratio of compressional to shear velocity is
VAN - ) R (5)

When the rock pores are completely filled with water, %

greatly increases while u only slightly increases. Thus,

when seismic energy encounters the water table, the Vp/vs
12
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ratio increases. Therefore, equations (1), (2), and (5)
reveal the water saturation rock properties. As water

saturation increates, the bulk resistivity decreases, greatly

2 R

for the first few tens of percent and leastly for the last

few tens of peircent, while the Vp/vs ratio increases.

’4
Yo

v

No prior knowledge of the geology

The detection of the presence of groundwater for military

applications will at times require only the use of surface
geophysical tests with no prior knowledge of the geology. It
is with this case in mind that the following assessments are
made. The terms "poor"'. "fair", or "good" will he used to
qualitatively rate the confidence level in the assessment of

the groundwater potential for each site.

§
§
i

-

-
3
it

1. White Sands, New Mexico data
HTA-1l. Without any prior knowledge of the geology, the
geophysical assessment of groundwater potential at this
gite is fair to good. Seismic refraction, reflection,

electrical resistivity and shear wave interpretations are

g R 2

® shown in Figure 15. If groundwater were present, it
g would be shallower than 95 ft., since the material below
,3 this depth has a high resistivity (1500 ohm-ft). It also
é‘ would be deeper than avout 10 ft., since both the
e resistivity (1200 ohm-ft) and the velocity (refraction:

900 ft/s, shear: 600 ft/s) are indicative of dry loose
{% rock. There are indicatons of the presence of ground-

13
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water below a depth of 10 ft: the refracted compres-
sional wave velocity is equal to tahe characteristic
S000 f£t/s velocity of shallow saturated sediments, also,
the ratio of the compressional to shear wave velocity
(Vp/Ve) increases at this interface from 1.5 to 1.8
(900/600 to 5000/2700). An incrsase in the Vp/V, ratio
will occur when a saturated layer is encountered during a
seismic survey. The resistivity survey reveals a
decrease in resistivity at 10 ft depth which may he an
indication of groundwater, however the field sampling of
the resistivity measurements was too poor to accurately
model these depths. The reflection data reveals a
reflector at 80 ft depth which may correspond to the high
resistivity layer at 95 ft depth (1500 ohm-ft). No
reflectors were detected for depihs shallower than B0 ft
due to the poor CDP coverage. There is another refracted
interface at about 30 ft depth that is probably a change
in rock type with or without the presence of ground-
water. Thus, if groundwater exists, it would be either
at 10 ft or 30 ft depth. Although the resistivity,
refraction and shear wave surveys aive only an indication
of the presence of groundwater, the range of depths (10
to 30 ft) is so tight that a fair to good confidence
level exjists that groundwater can be found near 20 ft
depth. Therefore, without any prior knowledge of the

geology, the geophysical assessment of groundwater

potential at this site is fair to good.
14
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MAR=-2. Without any prior knowledge of the geology, the
geophysical assessment of groundwvater potential at this
site is fair to good. Seismic refraction, reflection,
and electrical resistivity interpretations are shown in
Figure 16. The resistivity survey was performed ahout
1/2 mile east of the refraction line and so a direct com~
parison of the corresponding models would assume no
changes in geology. If groundwater were present, it
would be at a depth near 245 ft where the resistivity
corresponds very well to shallow saturated saline sedi-
ments (1 to 30 ohm-ft). It could also be at a depth
above 245 ft, where there is a resistivity decrease
(160 ohm-ft), but it would have to be below 155 ft where
the refraction survey indicates that there is a high
velocity (11,000 ft/s) layer. This velocity is too high
to correspond to a shallow water table, and is most
likxely a high velocity layer above the groundwater. The
reflection survey reveals two reflectors, one at 15C ft
depth which corresponds well with the high velocity
refracted layer (11,000 ft/s), and another at 235 ft
depth which corresponda well with the 1low resistivity
layer (1 ohm-ft) at 245 ft depth. Again, due to poor CDP
coverage, shallower reflectors were not detected. There
is also a 1low resistivity layer at 5 ft depth
(65 ohm-ft), however the refracted layer velocity at that
depth (2100 ft/s) is too low tu correspond to ground-

water. Thus, while the refraction survey does not give
15
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any indicators of goroundwater potential, the resistivity
survey gives an indication that saline groundwater is

present at a depth of about 245 ft while the reflection

il WE Wik

survey indicates that an acoustical reflector exists at
about the same depth. Thus, the three models support

sach other fairly well yielding a fairly high confidence

level that saline groundwater exists near a depth of 245

ft. Therefore, without any prior knowledge of the geo-~

T p
At

logy, the geophysical assessment of groundwater potential

§ at this site is fair to good.
g
&t SW-19. Without any prior knowledge of the geology, the

geophysical assessment of groundwater potential at this

e
7

site is good. Seismic refraction, reflection, and elec~

e

trical resistivity interpretations are shown in

Figure 17. If groundwater were present it would he at a

depth of around 400 ft where tne refraction velocity con-

trast is nearly two (2.5). Generally, the characteristic

AP

5,000 ft/S velocity will take precedence over a velocity

contrast of two for shallow saturated sediments; however,

PR

for deeper saturated sediments a velocity contrast of

ﬂ about two is typical. Again, the resistivity sampling
N rate was too poor to adequately model the site, but the
ﬁ{ lower resistivity layer at a depth of 400 ft could he an
g% indicator of very fresh groundwater. The reflection

survey reveals a reflector at this depth as well. Poor
::'; CDP coverage prevem:eii6 the detection of shallower

e s ¢ v ol




reflectors. Thus, all three models support each other

. véiy well yielding a high confidence level that groﬁnd-

- water exists at about 400 ft depth. Therefore, without

any prior knowledge of the geoclogy, the geophysical

assessment of groundwater potential at this site is good.

T=14. Without any prior knowledge of the geology, the
geophysical assessment of groundwater potential at this
site is good. Seismic refraction, reflection, electrical
resistivity and shear wave interpretations are s..0wn in
Figure 18. If groundwater were present, it would be
deeper than 120 ft depth since the refraction survey

reveals a velocity (2500 ft/s) much too slow to indicate

" .shallow saturated sediments. The refraction survey also

indicates that grouvndwater may exist at or below 130 ft,

‘since the velocity (6600 ft/s) is indicative of shallow

saturated sediments. The resistivity survey indicates
that the groundwater is saline (12 ohm-ft) below a depth
of 150 ft. Both the refracted and reflected shear wave
energy apparently did not penetrate very deep, thus not
revealing any interfaces at these depths. If groundwater
were present, it would be bhelow 120 ft depth and saline
at 150 ft depth. The surveys are in good agreement with
each other and appear to be sensitive to an aquifer.
Therefore, without any prior knowledge of the geology,
the geophysical assessment of groundwater potential at

this site is good.
17

HLAR SR AL LA LITR R LCRTG ERESERERG vl VR R i IAVAS Y LRI YDV PR IRS AR ALE SEZE T AL




- _

oy D =

a—_—
o

Fort Carson, Colorado data

CSM-1. Only a refraction survey was performed at this
location. Examination of‘the TX plot (Figure 19) reveals
that laterally changing velocities exist in the subsur-

face (increasing slope progression is interrupted by non-

-systematic decreases in slope; see Figure 34 for normal

slope progression indicating increasing velocity
vertically) and so a straightforward geophysical

interpretation at this site is impossible.

€S8M-3. Without any prior knowledge of the geology, the

geophysical assessment of groundwater potential at this

site is fair. Only a refraction survey was performed at

- this location. The geophysical interpretation is shown

in Figure 20. If groundwater were present, it would be
deeper than 30 ft depth since the velocity (1300 ft/s) is
much too slow to indicate groundwater. The interface at
30 ft depth has too large a velocity (9700) ft/s) for
shallow saturated sediments, however, if the aquifer were
not alluvial, but artesian then it is possible that the
interface at 30 ft depth is an aquifer. Because only one
geophysical technique was employed, and there was no
prior knowledge of the geology, the geophysical assess-
ment of groundwater potential at this site is only

fair. This is a good example of the need for integrated

geophysical surveys.

18

TR T S T YRR T T PR N T U N TN TR A N N R R A RN R R T R R

T

et j!.



W~ R T T G e B R T R YT VDY W W O W R TR, R SR T ek v

CSM-2. Without any prior knowledge of the geology, the
geobhysical assessment Of groundwater potential at this
site is fair. Seismic refraction and electrical resis- i
tivitf (WES-4) were performed at this site. The geo-
physical interéretations appeaf in Figure 21. If ground-
water were present, it would be deeper than 30 ft depth
sincé the velocity (1900 ft/s) is much too slow to indi-

cate groundwater. The velocity (5500 ft/s) below 30 ft

[ depth 1is typical of shallow saturated sediments. The
resistivity interface at 60 ft depth (55 ohm~ft) is typi-

cal of a fresh-water aquifer. The velocity (10,000 ft/s)

at about 90 ft depth is on the high side for an artesian

E A aquifer. Thus, if groundwater exists it is definitely
] below 30 ft depth and probably at 60 or 90 ft depth.
g Therefore, with no prior knowledge of the geology, the
7 geophysical assessment of groundwater potential at this
; site is fair.
C. Limited knowledge of the geology
ﬁ The detection of the presence of groundwater for military
= applications will most of the time have available a limited
% supply of geologic information. It is with this case in mind
@ that the following assessments are made.
&
5

19
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1. White Sands, New Mexico data

R

HTA-l1. With limited knowledge of the geology, the geo-

physical asséssment of groundﬁater pbtential at this site

P

is good. Knowing that bedrock occurred around 80 ft i

depth, the aquifer depth has to be shallower than

P

80 ft. The geophysical models in Figure 15 support this K

T y

knowledge. It still appears that an alluvial aquifer
exists at either 10 and 30 ft depth where the velocities
.are typical of shallow saturated sediments. Therefore,

with limited knowledge of the geology, the geophysical

assessment of groundwater potential at this site is good.

T T R

MAR-2., With limited knowledge of the geology, the geo-

[

physical assessment of groundwater potential at this site

is good. Knowing that the approximate aquifer depth was

around 200 ft and that the aquifer was alluvial, the

i

geophysical models in Figdre 16 appear to correlate to

such an occurrence. The low registivity (1 ohm-ft) layer

at 245 ft depth <correlates very well to saline

groundwater below the app:oximate aquifer depth. The

g : refraction velocity (11,000 ft/s) interface, dves not
%{} correspond to shallow saturated sediments, but is an
E . indicator of high velocity material above the water
:4§ table. The reflector at 235 ft depth also supports this
- knowledge. Thus, the models support known data. There-

ﬁi fore, with limited knowledge of the geology, the geophys-
vég ical assessment of groundwater potential at this site is

good. 20

e A o ot A AT T A
3 15‘,‘:;.1‘:‘.?\‘1‘!_.‘..n.'..-.'..o.",'g".'\“.-;\!‘L‘. el



B I, U I T T e A A L U N o Lol oL WA AN " Pl L o L M M N M el 7w % te e & Y ot

T RT—

@n. ..

TS TSR LW AR E R T ETLRE)

SW=19. With 1limited knowledge of the geology, the
,geophysical assessment of groundwater potential at this
site is very good. Knowing that the approximate aquifer
depth is around 450 ft depth and that the aquifer was
alluvial, thé geophysical models in Figure 17 correlate
very we.l to this knowledge. The lower resistivity
(175 ohm-£ft) layer occurs at 400 ft depth and the higher
velocity (8900 ft/s) interface occurs at 410 ft depth. A
strong reflector also appezrs at 400 ft depth. There is
thus a high agreement of all the models with the known
data. Therefore, with limited knowledge of the geology,
the g'eop;hysical Assessment of groundwater potential at

this site is very good.

T-14. With limited knowledge of the geology, the aeo-

physical asssessment of grédndwater potential at this

'site is very good. Knowing that the approximate aquifer

depth was around 130 ft depth and that the aquifer was

alluvial, the geophysical models in Figure 18 correlate
very well to this knowledge. The velocity interface
(6600 ft/s) at 120 ft depth correlates well to shallow
saturated sediments at about that depth. The low resis-
tivity (12 ohm-ft) layer at 150 ft depth correlates well
to saline groundwater at that depth, with the possibility
that fresh groundwater exists above it. Although the
shear wave energy apparently did not penetrate to these

depths, the refraction and resistivity surveys appear to
21
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detect the water table. Therefore, with limited know-
ledge of the geology, the geophysical assessment of

groundwater potential at this site is very good.

Fort Carson, Colorado data

CSM-1. Again, examination of the TX¥ plot (Figure 19)
reveals.that lateraliy changing velocities exist in the
suhsurface, making a straightforward geopl-rgsical inter-

pretation of this site impossible.

CsM-3. With limited knowledge of the geology, the geo-
physical assessment of groundwater potential at this site
is good. Knowing that the approximate aquifer depth was
very shallow, around 10 ft depth, and that the aquifer
was artesian, the geophysical model in Figqure 20 corre-
lates well to this known data. The high velocity
(9700 ft/s) interface at 30 ft depth is characteristic of
an artesian aquifer. Thus, the refraction survey sup-
ports the known data. Therefore, with limited knowledge
of the geology, the geophysical assessment of groundwater

potential at this site is good.

CSM-2. With limited knowledge of the c¢eology, the geo-
physical assessment of groundwater potential at this site
is fair to good. Knowing that the approximate aquifer

depth was around 60 ft depth and that the aquifer was

artesian, the geophysical models in Figure 21 appear to
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a . correlate fairly well to this known data. The low resis-

M
-

tivity (55 ohm-ft) layer at 65 ft depth correlates very

il

well, but the refraction interface (10,000 ft/s) at 85 ft

Ll

depth is a little Adeep. Therefore, with limited know-

T—

ledge of the geology, the geophysical assessment of

groundwater potential at this site is fair to good.

e St o,

D. All available geologic information known

The detection of the presence of groundwater for military

r

AR e B

applications will at times have available all known geologic
information. It is with this case in mind that the following

assessments are made.

1. White Sands, New Mexico data

HTA-1. The ageophysical assessment of groundwater poten-

.
.
)
A

tial at this site is good. Knowing all available geo-
logic information, the ceophysical models (Figure 22) at
this site correlate well to the known data assuming a

draw down of 50 ft at supply well, HTA-1l. The electrical

measuremerits reveal three resistive layers. The upper

layer (1200 ohm-ft) corresponds to the dry surficial

§ layer of loose sands and gravels. The thick middle layer

;?ﬂ (300 ohm-ft) corresponds to a bulk resistivity of moist

;ﬁ sands and gravels, the water table, and compacted sands

ﬁi and gravels at depth. The lower layer (1500 ohm-ft) cor-

responds to basement granite. The field sampling of

-gg resistivity measurements was too poor to adequately model
23
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the water table. The refraction survey reveals three
acoustical layers. The upper layer (900 ft/s) corre-
sponds to the dry surficial layer of loose sands and
gravels. The middle layer (5000 ft/s) corresponds to the

alluvial aquifer assuming a draw down of 50 ft at supply

;
i
:f
o
;
l;

well, HTA-1l. This is not an unreasonakle assumption, as
a 50 ft drawdown on an 82 ft deep hole corresponds to 70%
of the maximum drawdown (assuming the static level is 10
ft). Johnson (1966) reports that 70% of maximum drawdown
is the common design practice for optimum well operating
characteristics. The lower layer (7300 ft/s) probably
~rresponds to a change in rock type, saturated or
unsaturated. The shear wave survey reveals the same dry

surficial layer of loose sands and gravels (600 ft/s) and

.he water table (2700 ft/s) at 10 €t depth. The
reflection survey reveals a reflector at 80 ft depth
ccrresponding to the bedrock at that depth. Thus, the
geophysical models correlate with all available geolodic
information assuming a 50 ft draw down cone in the
boreholea. Therefore, knowing all available geologic
information, the geophysical assessment of groundwater

potential at this site is good.
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MAR-2. With all available geologic information Xknown,
the geophysical aasensmenﬁ of groundwater potential at
this site is good. Knowing all available geologic infor-
mation, the geophysical models (Figure 23) at this site
correlate well £o the known data. The electrical mea-
surements reveal five resistive layers. The upper three
layers correspond to loosely compacted gravels. The
fourgh layer (160 ohm-ft) corresponds to moist compacted
gravels and clays, and the water table. The lowest layer
(1 ohm-£ft) corresponds to saline Qroundwater. (Please
note that the resistivity measurements were gathered
1/2 mile east of the borehole log and the refraction and
reflection lines; thus, absolute depths to interfaces may
not correspond exactly.) The refraction survey reveals
three acoustical layers. The upper layer (2100 ft/s)
corresponds to loosely compacted gravels. The middle
layer (4100 ft/s) corresponds to moist compacted
gravels. The lower layer (11,000 ft/s) corresponds to a
high velocity clay layer just above the water table. The
velocity of the saturated gravel layer is likely to be
sraller than the clay layer velocity, and thus it would
never be measured using the refraction method. The
reflection survey reveals two reflectors, one at 150 ft
depth corresponding to the same interface as the
11,000 ft/s refractor, and the other at about 235 ft

depth probably corresponding to a clay layer. Thus, all

the models agree well with the known data. Therefore,

25
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knowing all available geoloaic information, the geophys-
ical assessment of groundwater potential at this site is

good.

SW-19. With knowledge of all available geologic informa-
tion, the geophysical assessment of groundwater potential
at this site is véry good. Knowing all available geo-~
logic information, the geophysical models (Figure 24) at
this site correlate very well to the known data assuming
a draw down of 50 ft in supply well SW-19, The elec-
trical measurements reveal three resistive layers. The
uppér iayér'(SOO ohm;ft) corregsponds to loosely compacted
sands and gravels. The middle layer (675 chm-ft) corre-
sponds to compacted sands and gravels. The lower layer
(175 ochm-ft) corresponds to a fresh water tahle assuming
a drawn down in the horehole of 50 ft. The refraction
survey reveals the same three interfaces, thus suggesting
very strongly that the water table exists at about 400 ft
depth with a draw down in the bhorehole of 50 ft. The
reflection survey reveals Q reflector at 400 ft depth in
support of the resistivity and refraction models. Thus,
all the models agree very well with the known data,
assuming a 50 ft draw down cone in the horehole. There-
fore, knowing all available geologic information, the
geophysical assessment of groundwater potential at this

site is very good.
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T-14. With all available geologic information known, the

l' geophysical assessment of groundwater potential at this 1
EE site is very good. Knowing all available geologic infor- é

mation, the geophysical models (Figure 25) at this site |
gg correlate very well with the known data. The electrical ?

measurements reveal four resistive layers. The upper two

A4,

layers correspond to dry 1loosely compacted sands and

o« -

gravels. Trhe third layer (300 ohm-ft) corresponds to

e B

moist compacted sands and gravels, and the water table.

The 1lowest layer (12 ohm-=ft) corresponds to saline

&=

groundwater. The refraction survey reveals three

&

acoustic layers. The upper layer (1500 ft/s) corresponds

to dry loosely compacted sands and gravels. The middle

-

layer (2500 ft/s) corresponds to moist compacted sands

and gravels. The lowest layer (6600 ft/s) corresponds to

~

Sy

the saturated sequence of sand with silt and clay. The

shear wave reflection survey reveals a reflector at 35 ft

corresponding to moist compacted sands and gravels. The

shear wave refraction survey reveals the same shallow

% |

layer. The shear wave energy apparently did not pene-

&.

trate deep enough to detect the deeper layers. Even

==

though the shear wave surveys were not effective the

refraction and resistivity surveys were very sensitive to

¥

the water tahle. Therefore, with all available geologic
information known, the geophysical assessment of around-

water potential at this site is very good.

27
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Fort Carson, Colorado data
C8M-1., As Dbefore, examination of the T=X plot

(Figure 19) reveals that laterally changing velocities
exist in the suhsurface, making a straightforward geo-

physical interpretation of the site impoasible.

CSM=3. With all available geologic information known,

the geophysical assessment of groundwater potential at .

this site is good. Knowing all available geoloagic infor-
maticn, the geophysical model (Figure 26) at this site
correlates well with the known data. The upper layer
(1300 ft/s) corresponds to the 1loosely compacted
weathered layer. The lower layer (9700 ft/s) corresponds
to the Dakota Sandstone aquifer. The ageologic model
depicting the depth of the Dakota Sandstone at 10 ft is
probably inaccurate as the rugged surface topography in
the area was estimated from a 20 ft contour interval
topographic map and the top of the Dakota Sandstone was
projected based on the known depth 1/2 mile east and a
regional dip value of about 330 ft/mile. Thus, the
refraction model is probably quite accurate. Therefore,
knowing all available geologic information, the ceo-
physical assessment of groundwater potential at tris site

is good.

28
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C8M=-2. With all available geologic information known,

the geophysical assessment of groundwater potential at

this site is good. Knowing all available geologic infor- ‘

&5 M M B

mation, the geophysical models (Figure 27) correlate

fairly well to the known data. The electrical measure-

T
“8

ments reveal five resistive layers. The uppermost layer

>
RE

(490 ohm-ft) corresponds to the Ary surface soil layer.

The next layer (130 ohm=ft) corresponds to the moist

weathered layer. The third layer (190 ohm-ft) corre-
sponds to the shale layer. The fourth layer (55 ohm-ft)
corresponds to the Dakota Sandstone aquifer. The hottom
layer (180 ohm-ft) probably corresponds to a lower poro-
sity zone in the Dakota Sandstone. The refraction survey

reveals three acoustical layers. The vupper layer

N e w285

'.Ti

(1900 ft/s) corresponds to the weathered layer. The

»

middle layer (5500 ft/s) corresponds to the shale
layer. The lower layer (10,000 ft/s) probahly corre-

sponds to the Dakota Sandstone, Although the Dakota

Rl

Sandstone is apparently shallower (65 ft) than what the

refraction survey would seem to indicate (85 ft), in con-

2

&

sideration of the uncertainty of the actual depth to the

Dakota Sandstone at this location, this model is in fair

7 S

s R

agreement with known information. Therefore, knowina all

available geologic information, the geophysical assess-

b ment of groundwater potential at this site is gqood,
~

-

N 29




Rt R e B e i e S

EVALUATION

Field Methodology

A. Seismic refraction/reflection

" (Mt 10 " v

For refraction shooting, the largest shotpcint to geophone

offget should be at least five times the desired depth of

EESN

investigation.

—

The decision to use seiamic reflection in addition to refrac-
tion should be made hefore entering the field, as the time
and cost of collecting useful reflection AQata are greater
than for shooting a straight refraction survey. The field
procedure for collecting refraction data is comprehensively

covered in a previous report (Applegate, et al, 1982); how-

ever, if the data is to be processed for reflection informa-
tion, then the following field considerations are necessary

to raise data quality and lower processing time and complex-

T A Sy SR T R R

ity.

Remain consistent. Ideally, the survey parameters are

Pt
L[]

set, and the shooting pattern decided, before any data is

X
5
d
1

collected. Occasionally the incoming data will mandate a

=

parameter change while in the field, but this should be

P
L AH

done cautiously.
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3.

The source must be repeatable and contain good high fre-
guency energy. Possible chqices include an explosive in
the air on a two-foot long stake, or a gun fired into the
ground. Buried explosives contain the necessary anerqgy,

but are time-consuming.

Shoot at least every third or fourth geophone station.
For seismic reflection, the normal moveout equation
breaks down when the source to receiver offset is greater
than twice the depth of investigaticn. This means a
reflector twenty feet deep can only be recovered from the
traces recorded by geophones within forty feet of the
shot. An example shooting pattern (assuming a twelve
channel seismograph and a three spread survey 825 feet
long with 25 feet hetween stations) would be to first
locate and flag all 34 stations, put the live geophone
traces 1-12 at stations 1-12, and then shoot stations 1,
5 8, 12, 16, 19, 23, 27, 30, and 34. VNext, move the
live traces 1-12 to station numbers 12-23 and again shoot
at the above ten stations. Move the live traces to sta-
tions 23-34, and shoot the ten stations again to complete

the survey.

Avoid drastic filtering of field data. The signal fre-
quencies of interest for shallow seismic reflection
generally range from 60 Hz to 500 Hz. Consequently, a
hi-cut filter set bhelow 60-80 Hz can destroy most of the

useful signal and should be avoided.

31
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5. Use conservative gains. The electronics of the recording

v 1 R
.
i il

instrument limit the size of the number (amplitude) held

in memory. A high gain will cause this number to be

,5EEE_

recorded repeatedly, and acts as a hi-cut filter. Low

gains can almost always be recovered in the computer.

(o

6. Keep field procedures within data processing capa- 1

bilities. A fast, efficient interpretation of field data

is best accomplished if the field methodology and the

processing package are designed together. The use of

field portaple, shallow application seismographs”to col- . .- o

Feiogr

lect reflection data is relatively new, and data process-
ing on field portable microcomputers is limited. The

capabilities and limitations of the specific packagé

should be understood before the field effort is begun.

s
b

Shear.Source

Refracted seismic arrivals from a shear wave source are gen-

erally very weak, however, reflected seismic arrivals can be
useful in groundwater detection. The field methodology dif-

fers only in the use of a shear wave source, and possibly a

change in the shooting pattern to enhance the coverage.

C. Resistivity

Eﬁ Vertical resistivity soundings (Schlumherger soundings) were
employed to measure the vertical variation of electrical
(%
&% resistivity with depth. In order to detect groundwater, an
32
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adequate sampling rate is'necessary. This allows an accurate
modeling of the resistivities. During this study, six to ten
méasurements per decade of electrode spacing were used
equally spaced on a logarithmic scale (e.g. 10, 14, 20, 30,
50, 70, 160. etc.). This sampling rate proved to be inade-

quate to accurately model the resistivities. An adequate

~sampling rate would be a minimum of eighteen measurements per

decade if equally spaced on a logarithmic scale (e.g. 10,

1.5, 13, 15, 17, 19, 22, 25, 28, 32, 36, 41, 46, 52, 60, 68,

78, 88, 100, etc.). Also, the sounding should be carried out

to a spacing of at least four times the desired depth of

- investigation.

Field Equipment

The field equipment used to gather ‘all the refraction and
reflection data is both rugged and mobile (Figure 28). It
consists of a multichannel seismograph, seismic sources, geo-
phones, and seismic cables (Applegate, et al, 1982). A
digital magnetic tape recorder (Figure 29) was also used to
record seismic events for later data processing on a micro-
computer. The field equipment used to gather the electrical
measurements is also rugged and mobile (Figure 30). It con-
sists of a power supply, a sophisticated multimeter, four
stainless steel stakes, and several thousand ft of wire. All

of the seismic and electrical field equipment is relatively

inexpensive and available "off-the-shelf".
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Interpretation Methodology

Coa

‘Seéismic refraction

A detailed explanation of refraction interpretation appears
in an earlier report (see Applegate, et al, 1982). Exami-
nation of Table 4 indicates that as more subsurface informa-

tion was available, the confidence level increased. This is

expected. There may be occasions where the ARMY has né geo-

logic informafiqn for a given site. The corresponding confi-
dence levels in Tablé 4 will be typical for the ARMY as
Qell. Most of the time, the ARMY wiil have a limited supply
of geologic information for a given site and the correspond-
ing confidence levels in Table 4 should be expected. Occa-
sionally the ARMY will have access to large supplies of
geologic information for a given site and the corresponding

confidence levels in Tahle 4 will be typical.

34
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TABLE 4

Summary of Confidence Levels

Site No Information Some Information All Available
HTA-1 . Fair to Good Good | Good
MAR-2 Fair to Good Good Good
SW-19 Good Very Good - "“‘\"Iery Good
T-14 . Good Very Good o Very Good
CsSM-3 Fair Good Good
% -~ CBM=-2 . Fair Fair to Good - Good
#
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B. Seismic reflection
Seismic reflection interpretation, and the dJdata processing

that precedes it, are topics which support international

O B

industries. Countless texthooks and technical papers are

available which describe these wide-embracing and detailed

subjects. The following paragraphs will briefly introduce

s

the theory, explain the basic processing steps, and discuss

the approach to interpreting the resulting profile.

e

l. Theory

Seismir energy is reflected hack to the surface whenever

o)

a wave encounters a change in the velocity and density of

(2

the medium through which it is propagating. It is
usually assumed that each reflected event is coming from
a point in the subsurface directly beneath the mid-point

between the source and receiver. Different source-

receiver combinations can share the same mid-point

2lthough their offset distances vary (Figure 31). These

common mid-points are referred to as CDP's or common

depth points. The number of source-receiver combinations
that belong to the same CDP is referred to as the fold

coverage. The relationship between the source to

&z 28

receiver offset distance and the arrival time from a

reflecting horizon is expressed by the normal moveout

g
'}

equation. For a simple two layer case it is

N
»
&
N
N

2
T = v——z- + y 3 (6)
0 1 1
P
& 36
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vhere T is the arrival time, x is the offset Aistance, 2z

ki #
' h
i

is the depth to the reflecting horizon, and v; is the

velocity of the upper layer. This is a hyperbolic equa- |

tion which concludes that the reflected arrivals will

3 L
Eﬂ. 0y

appear on the shot record as a hyperholic arc tangential
to the direct arrival (Figure 32). However, most reflec-
tions are less than 1% of the incident energy and resolu-
tion of the reflectors is dependent on the frequency of
the energy wave, which is most directly related to its

distance from the source. A good rule of thumb states

that the energy is halved with every period of time.
Thus, at a speed of 2000 ft/s a 100 Hz wavelet has lost
one-half of its energy in 20 feet of travel; whereas, at
the same speed, a 20 Hz wavelet can travel 100 feet

before being reduced to half its original energy. These

Zh e S

facts underscore the need for signal enhancement if
reflections are to be recovered, especially if the survey

calls for shallow, high resolution interpretations. In

general, the reflections are weaker than the noise and
data processing techniques must be employed to raise the

signal to noise ratio.

&R &8

2. Basic processing procedures

-
gy

The simplest reflection processing and interpretation

would involve identifying the reflections on the shot

record, calculating the velocity from a hand plot of

T vs. x2, and solving for the depth to the reflector.
37
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Unfortunately, the inability to identify the reflections
on a raw shot record and the time conaumption of hand
measurements, plots, and calculations make this procedure
impractical. However, it does illustrate the heart of
any reflection processing package, which 1is velocity
determination and normal moveout correction. All other
steps are related to overcoming specific noise prohlems

or providing simple signal-to-noise ratio enhancement. A |

practical computer processing description follows:

a. CDP sort

Once the data is in the computer it is sorted such

that all traces belonging to the same CDP are located

=

together and arranged from the first CDP to the

last. This program demands access to all the Jdata

and ..quires a large disk or memory storage capa-

bility. Its length and complexity are directly

related to the field shooting pattern.

b. Spherical divergence gain recovery

315

This is a simple, one-time process that amplifies the
late~!:we . ..ats within a given trace according to

the mathematics of spherical divergence. Originally,

e P28

events recorded late in time have traveled farther

than early ¢ -:ts and are weaker in amplitude.

0

Frequency filter

Usually a shallow reflected event reaches the cgeo-

phone at the same time as the groundroll (surface

waves) or airblast (air wave), and it cannot be seen
38
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because it is much smaller in amplitude. Also, if
the geophone is planted poorly, the cable is bad, or
the source is weak relative to the bhackaround noise
(traffic, power lines, pumping stations, etc.), then
the reflections can be hard tc see. Some of these

noises have characteristic frequencies which can be

£ Ml TR W 5N

filtered out. A simple, general filtering routine

can be a useful tool when properly emplecyed.

a3
>

Mute

All seismic reflections are recorded after the first 1

arrival, permitting the early portion of each trace
to be zeroed t. reduce any early noise.

Energy equalization

This is an often run subroutine that sets the total

energy of each trace to the same level. It is neces-

o

sary because the far offset traces receive much less

energy than those next to the source. Before they

can be stacked they must be equalized or they will

it e

not average evenly.

Static correction

o
th

Variable surface topography and differences in the

s
‘ f} thickness of the low velocity weathered zone can pro-
! - duce time shifts on individual geophones. ‘This may
Ry or may not he a probhlem depending on the field

site. The programs to correct static shifts vary

39
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from highly complex to fairly hbagic, and often use
the refraction interpretation procedure to make the

calculations.

g. Deconvolution

For easier reflection recognition, this is a wavelet

processing program based on the asssumption that the
original source energy has a known shape that is
altered by the earth. Given the before and after
wavelet shapes, the program determines the earth
filter and enhances it as a reflection if
appropriate.

h. Velocity analysis

The use of the correct velocities is vital to the

proper NMO (normal move-out) ccrrection and subse-
quent stack. Usually the velocities are not known
and must be determined Yy various computer proce-
dures, most of which are dependent on a high signal-

to-noise ratio and multiple fold coverage. The most

e al am

common method is to perform the NMO correction and

CDP stack at numerous velocities and pick the one

that looks best.

§§ i. NMO correction

Using the normal moveout equation and the best velo-
)
o cities, the hyperbolic curve of the reflected events

is made horigontal. This is dQone by reading in the

offset of each trace and re-creating the trace as if

it had a zero offset. If the velocities are correct,
40
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a given reflector will then appear at the same time
on all traces of a particular common depth point.
j. CDP stack
Once the traces are corrected for normal moveout, a
single trace is made from the straicht average of all
traces common to ; given CDP.
k. Plot display
The plot display never performs a permanent process
on any trace, but it is critical to the correct
analization of the data as it goes through each of
the above procedures.
Interpretation
In any seismic reflection interpretation, the uncertain-
ties must be kept in mind. If the velocities are
dubious, then all depths are dubious. The reflection
section is still a time plot, and cannot be related to
the subsurface geology without velocity information. 1In
our shallow application search for groundwater, our
shooting pattern was purposely designed for refraction
information with hopes of later recovering reflections
from the data without creating major field methodology
changes. It is apparent that this limited our velocity
model to the refraction interpretation, which in turn
limited the reflection interpretation to a reconnaissance
tool for verifying or disputing the model. This hand-

shaking of the two methods 1is important in providing

higher confidence levels, but the reflection method can
41
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he made more useful hy shooting more stations to get
i enough fold coverage to develop a reflection stacking
g§ velocity function. This can in turn be combhined with the
: refraction information to refine each model with the |
g other. Shootino more stations (less distance hetween

shot points) also gives more near surface information, i
Eg and can enhance the refraction interpretation.
Reflection interpretation is best used as a mapping tool 1
to detail a horizon that is already understood. With no

prior knowledge of the subsurface, the nature of an indi-

cated horizon is uncertain even when its location can bhe

e

determined. The reflection method obtains its full use-

fulness when used in conjunction with all borehole infor-

mation, and other geophysical models.

—

7

at

.

C. Shear waves

With shear waves, the interpreter will compare the velocity

ratio of compressional waves to shear waves (Vp/vVs). An

il

increase in the Vp/Vs ratio is indicative of an increase in

water content in rock.

|

D. Resgistivity

4

% 4
AL

A detailed explanation of DC resistivity interpretation

)

appears in an earlier report (see Applegate, et al, 1982).

L0

[4)

Under favorable conditions, the water talle will bhe detected
as a less resistive layer (1 to 100 ohm-ft). At the fresh-

saline water interface, the resistivity of the saline

(vrackish) water will be less (1 to 30 ohm-ft). Clays can
42
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hinder the detection of the water table, bhecause their resis-
tivities can be very similar to the resistivities of satu-

rated sediments.
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COMPUTER SOFTWARE

Atsessment

gl."'wa

Computer software exists for both seismic and electrical inter-

pretation, however, it is not user-friendly and requires exper- %

r
-«

EHA

t:ise to make competent interpretations. Much of the software

will run only on large mainframe computers. Very little user-

friendly software exists for small mobile microcomputers.

=2

Adaptation !

{kad

It was an objective of this study to take existing software which
were written for large mainframe computers, or written for micro-
computers in a user-unfriendly way, and adapt the software to run
in BASIC language on an IBM PC microcomputer in a user-friendly

fashion.

Development

User~-friendly refraction processing and interpretation software

was developed to process and interpret all the field data col-

=3

lected during this study. This was a very encouraging part of

r.
]
-

the study, as programs were written to carry the user along from

one step to the next (see Figures 33-36). Throughout the pro-

= -“_ v
ol et )

Z

gram, helpful advice was written in plain english in such a way

that the user would not have to read a lengthy manual in order to

bty 43
r

run the programs. User-friendly reflection processina software

P‘
@ was not completely developed, but did reach a very encouradging

Ea 44
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stage., Further development is needed to enhance the. user—

t“?friendllness of the developed software, 86 that it may approaoh
”'.the "black box" concept.i Thle would lead to artlficial'lnlel-
1i§enCe software which could makeidecisione'in confidence levels
as to the presence and depth of groundwaner, ;hefeby nearing the

goal of the "black box" concept. D .A "

? ﬁi 45
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CONCLUSIONS

.-With no prior knowledge of geology, the integrated survey of

“ dépth of'groundwater}

.fair to good, etc., were the following: 5

seismic and electrical methods (described in this report)

yielded fair to nood confidence levels as to the presence and %

With ~some knowledge of the geology, the integrated survey

yiélded fair to very godd confidence levels.

With all available geologic information known, the inteqrated
survey yielded good to very good confidence levels as to the

presence and depth of g:ouhdwater.
The governing factors which affected confidence 1levels from

a. For cases where the water table occurred in coarse-
grained sediments (sands and gravels), the groundwater
assessment was very successful.

b. For cases where the water table occurred in fine-grained
sediments (silts, clays, silty clays, sandy clays, etc.)
the groundwater assessment proved to be not as straight-
forward.

¢. For cases where there existed a fresh-saline groundwater
interface, the resistivity method revealed this fresh-

galine interface.

46
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. d. For cases where there existed large topographic varia-
tions and complex geology, such as at the Fort Carson,
' Colorado site, the groundwater assessment proved to be
% difficult.
- 1) ]
3 , 5. With a three-man crew, one can expect to cover 1,000 ft of a
seismic refraction"profile per 10 hour day‘. The profile
E coverage will usually be four times the depth of investiga-
F fﬂ; t’ion. For example, if one wishes a 500 ft depth of investi- ;
g gation, then the profile éoverage.would need to he about !
2,000 ft which would require two 10 hour .days to perform. j
B
| - Recommendations
l. Further refinement of field methodologies of J;'?efraction, re- 3
' ‘% flection and especially resistivity measurements are needed ]
& to enhance the integration of their data sets, thus enhancing
%! their sensitivity in the detection and assessment of ground-
i water.
@ 2. Further refinements are needed in field equipment to make the
integrated survey more expedient and mobile.
|
E 3. Further development of user-~friendly software (see section
\; COMPUTER SOFTWARE) is needed to approach the "black box" con-
iy cept of groundwater detection. This will include an "artifi-
j cial intelligence" software development which will perform
oy all necessary processing, interpretation, and a "computer=- 1
decision making" routine which allows assessment of ground-
g water potential hy urigkilied n{ilitgry pe;:svonnel.'
o - :
W
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Figure 3. Computer-generated velocity model for HTA-1
line, White Sands, New Mexico. Velocities

are in ft/s.
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COMMON DEPTH POINT

Shear wave reflection profile for
T-14 line, White Sands, New Mexico.
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Figure 28. Seismic field equipment. Adapted after

]
E‘ﬁ EG&G Geometrics (1982).
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Circles and crosses are the refracted arrivals.
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