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ABSTRACT

Selsmic refraction and electrical resistivity inves-
tigaﬁions at Rocky Flats, Colorado, a gravel-capped pediment,
indicated an irregular bedrock}surface with several ancient
channels. The bedrock surface ranges in depth from 40 feet
to 90 feet in the area investigated,

The ancient channels were located through seismic re-
fraction, using the method of differences, Hale's method,
delay time method, wave front construction and Hawkins'! method.,

There is good correlation between the depths te the
bedrock obtained by the seismic and electrical methods.

' On the other hand, depths at which changes in velocity and
resistivity occur within the gravel do not agree.

The minimum group velocity and the high
frequency asymptote of a surface wave train are used for
determinat;on of the elastic properties of the overburden
and substratum. The results agree with the elastic coeffi-

cients obtained from shear wave data.
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INTRODUCTION

The problems of exploration for buried channels and
elastic properties determination are of considerable interest
to those involved with mineral prospecting and engineering
studies,

Rocky Flats is a pediment, capped by & Pleistocene gravel
named Rocky Flats Alluvium (Scott, 1960). Stream channels
cut into the bvedrock, probably Arapahoe formation of Creta=-
ceous age, were filled with Quaternary sediments, whogse thick-
ness ranges from less then 1 to about 15 m.

The seismic velocity in the gravel is less than the
underlying shaie so that the surface of the bedrock can be
mapped with the refraction seismograph.The irregularly curved
refracting surface at Rocky Flats reguires special interpreta-
tion methods. The methods outlined in this thesis can be used
with success in exploring for ancient channels estabiishing the

{"seiSmiévrefraction method as the most useful for this purpose.
.Ackermanp (1974 ) "conducted a seismic refraction
and resistivity investigation in September 1970 and lMay 1972.
He was able to find an irregular bedrock surface with broad-
‘'shallow channel-llke depression.

Shallow seismic work has been also carried out by
John A, Blums & Asscclate Engineers in 1972,

Most of the data presented here were taken in the sumnmer,

winter and fall of 1973 at Rocky Flats, Jefferson County,
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Colorado,

In thils investigation different methods of seismic
refraction interpretation for the purpose of locating buried
channels are compared and dispersion theory of surface waves
has been employed to get the elastic properties of the

medium,



T-1718 3

GEQLOGY OF THE AREA

Location

The Rocky Flats area is located approximately 9 miles
north of Golden and 14 miles northwest of dcwntown Denver,
Colorado, The region is located at the boundary‘of two
physlographic provinces: the Rccky Mountain Front Range
to the west and the High Plains to the east.

The Rocky Flats area occupiles much of the southwest
part of the Louisville 73 minute quadranglé, and lesser por-
tions of the ad joining Goldecn, Ralston Buttes and Eldorado
-Springs quadrangles.

Precambrian gneisses and schists form the eastern
edge of the uplifted front range mountains.

The upturnec Paleozoic and Mesozolc sediments form
the west flank of the Denver basin. Near the contact with
the Pfecambrian, the sedimentary formations are overturned,
while approximately three miles to the east the sediments

are very gently dipping in an easterly dlrection,( See figure la)

Site Geology

Rocky. Flats 1s a pediment, capped by Late Pliocene
or Early Pleistocene gravel (Malde, 1955). The thickness
of the gravel ranges from less than 1 foot to about 50 feet,
and averages about 10 feet according to Malde.

Malde (1955, p. 223) states that the thinnest parts of
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the gravel cap areover bedrock ridges, and the thickest are
in broad, shallow chamnnels cut intc the bedrock,
The chief gravel consfituents are cobbles and boulders
of Quartzite., Large surface boulders are commonly < feet in
diameter, and the average size of the cobbles is about 8 inches.
Underlying the dissected erosion surface of "Rocky Flats are
formations of Cretaceous age: the Plerre shale, Fox Hills
sandstone, and Laramie Formations as 1is shown in Figure la,
Rocky Flats has the form of a fan with its apex near
the mouth of Coal Creek Canyon, and its crestliine nearly
coincident with the south boundary of the guadrangle. The
gradienttof the surface along the crestline ranges from 70
feet per mile at the most eastern remnants, 5 miles from

the foothills, to 140 feet per mile at the apex of the fan

(Figure 1lb, from Malde, 1955).

; “Center 84 gec. 18,
1.25.,R.70W.

Center 38c.17,
1.25.,R.70W.

6500'

Canter N.side sec. 35 NE. cor. sec.2, Center E.side s2c.€,

Gray,
el on Rociy Fo T1S.,R.70W. /Izs..RJOW. TIS.,R.69W.
Is Loke Mesa pevid " -\
. C¢yidson Mesa

___ _(Projected) {

—_———— 1

, 55001

Center S.side sec. 23, Center €.3ids sec.!4,
e TIS.,R.TOW. . K ", TiS.,R.70W.

‘l_‘;_r‘!’?,._ P N - N

Figure 1b, Profiles of Rocky Flats, Davidscn and
Lake Mesas, Coal Creek, and South Boulder’
Creek. (After Malde, 1955)

Rock Types and Distribution

The Rocky Flats Plant site is underlain by a sequence

of sedimentary rocks ranging in age from the Pennsylvanian
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to late Cretaceous. These were deposited on Precambrian
crystalline basement rocks. A Pleistocene soil (Table 1)
unconformably overlies Cretaceous rocks and constitutes the
ground surface,

Formations that outcrop in the foothills to the west
(Table 2) have been studied extensively and inteﬁsively.

Only those fermations specifically within or close to
the site of geophysical investigatlon are of immediate
interest to this thesis work,

The following summary of the geology pertinent to the
site and surrounding area has been compiled from published
geologic reports and maps (Malde, 1955; Spencer, 1961,

Van Horn, 1961):

Pierre Formation {Upper Cretaceous age)

The Plerre Formation, consisting almost entirely of shale,
is the oldest bedrock 1q the area, It is of marine origin,
about 7500 to 8000 feet thick and, relatively speaking, very
homogeneous. The lower part of the shale was deposited in deep
sea environments, while the middle and upper parés show a
transgressive~aﬁ& regressive depositional sequence,

The Pierre 1s lead-gray to brown and contains minor

amounts of siltstone, silty sandstone, and limestone.

- Fox Hills Formation{Upper Cretaceous)
The Fox HillsFormation consists . of 60 to 175 feet of gray
to grayish-yellow sandy shale that grades upward into poorly

consolidated fine-gralined yellow sandstone. The Fox
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HillsFormation was deposited in marine and brackish water
envircnments,

Jaramie Formation (Upper Cretaceous)

The Laramie Formation, 700-800 feet thick, is of
brackish and fresh water origin and consists of two parts,
‘The lower part, about 200 feet thick, is chiefly ‘sandstone
and shale interbtedded with lesser amounts of claystone,
shale and coal. The upper part, about 600-700 feet thick,
is chiefly clay shale and sandy shale.

The Laramie Formation is the most common bedrock unit
in the Louisville quadrangle, underlying abcut 56 square
miles, including probably the area traversed in the geophysi-
cal surveys of this work.

Arapahoe Formation (Upper Cretaceous)

The Arapahoe Formation is'a conspicuous conglomerate
averaging 100 feet in thickness and containing fragments
derived from local sedimentary rocks of older age and from
the crystalline complex Tarther wWest,

Brown (1943) has suggested that the Laramie should
include the Arapahoe conglomerate and the Cretaceous part
of the Denver formation as members (Malde, 1955).

Genesls of the Channeling of Ground
Water at Rocky Flats

The channeling of ground water at Rocky Flats is not

controversial but there is little information in the
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literature about the matter. As has been mentioned before,
Malde {1955) recognized the existence of these channels.

Probably the channels at Rocky Flats were eroded by
streams which flowed from Coal Creek Canyon.

The present landforms reflect a succession of ero-
sional cycles that have occurred during Quaternary time
(Campbell, 1966; Hunt, 1953, and 1954; Malde, 1955; and
Scout, 1965).

In the late Pliocene as the result of renewed uplift
and/or changes in climate, a2 new cycle of erosion occurred.
The‘stream flowing from Coal Creek Canyon began to diss;ct
and carry away the Mid-Tertiary sedimentary deposits that
had accumulated at the base of the Front Range.

These sedimentary deposits were eroded, truncated
and a flat, fan-shaped, sloping surface was formed with
its apex near Coal Creek Canyon. The word "pediment"
is used to designate this eroded bedrock surface,

Later, the Rocky Flats alluvium was deposited on the
pediment surface, and the broader channels at the bedrock
surface were filled with gravel.

The gravels were deposited more than 1 million
years before the present, during the Aftonian interglaclal
stage (Table 1). The gravel deposits that overlie the

bedrock at the geophysical measurement site are Rocky Flats

alluviumn (Malde, 1955).
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During the Plelstocene Epoch, similar successive ero-
sional cycles have subsequently cut lower pediments in the
Rocky Flats surface, In the Cclorado Pledmont nine alluvial
formations have been recognized. Rocky Fléts alluvium is
the only Pleistocene deposit present at the Rocky Flats plant.

Actually numerous intermittent streams that originate
on the fan dissect the surface of Rocky Flats. Coal Creek
and other main, through-flowing, ephemeral streams flow
northeasterly into the South Platte River and the lesser
order streams are controlled by the differential hardness
and resistance to erosion of the individual rock units as
wWell as the overlying alluvial deposits.

Springs and seeps are common along the contact betwsen
the permeable sands and gravels of the Rocky Flats alluviux
and underlying impermeable shales, especlally where the
.alluvium projects like fingers over the bedrock. A predomi-

nant growth of brush and grass is found at this spring line.

Summary

‘Bocky Flats 1s a gravel capped pediment located on
the western edge of the Denver Basin tectonlc province,
Ad Jacent té the Denver Basin is the Front Renge segment
of the southern Rocky Mountaln tectonic province.

The formations of the area are of Cretaceous and
KTertiary age, From the west to east 1n,ordef of decreasing

age they are the Pierre Shale, the Fox Hills Sandstone,
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the Laramie Formation, and the Arapahoe Formation.

The present configuration of the Denver Basin and
of the Front Range began with the Laramide Orogeny, a time
cf upiift, folding, and faulting.

Feollowing the Laramide Orogeny, extensive erosion
'took_place in the mountains accompanied by deposition
along the mountain front and plains of the Denver Basin
to the-east. Cycles of erosion and deposition in response
to local uplift and climatic changes reduced the pile of
sediments stacked up against the Front Range by partial re-
moval and redeposition on the High Plains to the east. The
present ground surface at Rocky Flats was formed by a cycle
of erosion acting on one of these older surfaces beginning
in Quaternary time and continulng to the present. The
Rocky Flats Alluvium was deposited on the eroded surface of
the Pierre, Fox Hills, and Laramie Formatlons of Cretaceous
age and the Arapahoce Formation of Tertiary age during

Pleistocene time more than 1 million years ago.
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SEISMIC REFRACTION METHODS IN TH
' U

INTERPRETATION
OF CHANNEL STRUCT S

2
RE

Y

}The methods of interpreting selismic refraction travel
time curves can be divided into graphicsl and snalytical
methods.

The table below shows some of the main methods of

seismic refraction interpretation:

Seismic Refraction Methods of Interpretaticn

‘Graphical Analytical
Navefront Techniques .Method of differences
~Thornburgh's method Hawkins' method
Hagedoorn's Intercept time
method

Plus~minus method '

_ Critical distance

Baungarte method
Techniques using Rays Delay times

Slotnick's method

Hale's method

Delay times

Tarrant!s methed

Barthelmes

Wyrobek

In principle, any of these methods can be used in ﬁhe
seismic interpretation of buried channels, But some of them
are better than others.

Interpretation based on "delay times" has been used
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throughout thé years in mapp;ng well defined interfaces
(e.g. Gardner, 1939; Hagedoorn, 1959; Hawkins, 1961),

Several "delay time" methods have been applied in the
interpretation of the irregular bedrock surface at Rocky
Flats,

The classical methods of interpreting seismic refrac-
tion data based on critical distance and intercept time
formulas, can be used for preliminary analysis of refrac-
tion traveltime curves in Rocky Flats.

A modification (Dobrin, 1952, p. 237-240) of an inter-
pretation brocedure suggested by Barthelmes (1946) is used
in interpreting the bedrock surface at Rocky Flats.

Hawkins' method (1961) and the method of differences
(Edge, Leby, 1931; Hollister, 1955, 1964) are both used
despite similarities. But the intention was just to show
the approximation made by Hawkins and the accuracy of both
methods.,

All the methods based on 1isclating time terms at
geophocne stations, like the Hawkins' method and the method
of differences, Ean glve detailed information of the refrac-
"tor profile.

The Halefs method, with some modification, has been
applied. The graphical method of wavefront diagrams based
on Huygen's principle has been used to check the results
obtained by other methods. '

The graphical methods involve fewer assumptions than
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the analytical methods and should therefore obtain a higher

accuracy.
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SEISMIC AND RESISTIVITY MEASUREMENTS AT ROCKY FLATS
COLORADO

Purpose

The purposes of this investigation were as follows:

1. To delineate the bedrock surface particularly as
it relates to the buried channels;

2, To compare several refraction methods of inter-
pretation used to detect buried channels
and to determine depth to bedrock;

3¢« To determine the eiastic properties of the
overlying gravel cap and of the bedrock in situ

using shear waves and surface waves.,

Location of Area

The site of the geophysical measurements is in the

area west of the Dow Chemical Rocky Flats Plant, Plate 1,

Fleld Procedures

The seismic spreads on line III and II were 460 feet
long, consisting of 24 vertical geophones at Zoofoot inter-
vals. The line i was 230 feet long, consisting of 24 verti-
cal geophones at 10-foot lntervals.

The selsmic source consisted of % to 2 1lbs, of gelatin
dynamite buried 2 to 3 feet deep,

On the line III the spreads disposition'conslsted of
continuous profiling shooting as is indicated in Figure 2.

On the line 1II, the spreads are placed end to end as 1is
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indicated in Figure 3. On the line I, the spreads disposi-
tion is indicated in Figure k4.

The recording equipment was & standard 24 channel
eanalog exploration seismograph.

Horizontally polarized shear wéves (SH) were recorded
with 210 foot spreads at the south part of line III. Shear
energy was generated using linear horizontal traction ob-
talned by striking the end of an 8 fcot long plenk coupled
firmly to the ground with a sledge hammer (Onda and Komaki,
1967) .

The attenuatloh of the shear wave was very large. This
féct caused the spread to not extend in order to get shear
wave arrival from the bedrock,

Electrical resistlvity dépth soundings were made using

the Schlumberger electrode configuratione.
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Figure 2, Spread disposition for line III. The shot
‘ ‘point moves along the whole line for geo-
phones fixed in each spread,
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Figure 3. Spread disposition for line II. Each time
one shot is direct, the other one is
reverse, The geopnones move along the
whole line for each spread.
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Figure 4, Spread disposition for line I, Off set
shots move along the line as is indi-
cated each time by one length equal one
spread. The off set shots, like 3 and 4,

move to 3' and 4', The geophones move to
stay now between 2' and 1!,
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ANALYSIS OF THE RECOQRDS

Llnes.III and I

-Figures 5 to é show one example of the records ob-
tained on the seismic refraction lines III and I. A num-
ber of interesting phases are 1ldentifled across the records.
These phases are separated into the following groups:

1. A4 - are direct body waves. These body waves

travelled through the gravel,

2., Ap - These body waves were critically refracted at

the upper boundary of the'bedrock.

3. VA3 - are surface waves,

The group veloclty appears to decrease with increasing

wave length.

Rayleilgh Waves

As can be seen on the records the perlods become sys-
tematically longer with time.

In this case the group veloclity is decreasiﬁga Cnn the
other hand the phase velocity 1is higher than the group
velocity. "These reiationships appear to rule out the
possibility that the inverse dispersion can be attributed
to the high-velocity surface layer" {Dobrin, et al., 1954),
Neglecting the wéathering layer, the hypothesis is that the
inverse dispersion observed at Rocky Flats is simply the

higzh frequency limb of a normal dispersion curve,
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The low frequency cut-off of the instrument was 5 cps.

" Phe corresponding wave length is 172 ft,

The selsmograms were of good quality and the time arrival
1

were‘timed to 2 mS.

The reciprocal times indicated that, at best, lms timing ac-

curacy was maintained.
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INTERPRETATION OF SEISMIC COMPRESSIONAL WAVE DATA

Seismic refraction lines I, II, and III were shot to
nap the subsurface structure and provide informatiocn on
compressional and surface waves velocities within the
underlying ﬁaterials.

All the seismic lines were laid transverse to the
trend of the channels (therefore perpendicular to the flow
of the streams) because this spread disposition permits
one to determine the configuration of the bottom of the
channels, as well as to delineate the deepest part of the

channel,

Analysis of Seismic Refraction Line ITIT.

In the analysis of the seismic data of line IITI,
’Figu}e 10, the following methods have been applied:

1. method of differences, Figures 11 and 12,

2. Hawkins'.method, Figure 13.

3, Hale's method, Figure 14,

4, Delay time (Barthelmes or Pakiser and Black method),

~ Pigure 15, S '

5. wavefront construction, Figure 12,

By all these methods, the underground structure as a
whole consists of the following three layers:

a. the surface layer: 1000-2000 ft/s - loose gravel

b. the first layers:s 5000-5500 ft/s - water saturated

gravel

¢c. the second layers 7000 ft/s - bedrock (shale)
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'All of the interpretation methods give similar bedrock
profiles,

There are at least 6 geologic structures that can be
considered to be channels, for example Figures 11 and 12,

The structure that is called C-1 is the most important
‘channel detected along the line IiI. This chamnel is approxi-
mately 140 feet wide and 120 feet deep under line III.

The structures B-12, B-8 and C-10 and C-15 look like
twin channels and range in size approximately from 140 reet
wide and 100 feet deep for the first to 80 feet deep for
the second.

Channel C=7, which is 100 feet wide and 80 feet deep,
is checked by the wave front construction. This part of
the Sedrock was supposed to be more shallow than the cdn-
figuration found by the method of differences. The wave
front construction shows dlsagreement in this part of the
traveltime curve., (See Figure 12.)

The bedrock structure as a whole has been checked by
the wave fronts construction and very good agreeﬁént is
found for the bedrock configuration determined by the

method of differences.

Analysis of Seilsmic Refraction Line I

ILine I is located parallel to the other two lines and
sltuated approximately 2000 feet off line III to the west.

Three layers with distinctive compressional velocities



T-1718 35

were recognized durilng the seismic interpretation:

a, the surface layer: 1000-2000 fps - loose gravel

" be the first layer: 4200-4800 fps - saturated gravel

¢c. %the second layer: 6000-6500 fps - bedrock (shale)

These veloclitles are lower than those found with the
other two lines (lines II and III). This veldcity difference
is thought to be due to different mineralogical compositions.

The method of differences was used to interpret the
data of this line. There 1s no geophone at the shot points,
so that, the solution obtained is approximated.

The bedrock configuration is shown in Figure 16 and
ranges approximately from 40 feet to 90 feet,

There are several structures which are thought to be
channels and the apparent depth and apparent width can be

calculated from the bedrock profi}es obtained.

Evéluation of Interpretation Methods for the Line'III

The results obtained by the various interpretation
methods are compared in Figures 17, 18 and 19.

The best ag?eement was found between the method of
differences (Figure 11) and Hale's method (Figure 1&5.

Between the shot points 2 and 3, the drill shows the

following log, Table 3.
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Table 3. Log of the Mid-point between Shot Points
: 2 and 3 in Line III,

0 10t Surface gravel and poulders
10 Lot Gravel and boulders with sand
b6 83" Clay
83 1490 _ Gray shale

For the same point, the depths obtained by the several
methods used in Line III are indicatedin Table 4, page 42.
The method of differences has been applied for the
weathering layer veloclty equal to 1000 fps and 2000 fps.

The discrepancies in depth to the bedrock are about 5
percent.

The discrepancies in depth between the Halet's method,
the method of differences and the Hawkins'! method are
approximately 10 percent.

The classical method of intercept time agrees with
the method of differences within approximately 6 percent,
at the'3 shot points where comparable depth determinations
were available (see Figures 11 and 17).
| The Barthelmes method or graphical method of ngiser
and Black (1957) was used to interpret the data of the
seismic refraction line III. The cross section part located
- above {(dashed line I) the profile in Figure 18 shows depths
which agree better with the other methods than the part of

the cross section in the same profile located below (dashed
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line II). The large discrepancies found in tﬁe left side
for this cross section are probably due to a poor selection
of datum (Z = 84 feet). The refractor is irregular, so
that the amount of migration will dhange for each detector
position. The assumption made here that all delay times
can be migrated the same distance on the spread introduéed
the error in the position of the calculated depths.

The bedrock surface in Rocky Flats is not plgne and
probably is most irregular in the channel areas. The width
of many channels is believed to be less than a typical
spread length. While interpreting these data it was decided
that delays had to be observed at at least three geophones
before the existence of a channel could be inferred. Hence

the geophone spacing was 20 feet this would imply a horizon-

tal resolution of the method of about 60 feet. A more critical

analysis of resolution would require the consideration of
background noise and inhomogenieties of the gravel.

‘The delay time method shows if the depth changes are
large, a great error will be introduced if an average depth
is assumed and all delay times are migrated the same distance
on the same spread. |

In Figure 19 this situation is illustrated very well.
The irregular bedrock surface at Rocky Flats where depths
change are large shows that the localization of the depths
by the delay time method assuming average depths (Z = 76 feet

and Z = 82 feet) are displaced in relation with the depths

A
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determined by the method of differences,

The average depth of 76 feet shows better depth deter-
mination for the south of the profile than the north., On
the other hand, the average depth of 84 feet shows better
determination for the north part of the profile. Table &
shows the depths obtailned by the several methods; below
geophone #12 for the line III.

Table 4, Comparison of depths to bedrock between

shot point 2 and 3 (below geophone #12)
for the different methods.

Method Depth

Method Of DifferenceSecsscessescssesesss90 and 86
Halie's MethOQeoesssosssosssoscssssannssa80
Barthelmes Methodasessssssssvsceacesesoasd0
Hawkins® Method.ssescessossosocseneaassedBl

Drill.........v..0.0...;.....0.00.0.....3.83

Vertical VelOCity Survey. esesecscssossos o86

Analysis of Seismic Refraction Line IX

Line II is located parallel to the other two lines and
- sltuated approximately 1000 feet off line III to the west,
The Anterpretation procedure was the Barthelmes
method as has been described.
The bedrock configuration 1is shown in Figure 20 and
ranges approximately from 40 to 90 feet in depth.

Several interesting channels have been found.
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dimensions are approximately the same, The tech-

nique used in this interpretation has a number of advantages:

a)
b)
c)

d)

the method is relatively insensible to values of Va;
rapid solutiqns;

depths are obtained at each geophone beyond the
eritical offset;

the technique can show the presence of buried

channels that are not detected by other methods

(Pakiser and Black, 1954),

The disadvantages are:

a)

b)

c)
d)

the technique is difficult to apply for more than

‘two layers;

it is necessary to assumes that all delay times can
be migrated by the same amount;
the dip is neglected;

it is necessary to know the depth at one point.

In the seismic refraction line II the spreads were placed end

to end (see Figure 20)., This system of reconneissance

profiling seems to be very applicable when the Fakiser and

Black method is ﬁsed in the interpretation.

The

classical method of interpreting seismic refraction

traveltime curves based on intercept time formula gives

good results 1in 1n£erpreting channel structure and is used to

know the

depths at several points of the bedrock in order to

apply fhe Pakiser and Black method with accuracy.

On the line II there are several other structures that
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couid not be detected in line ITII. One 1is the big geological
structure D-1, 180 feet wide and 70 feet deep,

There are also two other blg channels near the end cf
the total spresad,

Where there is a channel the delay-tlme methcd of anal-
ysis will show the presence cof this channel. In some places
the presence of a buried channel is indicéted on the travel-
time curves as in spreads A, B, and D, When buried channels
are difficult to locate on the traveltime curve, the delay-
time method of analysis is the most effective method that was
studied. The spread C (see Figure 20) illustrates this
situation very well,

The velocities thus derived on line II are summarized
as followus:

the surface layer: 1000-2000 ft/sec - loose gravel

the first layers: 5000 ft/sec - saturated gravel

the second layer: 7000 ft/sec - bedrock (shale)

Vertical Velocity Survey

A vertical velocity survey using standard procedure
was run from a depth of 150 feet to the surface on line III,
below the geophone #12, The traveltime is shown on Figure 21,
As can be seen, & compressional velocity of 5000 ft/sec
‘was found in the gravel and 6700 ft was found in the bedrock.
The weathering layer exhibits a velocity probably between
1000 ft/sec to 2000 ft/sec, '
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The velocities found in this survey agree with the
velocities found along the seismic refraction iine I1II.

The depth to the bedrock is approximately 86 feet
and the weathering layer shows a thickness of 5 feet in thils

rart of the seismic line.
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Vertical velocity survey traveltime.
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L

- 4
i

- 1

velocitlies have been found as are indicated above.

Figure 21

Line I
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DETERMINATION OF THE ELASTIC CONSTANTS OF ROCKS
IN SITU '

It is of great practical value to determine the
elastic properties of the rocks in situ , The field seismic
prospecting method is the only way to find the characteristics

of a large rock mass.,
Knowledge of the elastic constants is needed for many

engineering problems . In designing large structures
and dams, maintaining mine stability, improving drilling
techniques, and interpreting reservoir conditioncs 4t is
necessary to determine and evaluate the dynamic and static
elastic constants, which are relevant to the condlticns
created in rock when a structure is built.

There have been several attempts to comparé the
dynamic values of the elastic constants with the static.
In most cases the dynamic values are higher than the
static. Different authors glve different flgures for
the ratio between these quantities. In sedlimentary rocks
for example, the Young's modulus determined dynamically
may exceed. the value determined statically by 100%Z or
more according to Ruppeneit (1954), Talobre (1956) and
Stucky (1954). Zisman (1$33) and Rizuichenko (1956) point
out that the difference between the dynamic and static values

of the Young's modulus varies from a few percent to several
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tens of percent.

It is not a purpose cf this thesis to compare dynamic
values with static values for the sedimentary rocks at Rocky
Flats. One §urpose of this thesis is to determine the dyn-
amic elastic constants in the area and to compare the results
obtained using surface waves with those obtained using shear
waves. Thus when a large accumulation of static data on the
local rocks is available, it will be very interesting to \

compare those values with the dynamic values determined here.
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METHODS OF THE DETERMINATION OF THE SEISMIC
VELOCITIES IN SITU

The methods applied for the determination of the values
of Vs/Vp, Vr/Vp and V,./Vg in situ are based on the recording
of variocus typres of waves: .

1. Surface°ﬁaves and direct body waves

2% Cfitically”réfractediwaves

e Réflected waves

1. Methods based on.the half-space model,

One simple and- reliable method is that of direct measure-
ment of the seismic velocities. These velocities are deter-
mined from their traveltime curves., The direct longitudinal
waves are in most cases easily isolated on the seismograms.
Methods to enhance the Rayleigh-waves can be used to
easily identify them on the selsmograms. One problem is the
isolation of the direct transverse waves., These waves inter-
fere with the surface waves. In those cases where the
arrival time of the S waves is unreliable, the values of the
elastic constants can be determined @irectly using the compres-
slonal waves veloclties and the high frequency asymptote of
an observed Rayleigh dispersion curve. This calculation is
easily done using Table (A) or the Knopoff nomogram (Figure 22) .

By the method illustrated in Figure 22 the ratio of
velocities permits one to determine the Polissonts ratio ¢

and then with the aid of formulas which are known from the
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Figure 22. Knopoff's nomogram (1951) establishing
the relation between the parameters

Vp/VS, Ve/V_ . Vp/Vg and g. (Homogeneous
isotropic hglfmspace),

theory of elasticity (Birch, 1961), the elastic constants

are determined:

_ 3+ ) (1 - 2¢g) 2
E = ST 8 Vp

= 1-2
K= —T—Q_T- v
7 2(1-g 6 Vp

and so on. The other relations are shown on Table 16.

and Figure 51,
Sometimes f%e values of the elastic parameteré
E and l{ are obtained from the velocity of longitudinal
waves in the rock, using the known density and assuming Poisson's
. ratlo, However, as is shown in Figures 23 aﬁd 24, in some
| cases Polsson's ratio can have values which differ signifi-

cantly from the commonly assuned, In such cases the error



T-1718 52

in the determination of the elastic parameters may reach
100%. Note that one must assume or measure density to use
these formulas. This also is a source of error. Therefcre
for useful determinations of the moduli E and }i it is neces-
sary to measure the velocities of two types of waves, P

and S or Lp-

Figure 23 shows the values of Young's modulus determined
by assuming a value of 0.27 for the Poisson's ratio, for
several types of rocks. In most cases, for these rocks{ the
determinations of Young's modulus from longitudinal waves
(Poisson's ration = 0.27) and by ratio Vp/vS are very close
to each other, for engineering purposes. The average percent
difference between the determined moduli for all the rocks
was on the order of 8%. The results are presented in Table 5.

Figure 24 presents the same type of data as does Figure
23, for other types of rocks. Figure 24 shows %ery different
values for Young's modulus, obtained assuming the Poisson's
ration equal 0.27 and by using the Vp/vs ratio. The results
are shown in Table 6, corresponding to the measurements in
Iran (Bertin, 1970). The differences in the valﬁes of Young's
modulus obtained by the two methods are of the order of 60%.

In both examples presented the value of Poisson's rat:io

determined using Vp/vs ratio is indicated by x.

2. Determination of Vs/Vp, Vr/Vp and_Vr/Vs by refracted



53

7-1718

[ Sipsiusis it

DD NSRS Supinnt -

i R

JS S

Jope,

.

oty P et neerbusse

+

653_*

IR SV (e S S SEEG S

IEVEUERY SENULNUUNS ERURUNENES snuw:

phmet

siPdigs

N PR e ,.___.-K],i

IRES GHRRE PRDEN B
EUCus SuSuE FnER

Ff--=-}<

S

isson

s modulus X rock type and FPo
X rock type for Table 5,

Young!
ratio

Figure 23



54

~oazmm oBg
"IOATH 9491]

wed 002°0£S  06G°1€2 049909  60£°0C 9¢€6°T 0282 091S 11esed
BaTUOg eaided =0hL‘Z22f =09€°L0T ~046°68Z =0GCL°0 216°2 =£80°'2Z =-0Z6T -000%
oTuegd 0BG . ’ 4
*y taenler 069°LT1€  098°'0GT  094°06€ G620 GG8*'T  OHhEZ  OhEH ssTaudn
weq tIendel =0+0°9hZ  ~026°021 =024°TI€  =48a°0 GGL'Z  ~GER*Z =G602 =GHQf 8S03STUOg
olnegJ ovg )
IoATH 9428TL 089°692  040'ZTT 018°90¢ 0TE€°0 L06°T 0602  0O16€ 3Tesed
wgg BBUTITAT  0€2Z-Q6T -QET'QE  =-0o#h‘l0T =60t°0 984°Z  =6GG°2z —04IT -0662
08s0JIH 03vY
IoATH BUeIBd 064°892  098°C€0€ 066°199 6R0°0 681°1 0T€E  0£6% 31eseq
weq erdnp  =00€°2TT  =09H°‘G0T =066°042 =¢HT1°0 E£44°2 =645°T =096T =020€
oTue g 0vg
*yg ewsuedeuexed 020°422 080°T1€2  009%416  021°0 226t GL0€ 0894 aTesed
ugg sejuesey =0(4°26 =0hh 21T  ~040°0t2 =~490°0 Hhh°Z =Q9%°T =GHIZ =0671€
seT09)
*ATH eqteUrIed
weq epsanod 094°245  081'GIH 00T‘CO0°T 802°0 89T 094E£ G619 3Teseg
BATO0UOED  =04L°0GE  —06H°4EEC  =-088°G94 =9CT°0  4E6°Z =0#S5°T =06EC =02265
orned oBg (008°EGE  OR6ZET 006°HGE £€E£°0 000°'2 08tZ  094% EEREI)
peoy BRaTUOUY =0T#°89  =0€6°H4E  ~006°Q8  =€£82°0 4G€°2Z -61I8°T =-022T =0022
otneg ovg
I9ATH 939TL 095°26T  04f°ti2 0SH*tH9tr  860°0 86%°T 0492 0004 3Tesed
wed TITIed =089°‘G6T  =022°Cg -049°'812  =€£1£°0 G96'2 =~616°1 =G/l91 =G12¢
0TX
Amso\mxv ANEo\MMVANSo\mmv Aﬁlammm.wv s d m> Q>
4593 b ! o o 9 YA (s/m) od £3
Jo SUTNPON sSUINPON suTnpop oT38X £3Tsusp uotasdedoad ooy
9319 Ang £3TPTYTY §,3UNOX S,U0SSTOJ - UBIY JO £4T00TSA
(9961 ‘*BITAY) *TT2BIg U] S3UB3SUOD OF4SBLY JO SJULWOINSBIN NFTS UL °*G 9148l

T-1718



55

T-1718

*C~7 SawWaYl ‘T °TOA *996T ‘*300 1 - *3dag Gz ‘uoqsyT ‘soTUBYOS) Xooy JO £38700¢§ -
TBUOTABUISJUT 9Y3 JO S59I3U0) 3SITJ Y3 JO sJufpesdoag ‘°d °d ‘sT1AvY

oTneg 0eg !

JISATH opxed 0ZT°64E  028°H8E  068°L16  €61°0 229°T 004€ 0009 ss{aun
mwed eyuimerd =004°*L9  ~089°T9  =040°‘C€ST =-0H2°0 6G4°*Z =9TL°T -08HT -OHGZ 9sS03siyog
rvusdLed
I9ATH Taeatde)d
weq BITOOUOBD  049°G0S  09€£°‘20%  042'tS6  G81°0 019°T OHx4E 0209 ssToUn

~Txeatded =-0H8°0TT =0GT‘LOT. =080°‘CHZ =HET°0 948°2 =6£G6°T =0£6T =0462 83 TuUBIYH

.

ponuT3uUo0D °§ 8Iqel



56

P SR SOR I ania

...41:
er:/.r:/

1

i
AN

‘Prand’.

i

P

~from

PR

us.

NN

AN

A

I

SN

ARG
SAATANMANY

“modnt

15

PR

i e S—

i?bissonis,ratiof

Young

[SUmE g w—p

G O SR Sy S

~__

o3

e

[ G —

Figure 24

T-1718

's

us X rock type and Poisscn
6.

s modul
ratio x rock type for Table

Young



T-1718

*(€66T ‘mBUS3IqOY

puw UMoIg) 7 °IMIFTJ Fursn pautEIeten sem-Ig PuNpON's,FunoR SUL

H#6T4°0 0€£°9 IAARY 000°0€2 ommﬂ ehn°at 004t
LEHE®O Szoh 12/ 0 000042 omwﬁ XA 008¢€
m:,m.o 0€°S IXARS 000‘0€2 008T AR IR 00€4
0056€ °0 1°9 86°¢ 000082 0561 60°ST 0097
LH047°0 €2°0 2170 0098 09€ $6°2 006
GL562°0 82°0 82°0 000°‘02 004 924 00€T
61010 1°S 1182 000°002 0041 8LET 0024
LEESE 0 GLL 89°S 0004004 004 2 €491 0016
S6H6E0 82 en°T 000°00T 00€T 05°0T 002€
LEESEO YARS XA 000°09T 00971 GI°1T o0oH€
- 02°0 H1°0 000°0T - z9°e 008
- GE*0 GE*0 00062 - 924 00€T
o dy wOﬁmem (,uo/37)d Amvm> (oes w/3803)tp (2)Ta
qQT-3J ar-2J

*(0467 ‘uTaIeg) UsI] UT S3UB3ISUOC) OT3ISBI JO JUeWeINswOi N3TS Ul ‘9 °TABL



T-1718 58

waves and surface waves assuming one layer on a half-space,

This case is similar to the first cne. Refracted P
waves are used in place of direct P waves, The arrival cof
the surface waves which can propagate in the medium and re-
fracted shear waves are also determined, and with the aid
of methods discussed in this thesls ¢ = Poisson's
ratio and consequently the other elastic constants can_be
determined.

In practice, in most cases, the medium studied is con-~
sidered as isotropic and homogeneous to a first approxima-
tion,

3. The determination of Vg/Vp, Vp/V, and V./ Vs by the travel
travel time curves of reflected waves.

The study of this case pzrticularly for the ratio Vg/Vp
have been analized in literature in considérable detail by

Molotova and Vassil'ev(1960).
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SURFACE ELASTIC WAVES AND POISSON*S RATIO
OF A HOMOGENEOUS ISOTROPIC HALF SPACE

‘The Polsson ratio, g, may be expressed as implicit

function of Vv /V whare Vg is the velocity of the shear

wave and Vp is the veloc1ty of the compresciocnal wave:

5 - _i/2(Yp/ vs)? - 1 AIa).
(Vp/vs)2-1 -
It may also be expressed ad en- imp&icit function of Vy/Vg by
. L
vzt 6 g, 24 - 16 q6ly _ V&
“E‘ ¥ Vr - S Il E i) R
vs° Vs®  Vp Vp )

where V, 1is the Rayleigh wave speed in a hslf-space, This.

equation may be reduced to

6 4 2
V.. v v |
— - : _I_‘ ? 2= ...1: - -..__.8 =
(Vs) 8¢+ 5 2g(E]- & -0 ()

The sclution of Equation It was obtained in this work
using Newton and Raphson's numerical method. There is
always a real root whose square root is the ratio of the
BRayleigh wave-speed to the shear wave-speed for a half-space
made of this material,

The Table (A) shows £he solution of Equation Ia .and Ib
¢onnecting the ratios v _/v_, Vs/vb-and vr/vp.

Knopoff has solved the same problem and constructed
the nomogram indicated in Figure 22, (Knopoff, 1952).

It is essential to note that the nomogram of Knopoff

(Figure 22) which relates the ratios of velocities of any
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two types-of waves V../V,, Vg/V, or V,./Vg with Poisson's
ratio os 1s calculated for a homcgeneous isotropic
elastic mediuvm,

In Figure 25, the Knopoff nomogram was reconstructed
from the values of Table (A) on a larger scale in order to
increase the accuracy of the determinations of Polssonts
ratio or velocities ratios,

The ratio of V,./V, is noted below as a function of g
(from Table (4A)).

c 0.25 0,28 0.30 0.35 0.40 O.b4s 0. 50
Vr/VS 0,919 0.924 0.927 0.935 0.942 0.949 0.955

Fence ¢ determined from Vr/Vs is essentially useless.
Here, as before, Vy represents the half-space Rayleigh

wave speed.,
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Table (4). Poisson's Ratio and Velocity Ratios, as was
obtained in this thesis.

Polsson Poisson

Ratio V_/Vg v/, Ve/V, | Ratio  Vyp/Vg Vg/V, V./Vp
. 000 874 707 618 «260 .921 «569 . 525
.010 875 J704 616 «270 .923 . 561 2518
«020 .878 700 614 .280 924 553 W511
.030 .880 696 612 +290 .926 544,504
+0LO .882 692  L.610 +300 .927 «535 496
. 050 .884  ,688 608 «310 .929 «525 87
. 0560 886 .684 606 «320 .931 514,479
.070 .887 680  ,603 «330 «932 <504 469
. 080 .889 676 .601 <340 934  LL92 L4860
« 090 .891 671 « 598 <350 <935 480 J4bo
.100 «893 667 «595 «360 «936 JL68 438
«110 .895 662 «592 <370 .938 Jsh 426
.120 «897 «657 «589 380 «939 Lo L8413
.130 .899 652 « 586 +390 oLl U425 L 400
140 . 900 J6L7 .583 | 400 .42 408 .385
,150 «902 OU2 «579 410 L4 391 «369
.160 904 636 575 420 L5 .371 «351
.180 .908 625 567 JALO + 948 «327 .310
«190 909  .619  ,563 450 949 302  ,.2856
+200 .911 612,558 U460 «950  .272 «259
.210 «913 , 606 «553 470 v952 238 .226
$220 .914 «599 . 548 480 «953 .196 .137
«230 916 «592 . 542 490 «954 140 134
<240 .918 «585 537 <500 <955  .000 .000
«250 919 577 «531
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PRACTICAL METHCD OF THE DETERMINATION OF GROUP
VELOCITIES FROIM SEISMOGRAMS

In this thesls group and phase veloclities were deter-

mined directly from the seismograms. The method aveids the

expense of numerical Fourler transformation, and is appli-

cable for well dispersed wave trains. For the construction

of the dispersion curve of the group velocity the following

formulg is applied:

u(T) = x/¢t

where X is the distance between the shot point
trace and the geophone trace and t 1is

the arrival time,

The determination of T from the seismogram 1is through

the method outlined below:

1,

2,

3.

5

Determine the arrival time of the pvhase points

on the seismogram (for example, the peaks or
troughs, or both); \

To give an ordinal number for each peak'and each
trough;.

Plot arrival time against ordinal number of phase. .
One choice is to plot the number of peak and trough
on the ordinates and the arrived time ty; of the
peak and trough is on the abscissa axis;

Connect the points by a smooth curve;

The derivative, 1.e. the slope of the tangent to
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the curve (Figure 26) determines the value of the
period, while the abscissa of the point of contact

determines the arrival time of the group.

¥

- S Tl ()
Figure 26, Smooth curve to determine the pericd of
each group.

'%"ﬁ,l%l‘t:%,

Figure 27, One half period for the peaks on the seis-
mogram,
In conclusion, the connection will be shown between
group and phase velocity, if they are expressed by the
period T, The formula to determine the group veloclty is:
U=V - )aVv
aA
" where U is the group velocity and V is the phase velocity.

and 2 is the wave length.
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Determination of Phase Velocity

The phaée veloclty 1s found by the method outlined
below:s
l. Numbering the peaks and troughs of the oscillations
from one trace to another;

2. Appiying the approximate equation

—_—-_—-—_—

where x is the distance between ad jacent geophones
and t3 is the time that it apparently takes for the
first, second, third, etc. cycle to travel this
‘distance,

3« The period is determined through the prescribed
Ai and t4 by the same way that has been used to
find the perlod of the group velocity.

If the two traces 1llustrated in Figure 28 are considered

, .,
! | /\ GGoP»ongz
. ' \_r/ A
' = 2
: 3
- //44\\ | 7 ////"\\\\
5 <e
/| T\_:/i/ Eofuwong 1.
! -"/ ! Ai

Figure 28. Illustration of the method for finding the
phase velccity.

4T2+Tﬂ=A2-Al

willl be the phase velocity for a period equal to the average
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value of the periods of the vibrations being studied.
The limitations on this statement ares
1. Spzcing between traces must be much less than the
distance to shot
2, Error in determining V will be greater than error
in U, error in V will be smaller at short period

than at long perilod.

Kanail Curves

The relations among the min;mum group velocitx wave~
2éngth, as well as phase.velbcity corresponding to the condi-
~tion in the minimum group velocity and the rigidity ratio of
mediums (M o/ ), under the condition 6,/61 = 1
kéu. = 12/112 = 1 has been developed by Kanai (Bull. Earth Res.
Inst: 1950). Kanai's results shown in Figures 29 to 31, where
61 =density of the first medium,(kifll)= Lame's elastic con-

stants of the first medium, 8§, = density of the second medium,

(x2f12)= Lame'!s elastic constants of the second medium,

1
g—\\\ Mease
4
1 T —_
o Leve~vave
| R

Raylrian—wave

~

&
§

——

f — My Ju,

L =Y

! . ’
L S o e S SSINr ' MAS I S SR

Figure 29, BRelation petween the minimum group
velocity and ratio of W o/lL 1 (after Xanail),

@
)
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Figure 30, Relation between wave length corresponding
to condition in minimum group veloclity and
ratio of WU,/lL; (after Kanai, 1950).,

4

RIPan AN S SN ST Iy Sun marf veve aur 720

Figure 31, Relatlon between phase velocity corres-
. -ponding to corédition in minimum group

velocity and ratio of LLZ/;Ll (after
Kanal ] 1950) .

-

The above mentioned curves will be used to help determine

-thé elastic properties of the medlum using dispersive sur-

face waves. .

In ordexr to calculate the elastic constants of the

second medium the procedure. and assumdtions are as follous:
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a) 3.1/;1 1 = ’*2/_112 = 1 which implies that o1p = 0.25,
where 632 1s the Poisson'é ratlo for both media,
under the condition §,/67 = 1, as was done by Kanei.

b) ¥With the above constraint a first order approxi-
maetion to a new ¢ for the second medium is deter=-

mined through the equation

6z = (2ly - 8V 2)/(2U 5 = 26V,7)
wheres § - density of the second medium (assumed)
Gp = Polsson's ratio of the second medium
112 = rigiditg of the second medium (From data

and Figures 29 or 30).

Vp = compressional velocity of the second
medium.

Kanal calculated curves for ¢ = 0.25 only. It is not
clear at present whether other values ¢f ¢ would produce
significant differences., This  would be an interesting
subject for further study.

The error introduced by this assumption perhaps can dbe
neglected in comparison with the other errors, for example
in the determination of the phase and group velocity directly

from the selsmograms.
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INTERPRETATION OF SEISMIC SHEAR WAVE DATA

Shear waves veloclities were determined along Line III

for the spreads A and B, as 1s described on page 18,

The length of the spreads used were 110 feet and 55

feet,

Those short lengths are due to the rapid attenuation

of shear energy in the gravel and the lack of an adequate

‘shear wave source.

Analysis of the shear wave recordsayielded the follow-

ing results:

1,

2,

3.

Shear wave velocity for the weathering layer Vg ~ 1100

‘fps. This layer corresponds to the first layer of

compressional velocity between 1000 ft/sec to 2000
ft/sec, For this value of Vg, it is assumed 2000
ft/sec for Vp. '

Shear wave veloclty for the second layer Vg = 2300
ft/sec. This corresponds tc a compressional velocity
between 4200-5000 ft/sec. '

No deeper layver was recorded,

Eléstic Constants Determinations for the VWeathering

1aver on Line I11

The weathering layer shows large range for the values

of compressional wave veloclty.

In this work we got: V, = 1000 ft/sec, 1600 ft/sec,

2000 ft/sec along the line III,

The shear wave velocity for the spreads A and B on
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the line III shows the value 1100, and the P wave range of 1000~
2000.fps. A larger V, corresponds to this value for Vg
The value of 2000 fps for the P wave is used with the
purpose of calculating the elastic constants of the medium.
It can be seen
VS/Vp = 1100/2000 = 0.55
Using the Table {A) we get for Poisson ratio g = 0.28.
The use of the Hellister's nomogram, Figure 5 (page 125)
U/6vp2 = 0,305
K/8V,2 = 0,590
E/6Vp2 = 0,780
Assuming & = 2.0 g/cc, (Birch, 1966, p. 100)
IU=0,305 x 2g/cc x (2.0 x 103 ft/s x 30.0 em/ft)% x 1.45 x 10~5psi
K=0.590 x 2g/cc x (2.0 x 107 ft/s x 30.0 cuw/ft)2 x 1.45 x 10~5psi
E=0.780 x 2g/cc x (2.0 x 10° ft/s x 30.0 em/ft)2 x 1.45 x 10~ 5psi
M=0.32 x 105 psi = 0.22 x 1010 dyn/cm?
K=0.61 x 107 psi = 0.42 x 1010 dyn/cm?
E=0,81 x 10° psi = 0.56 x 1010 dyn/cm2
C=1.63 x 10~° inch sq/pound
4

_ 2
g/ce x £t /s? x cmz/ft2=.g x cm/ s2 x 1/ cm? = dyn/ cn’= 1.45 x logs

Elastic‘Constants Determination for the Gravel Layer

Vp = 5000 ft/sec (value obtained through the vertical velocity
survey)
Vg = 2300 ft/sec
___ARTHy,
VS/Vp = 2300/5000 = 0,46 CEEPRADRLAAnsLmPARY
LD.
c = 0.37 ", COLORALG gozgr

LQ%VPZ = 0,205
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K/ovp2 = 0,720
E/éVp2 = 0,560
6 = 2g/cc

7‘1

JU=0.205(2) x (5 x 103ft/s x 3 x 10em/ft)? x 1.45 x 10~Spsi

M=1.33 x 109psi

= 0.92 x 1010 dyn/cm?

K=0.720 x (2) x (5 x 1037t/s x 3 x 10en/ft)? x 1.45 x 10~5psi
K=U,69 x 105psi = 3.23 x 1010 dyn/cm?

E=0,560 (2) x (5 x 103ft/s x 3 x 10cm/ft)% x 1.45 x 10~ psi
E=3.65 x 105psi = 2.52 x 1010 dyn/cm?

g/ce x ft2/82 x cm?/ft2 = g x cm/ s x 1/ en2 = dyn/em? =

=1, 45 % 102

psi
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DETERMINATION OF THE RATIOS vs/vp. V./Yy and Vo /Vg

AND BLASTIC CONSTANTS USING. SURFACE WAVE .
GRAVEL AND BEDROCK AT ROCKY PLATS -

Use of Surface Waves in Line IIZX

The asymptotic velocity is approximstely 1900 ft/sec
to 210C ft/sec {(Figures 32 and 33). This is the average
Rayleign velocity of the top surface layer (gravel),
The following assumptions are mades
1. The density is assumed to be 2.0 g/cm?® (Birch, 1966}
2, The small weathering layer 1s neglected
3. The medium is layered half-space, homogeneous and
isotropic.

From the traveltime curve for Line III we know that the

P wave velocity of the gravel and bedrock along line III are
5000 and 7000 fps. A range for Poisson's ratio can be calcul-
ated by making the asymptote velocity vary between 1900 fps
and 2100 fps. '

There are three cases as shown in Table 7,

Table 7. Three Possible Values of V.. and the Ratio of
the Velocity for the Gravel at Rocky Flats,

1900 0,38 0.94 0.40 2.4 .40
2000 0.40 0.94 0.42 2¢3 0.39

2100 0.42 0.93 0.45 2.2 0.37
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The Poisson's ratio has been estimated for the first
medium (gravel) along the seismic refraction line III within
the range of values ¢=0,37 = 0,40

The range of the Polsscn ratic {or the second medium

can be calculated through the equation:

<1
o= [Zu- 6VP2M2»‘1' 2§Vp2]

where [/ 1s the shear modulus of the second medium and 8= 2.2 g/cc

Calculating the wave length of the minimum group
velocity:

L= =VT=2860x 200 x 1073 = 172 feet

“ Making H equal to 80 feet (average) (tased on P-wave
profile) where H is the thickness of the top layer (gravel)
the ratio L/H will be
L/H = 172/80 = 2,1
From Kanai's second curve
For L/H = 2.1 =% WUy/l; = 1.8
For the first medlium it 1is already known
G1 = 0.37 - 0.40 -

Substituting these values in the Hollister's nomo-

gram and assuming a density of 2.2 g/coc for the second medium;
[y = 0.96 x 1010 dayn/em2 to Yy = 0.74 x 1010 ayn/cn?2
Note that this corresponds well to [i= 0,92 x ].01o dyn/cm?
obtained using shear wave as shown before, so that
Lo = 1.72 x 1010 ayn/em?  to 1.33 x 1010 dyn/cm?

and the estimated range for the Polsson's ratio of the



T-1718 76

second medium, along the selesmic refraction line III, is:

(assuming 8, = 2,2 g/cc for bedrock) oo = 0,39 - 0,42

The three ratios for the medium from Table (A) or

Knopoff nomeozram will be shown in Table 8.

Table 8. Three ratics of Velocities for the Bedrock at
Rockyv Flats,

. ft/sec ft/sec

o Vp/Vs Vi/Vy V. /Vs Vg Vp
0.39 2.3 0.400 0.941 3040 2800
0.42 2.7 0.351 0.945 2590 2460

From Table 8 the velocity of the shear velocity for

the second medium is in the reasonable range

Vg = 2590 ~ 3040 ft/sec

The value of Poisson's Ratio and the value of the shear
wave velocity is in the range expected for coarse materials,
The use of Hollister's nomogram gives now for the

elastic constants in both mediums the values indicated in

Table Qe
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In this line 1t 1is reasonable te accept from Figure 34
2

gné traveltime curve for Line I

: 400 ft/sec first medium
v H00 fi/sec firs edium

b
th

= §500 ft/sec second medium

-
"
]

-~
Wl

1750 ft/sec half-space of gravel

L3

469 ft/sec where V,

group velocity

R
it

. is the minimunm

ge Iz = 1,'8 = 0.40 g1 = 0,39 (AVERAGE VALUE)
for the gravel

from Table (&)
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From Table (A):
V./Vg = 0,941 Therefore V_ = 1750/0.941
and Vg = 1860 ft/sec
Determiming L (wave length) for the minimum group velocity:
L=VT
L = 469 x 315 x 10=3 = 148 ft,
- Doing the ratic L/H = 148/60 = 2.4,
K 45 the thickness of the gravel which averages 60 feet.
From the Kanal curve
L/E = 2.4 DU, 000 = 2.3

“"For 61 = 0.39 |, assvming a density of 2.0 g/cc

= 1=-2071

v
2(1-01) 8%p

2

lil = 0,65 x 1010 dyn/cm2

Por the bedrock

112 = 2,3 Iul

L]

1,49 x 1010 dyn/cm?

K2

Using the equation

2, - 26V,

o2 =

for & = 2.2 g/cm3 {assumed density for the bedrock)
v, = 6500 ft/sec
llz = 1.49 x 1010 4gyn/cm?
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[} == 2(1;“9) -l 2;2(6;5 X 103 x 30)2
2(&.49) - 2.2(2)(6.5 X 10) X 30)2

Varying Vp for both mediums:

8, Vp = {400 first medium

Vp = 6500 second medium

g2 = 0.39

b. Vp = 4300 first medium
Vp = 6800 second medium
oo = 0,40

Co V= 4800 first medium
Vp = 7000 second medium
Gp = 0,44

The elastic constants for the three above cases are lndicated

in Table 10.

Determination of the Elastic Constants of the Weathering
layer, Using Surface waves, Along Line I

The following values are inferred from traéeltime
curves for Line I (see Figure 16):
= 31000 ft/sec
Vp = 4400 ft/sec
V.. = 550 ft/sec
V. = 255 ft/sec (minimum group velocity)

Flgures 35 and 36 show the group velocity and the period
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determination for this case,

Xa = 550 _ 0,55 g = 0,22 Poissont!s ratio

2C00 for the weathexring layer

e

The value of ¢ = 0,22 compares to ¢ = 0,28 from shear data on
line III,
From Table (A)

<

=L = 914 Vg = 602 feet/sec.,
Vs

’ 2
So that ML;-z !-6'/2(!—6‘) 5\/P

[y = 0,065 x 1019 ayn/cn?

For comparison we will now use surface wave data to calculate

elastic constants in the gravel. The ratio Vg/vs,will bes

v
& = 255 _
= Egg 0.b42

From the Tirst Kanal curve ll?_/ul = 9.5

s

MU, = o0.62x 1010
The value of G2 will be

Co = 0.39

'The elastic constants are calculated and indicated in

Table 10,
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Table 10, Elastic Constants of the Bedrock in Line I.

84

psi x 105 psi x- 10 psi x 105
SHEAR MODULUS YOUNG'S NODULUS BULK MODULUS
(o] U E K
GRAVEL
0.39 1.17 3.26 4,95
BEDROCK -
0.39 2.16 6.06 19,16
0.40 2.19 B.on 10.09
0.41 2.06 5,64 10.49

Table 11. Elastic Constants for Weathering Layer and
Gravel, Using Surface Waves, on Line I.

psi x 104 psi x 104 psi x 10%
SHEAR MODULUS YOUNG'!'S MODULUS BULX MODULUS
e J23 E K
WEATHERING
0.22 0.94 2.3 1.3
psi x 107 psi x 107 psi x 109
GRAVEL -

The values obtained for the gravel in Table 10 coincide with

the values obtained in Table 11,
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In Tables 12 and 13 are 1ndicated Polisson's ratio values
for gravel and bedrock as were determined by several authors,
In Tables i4 and 15 are shown all the results obtained

for the seilsmic lines III and I,
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INTERPRETATION OF RESISTIVITY DATA

The two Schlumberger depth sounding curves VES 1 and
VES 2 on line III, Pl. 1, were initially interpreted by curve
matching, using master curves for vertical electrical soundings
(Orellana and Mooney,1966). As can be seen in Figure' 37, both

sounding curves are very similar and ylelded almc;s“c identi-
cal geoelectric sections. They indicate two layers within
the gravel, the thickness and resistivities of which are
indicated below:

VES 1 - Line III

Center of electrodes is in shot point 2

Dy = 4 ft. Hy = &4 ft, (1,20m)  pP; = 240 ohm-m
D, = 64 ft, Hy, = 60 ft (18m) P2 = 150 ohm-m
H3 = 00 p3 < 25 ohm-m

where D is the depth, H is the thickness and p is the

resistivity.

VES 2 - Line III

Center of electrodes is in shot point 3

D; = 4 ft Hy = 4ft (2m) P1 = 2400 ohm-m
Dp = 84 ft Hy, = 80 ft (24m) P, = 60 ohm-m
H3 = oo p3 < 25 ohm-m

The interpretation of VES 1 and VES 2 using the com-

puter program Auto-Interpret VES with MDZ + Convolution by

A. R. Zohdy, U.S. Geological Survey, Denver, Colorado
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inéicates the followling layers and depths:

VES 1 - Line III

Center of electrodes is in the shot point 2

Depths (feet) Besistivity (Ohm-m)
5 251.1 .
Rocky o
Flats 20 100
Alluviunm
57 59
Bedrock
111 < 39
(-~}

VES 2 - Line III
Center of electrodes is in the shot point 3

Depths (feet) Resistivity (Ohm-m)
7 1623.6
Rocky [20.3 5357
Flats {
Alluvium 45,3 240,9
}75.1 173.1
Bedrock (112.2 < 121,9
i
i &0 ° e

This computer result confirms the results obtained
before and shows the existence of layers within the gravel

that could not be detected by the selsmic method,
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INTERPRETATION OF THE ELASTICS CONSTANTS

There is a lack in the literature for values of elas-
tic constants of unconsolidated material obtained in situ.

The interpretation which has been done here is based
on the velues which have been found in this work and in
Folotova and Vassiltev (1960).

For most igneous, metamorphic and cemented sedimentary
rocks the ratio V,/Vg varies within limits 1.6-2.0. For
this'small range & greater change in ¢ (0.18-0.33) corres=
ponds. .

For water-saturated friable deposits ¢g = 0.45-0.495. 1In
this casé, the values for Vp/VS are extremely great, since
when ¢g = 0.5, Vp/VS = o, Therefore it seems to be better
to analyse the Polsson's ratlio then the ratlo Vp/VS.

The range of values of Polssonis ratio at Rocky Flats
for gravel is within 0.37-0.4C and for the bedrock is
within 0.39-0.42, These values are in the range expected
for coarse matef;als, as also in the range for water-saturated
friable material., Therefore it is reascnable to accept the
layer of.gravel and bedrock at Rocky Flats to be water-
saturated, as has been discussed. Water-level data from
observation wells indicates that the gravel is not saturated
for its full thickness.

The Polsson ratlios are small for the selsmic refraction

line I, in comparison with the lines II and III. In the
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opinion of the author thils value 1s less in line I because
of differences in the porosity, degree of saturation, and
pernaps difrerences in the lithology between this line and
iines II and III. The difference in degree of saturation
would result from difference in the permeability of the
different layers.

The high values found for the Bulk modulus (K), and the
shear modulus (f4), and Young's modulus (E) are as expected
for friable, water-saturated material (Molotova and Vassil'ev,

1960).
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DISCUSSION OF RESULTS

The seismic compressional wave velocity shows large
variations in the area studied. The range of 4200-5000 ft/sec
is accepted for gravel. The velocity range for the bedrock
is 6300-7000 ft/sec at depths which varied between approxi-
mately 55 to 90 feet.

The electrical soundings VES 1 and VES 2 indicated:

1) an approximate resistivity of 1300 ohm-m for the weathering;
2) a resistivity of 60 to 150 ohm-m, for the gravel; 3) less
than 25 ohm-m for the shale. The depths to shale agree fairly
well with bedrock depths from the seismic interpretation and
drill hole. The average depth to the bedrock from VES 1 and
VES 2 is approximately 74 feet.

The contrast in velocity agrees with the contrast in
resistivity appfOximately at the same depth, for the bedrock.
On the other hand, depths at which changes in velocity and
resistivity occur within the gravel do not agree.

The data indicates a lateral change in the resistivity of
the weathered layer (approximately 4 feet deesp) from 240 to
2400 ohm-m. In the 4 to 74 feet the lateral resistivity change
from 60 to 150 chm-m. These contrasts are prokably due to
the saturated gravel. Resistivities as large as 100 chmni-m
preclude the existence of brackish water in the layer. The
existence of a saturated water zone above or near the level
of the bedrock is suggested because of the value of Vp/Vs,

Poisson's ratio, and resistivity. The ground-water



flow may be restricted to the broad channels crossing the
seismic lines or even extend across some of the lower bedrock
highs.,

‘Variations in elastic constants in the gravel and bed-
rock along the selsmic lines are probtably due to composi-
tional differences and degres of saturation betwsen layers.
Therefore the variations in velocity are a2 consequence,

- An important elastic constant 1s the Polsson's ratio.
Th;vseismic lines in Rocky Flats eihibit different ranges
for the Polssonis ratic and velocities, The lowest values
are observed for line I. As has been discussed, the magni-
tude of Eoisson's ratio and veloclities depends upon the
lithology of the rocks and layers. The values obtained in
seismic refraction line I suggest the existence of a differ-
ent bedrock that could be clay belonging to the Arapahoe
formation.

The values of velocities and their variatlions are not
caused by depth of burial or stratification of the layers.

A hypothesis based on dependence of Polsson's ratio on the
lithologic composition and degree of saturation ;f the sedi-
ments 1s presented to explain the interesting differences
found for the two selsmic lines with reference to the elastic
constants and selsmic velocities.

The seismic refraction method is probably one of the
best geophysical methods in the discovery of buried channels.

The importance of localization of anclent channels is very












































































































