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ABSTRACT
* *

Subsurface mapping using approximately 60 miles of 

spot-correlation and continuous profile seismic data are 

integrated with the sparse information available from surface 

geology and well logs in the Round Butte area, Colorado.

In an area of about 160 square miles two high-angle reverse 

faults are evident from the surface. Integration of all 

available data reveals the presence of several basement- 

controlled faults which die out toward the surface.

Digitization and computer processing of seismic data 

improve interpretation of the complex structure in this 

area. The seismic method is calibrated by several well 

log correlations and a synthetic seismogram generated from 

the only nearby sonic log. In addition to producing the 

synthetic for use in identifying subsurface reflectors, 

the sonic log is used with a resistivity log from the same 

well to establish a relationship between velocity and re

sistivity. Crossplotting techniques provide the link between 

the two logs. This procedure is used to verify correlation 

of discontinuous reflectors.

Structural traps for petroleum are shown in the Upper 

Cretaceous section overlying basement blocks displaced along 

■fault surfaces. Deformation of the sedimentary cover is
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limited to drape folding and faulting in response to vertical 

basement movement during Laramide orogeny.

An average velocity gradient inversion is explained 

by models of lithologie variations.
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INTRODUCTION

Late Cretaceous faulting along the east flank of the 

Front Range has previously been classified in two types. 

Traditional interpretations ascribe all observed tectonic 

features to the Late Cretaceous - Early Tertiary Laramide 

orogeny in which block-faulting of the basement caused fault

ing and folding within the overlying strata (Sterns, 1971). 

JWeimer (1973), Davis (1974), and Davis and Weimer (1976) 

have shown evidence suggesting that in addition to these 

basement controlled high-angle faults, there exist listric 

normal faults similar to those found in the Gulf Coast geologic 

province„ These penecontemporaneous faults appear to die 

out at depth, and are not basement attached «,

Understanding the tectonic framework of faults and 

folds on the flank of the Front Range, as well as elsewhere 

in the Rocky Mountain Region, is of practical importance. 

Knowledge of the origin and character of the observed struc

tures will allow for a more efficient mineral exploration 

program. Fault movement, whether deep-seated or due to 

differential compaction, controls traps for petroleum accum

ulation. The timing of faulting and folding can only be 

deduced by careful mapping using all available data.

1
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PURPOSE AND SCOPE OF INVESTIGATION

The purpose of this investigation is to describe the 

sub-surface structure of an area within the western foot

hills area of the northern Colorado Denver basin, and to 

determine what tectonic processes have been operative.

In particular, basement-controlled faults are delineated 

and related to folds that have been mapped from surface 

geology (Kline, 1955 ; Odouli, 1966). In addition, the pos

sible presnece of any penecontemporaneous growth faults are 

examined.

The emphasis in this study is placed on the available 

seismic data, because its treatment was outside the scope 

of previous work in the vicinity by Kline and Odouli. An 

important contribution of this study is the preparation of 

contour maps from seismic and existing well data. These 

data were integrated with previous geologic work to produce 

time, velocity, and structure maps of the study area.

2
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STUDY AREA

The area of study extends southward from near the 

Colorado-Wyoming state line, covering a total of 160 square 

miles in the northeastern corner of Larimer County and the 

northwestern corner of Weld County, Colorado. Figure 1 

shows the location of the area in relation to surrounding 

geographic features. The area of study is on the west flank 

of the Denver basin and the igneous and metamorphic complex 

of the Colorado Front Range lies a few miles to the west 

of the area.

Stratigraphy

Bedrock exposures in the thesis area are Late Cretaceous 

in age. The Creataceous section in this part of the Denver 

basin includes approximately 8000 feet of sedimentary rocks 

(fig. 2). Two rock units were selected for use in this study 

because of their prominent seismic reflection events : the

Niobrara limestone and the Hygiene zone of the Pierre shale. 

Both were deposited during the Late Cretaceous and sediment 

source for detrital rocks was from the west. The progression 

from Niobrara limestone to Pierre shale and then Fox Hills 

sandstone records the regression of the Cretaceous sea from 

west to east across the area. The Lower Cretaceous Dakota

3
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Formation reflector was used to aid in the correlation of 

the two shallower seismic events.

Structure

A sharp structural boundary marks the change from stable 

craton on the east to the Rocky Mountain geologic province 

on the west. The Rocky Mountain foreland zone of flank 

deformation consists of basement block faults resulting 

in uplift of the Front and Laramie Ranges relative to the 

Denver basin block. Precambrian igneous and metamorphic 

rocks are exposed in the uplifted Front and Laramie Ranges. 

The Denver basin is asymmetrical, with steeply dipping strata 

forming hogbacks along the west flank of the basin and gentle 

westward dipping beds on the east flank.

A major northeast-trending feature, the Hartville Up

lift, bounds the northwest flank of the Denver basin some 

50 miles north of the study area (fig. 1). Along the east 

flank of the Laramie and north Front Ranges, a series of 

en echelon faults parallel the Hartville Uplift. Two such 

faults have been mapped by Kline (1955) as reverse faults 

dipping 70 to 90 degrees to the west (fig. 3).

Petroleum Production Near Area

Petroleum production associated with faults and folds 

is found in several small fields north and south of the

6
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study area. Several sandstones within the Upper CretaceoUs 

section have been targets in petroleum exploration. Nearest 

production is from the Wellington field, 5 miles to the 

south, which produces from sandstones of the Dakota Group. 

Several shallow dry holes have been drilled in the study 

area.

8
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GEOPHYSICAL DATA

The geophysical data used in this study consist of 

spot-correlation seismic records, 100% seismic records, 

and electric logs from several wells.

Ninety-six records obtained from Amerada Hess Oil Com

pany were used to map the majority of the study area (fig.

3). These six-trace records vary in length from 1.6 to 

2.5 seconds. The data were shot in 1935, and are of good 

quality. Below the first 700 or so milliseconds of noisy 

data, strong reflections can be seen on almost all the records 

(fig. 4). East-west trending lines 1,2, and 4, each 12 

miles long, were digitized and processed on the computer.

The remaining six-trace records were reduced to datum by 

hand and transfered to the isochron map. A common datum 

5000 feet above sea level was used for all the seismic lines.

Approximately 18 miles of 100%, continuous profile 

seismic data shot in 1948 was obtained from chevron Oil 

Company. Lines A,B,C,D,F,G, and H were reduced to datum 

and transfered to the isochron maps. These 24-trace, shot 

records have good signal-to-noise ratios and were correl

ated with a synthetic seismogram.

Electric logs from six wells in the study area and

9
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one well 10 miles to the southeast were used to correlate A 

the Niobrara limestone and Hygiene zone to seismic events.

Data File

In the course of this study a large quantity of seismic 

data were compiled. For this reason, and for possible future 

reference, a data file has been established within the Geo

physics Department which contains additional seismic records 

not presented in this work.

Data Processing 

The three major east-west seismic lines, lines 1, 2, 

and 4, which are sub-perpendicular to geologic strike, were 

processed on the Colorado School of Mines Phoenix computer.

The paper records were digitized at a sample interval of 

5 milliseconds. This sample rate was chosen because it 

corresponds to a sampling frequency of 200 Hertz and a Nyquist 

frequency of 100 Hertz. Aliasing of frequencies higher 

than 100 Hertz should have been prevented by field filtering. 

Also, the 5 millisecond sample interval greatly facilitates 

the digitizing process. The digital data were punched on 

cards which were then read into the computer and stored on 

magnetic tape. The program used to arrange the data into 

a usable format is shown in the Appendix (p.39).
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The Phoenix 703 mini-computer was used to sort the 

traces into lines, compute and apply static corrections, 

compute and apply normal move-out shifts, and to restore 

amplitude to the lower section. Figure 5 is a flow diagram 

showing the processing procedure. The following is a brief 

outline of the programs used.

Phase 5 . Two shortcomings characterized the appearance 

of the raw data. The events of the lower reflecting horizons 

were subdued, due.to radial attenuation and partial reflec

tion of the seismic wavelet. The field amplifiers used in 

recording the data did not compensate for this attenuation 

of signal strength. In addition, the sampling process, coupled 

with the distortions in the reproduced paper records, caused 

a significant warp to be imparted to the traces. Both of 

these conditions were remedied by the Phase 5 program, which 

effectively restored deep reflections by equalizing the aver

age amplitudes of the traces throughout their length and 

removed the warp by filtering out frequencies below 2 Hertz.

Ssort. In this processing step the traces were sorted 

into their proper spatial configuration, and the computation 

and application of source/receiver static corrections was 

accomplished. The locations of the geophone stations, which 

are spaced 200 feet apart, were determined from the shot lo-

12
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Figure 5. Processing, flow diagram.
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cation map. This spot-correlation data averages about 

25% sub-surface coverage on lines 1, 2, and 4.

Seispak. In this program normal move-out shifts were 

computed and applied using input velocities. Velocities 

were obtained from three independent sources. Solution of 

the equation
0 0 X2 cos2^

T - To —  ------5-----

where T = time of reflection event

T0 = normal incidence reflection time 

X  = horizontal distance from shot to receiver

V = average velocity to reflector

$ = dip angle of reflecting horizon

was used to produce average velocities from the six-trace 

records. This method may yield inaccurate results because 

the shot/receiver distances are not precisely known, and 

the dip of the beds becomes confused with move-out delays. 

An Amoco velocity survey, conducted in sec. 15, T.9N,R.68W 

was the second independent source of average velocities.

A sonic log from the Sidwell #22 well was used to compute

a third set of average velocities.

The Amoco survey velocities which were used in the 

Seispak program, compare favorably with the sonic log de

rived velocities and are shown in Table 1. An average vel-

14
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Two-way
time
(ms)

123
263
374
468
636
802

1068
1210
1270
1376
1414
1470

Table 1. Input velocities

Average Interval
velocity Depth velocity
(ft/sec) (ft) (ft/sec)

5300 340 5300
6850 918 8250
7400 1385 8800
7950 1860 10100
8550 2715 10200
8950 3585 10500
9500 5068 11150
9750 5896 11650
9800 6232 11800

10200 7014 12750
10300 7278 13900
10600 7790 18286

15
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ocity of 7000 feet per second was used for the upper 400k * 

feet not included on the sonic log.

Frelan. This program displays both the frequency spec

trum of the section and an autocorrellogram indicating the 

extent of ringing present- in the data. This analysis showed 

that strong frequencies between 7 and 52 Hertz are present 

-and that deconvolution is unnecessary.

Filan. The results of this filter analysis program 

showed that a 6-52 Hertz bandpass filter should be used to 

maximize the signal-to-noise ratio.

Phase 5 . Phase 5 was used again to apply the 6-52 

Hertz filter and to restore amplitude lost in earlier phases 

of the processing.

16
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INTERPRETATION . '

An integrated method of interpretation is used to apply 

the available seismic, geologic, and well data in mapping 

the 160 square mile area. Seismic times and well log markers 

used together, serve to-determine average and interval vel

ocities used in converting time-structure maps to depth 

maps. An alternate source of velocity information is ob

tained from crossplotting techniques, giving support to the 

resultant interpretations.

Correlation

Seismic events were correlated with geologic formations 

by the use of a synthetic seismogram. A sonic log from the 

Sidwell #22 well was digitized at a sample interval of 2 

feet. These data were used to produce a synthetic seismo

gram from 400 to 9600 feet below the ground surface via 

the Phoenix computer. Comparison of the synthetic seismo

gram with the seismic records identified those reflection 

events which correspond to geologic formations (pis. 1-4; 

fig 6).

Time-Structure Maps

Seismic times from all of the interpreted data were 

used to construct time-structure maps of the top of Niobrara

17
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Figure 6» Post - Lower Cretaceous stratigraphie column,
(after Kline, 1955) (T.11N,R.68W)
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and the top of Hygiene (figs. 7 and 8; pis. 2-4). Sev- „ ' 

eral significant features are apparent on these maps. North- 

east- trending faults have been observed to the north in 

the vicinity of the Hartville Uplift, and to the south in 

the Boulder area. Three major, northeast-trending faults 

in the study area displace both mapped horizons. Only the 

two faults in the northwest part of T.11N,R.68W are exposed 

at the surface. The third major fault, which lies southeast 

of the first two, appears to die out upwards. This is par

ticularly true in the south-central part of the study area 

where the lateral extent and displacememt of faults is gen

erally greater at the level of the Niobrara than at the 

Hygiene. Several of these smaller faults trend to the north ; 

a trend seen south of the area„

Velocity Control 

Velocity information is necessary in order to convert 

seismic times to depths. The simplest method of conversion 

is to use a single-point velocity function. This time-depth 

relationship can be derived using reflection times and re

flector depths from a well within the area. However, since 

there is structural relief of thousands of feet, average 

velocities vary significantly from place to place. Velocity 

variations are apparent between several of the wells near

19
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seismic lines. Using the average velocity functions at . * 

each of these wells, average velocity maps were constructed 

to the top of Niobrara and the top of Hygiene (figs. 9 and 

JLO) . These maps show a reversal of the velocity gradient 

from the Niobrara to the Hygiene. This condition requires 

that the difference in average velocities between the two 

horizons be represented in the interval velocity gradient. 

Niobrara-Hygiene interval velocities were calculated using 

depths from well logs and the time-structure maps. These 

interval velocity determinations by nature of their source 

agree with the divergence of the average velocity gradients. 

In order to verify the calculated interval velocity gradient, 

an independent source of interval velocity information is 

used.

Velocity-Resistivity Relation. Velocity information 

in the study area is very limited. The nearest velocity 

survey was conducted 7 miles to the south. Only one sonic 

log from a well 10 miles to the southeast is available. 

However, resistivity logs from six wells in the study area 

can be used. In work by Davis (1974) interval transit time 

is related to conductivity in Upper Cretaceous Pierre shale 

in the Boulder area. This method allows conductivity (or 

resistivity) measurements to be converted to transit times

22
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(or velocities) in an area of suitably uniform character*- * 

istics.

For a water saturated section with a constant water 

resistivity (Rw ) the equation

log Rt = -m log(At-Atm) + m log B + log Rw 

where

Rt = bulk resistivity

m = cementation exponent

jAt = transit time (microseconds/ft)

Atm = matrix transit time.

B = a constant dependent on the effective stress, 
lithology, and grain contact areas

relates the log of resistivity (Rt) to the log of transit 

time (At), Pickett (1973) has shown that the matrix tran

sit time (Atm) can be adjusted until a log-log crossplot 

of Rt versus (At-Atm ) is linear with slope (-m). A Atm 

of 55 for the Pierre shale is used in this study. Figure 

11 shows crossplots for two zones in the Sidwell #22 well.

Application. Resistivities from several wells were 

used to produce interval transit times and hence velocities 

via the crossplot. These Niobrara-Hygiene interval velo

cities agree quite well with time/depth derived interval

25
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velocities (fig. 12). »

Depth Maps

Time-structure maps (figs. 7 and 8) were used along 

with average velocity maps (figs. 9 and 10) to produce struc

ture maps of the top of Niobrara and the top of Hygiene 

(figs. 13 and 14; pis. 5 and 6). Conversion to depth was 

accomplished by multiplying one-way times at depth point 

locations by the respective average velocities. Depths were 

referenced to sea level by subtracting these values from 

5000 feet. An isopachous map (fig. 15) was constructed by 

substracting depths from the two structure maps.

From these depth maps, a simplified structural cross 

section (fig. 16) was constructed which coincides with Line 

3 shown on Figure 3.

Geologic Interpretation

Interpretation of the four major east-west lines is 

supported by identification of reflectors on the shorter, 

continuous profile lines. Changes in structural dip indi

cated on the 100% data were used to locate buried faults. 

Alignment of these faults was determined by correlating 

the sense and magnitude of displacement shown by each seis

mic line. Dip rates observed on the spot-correlation data 

were also used to a lesser extent for fault delineation.

27
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The near vertical, northeast-trending faults are boun

daries between basement blocks. The overlying sedimentary 

rocks have adjusted to the differential block movement by 

faulting and folding. The loci of these faults presumably 

was determined by planes of weakness within the basement 

rock. The near vertical, north-south trending faults are 

also basement controlled. The trend of these smaller faults 

also was presumably influenced by pre-existing basement 

inhomogeneities. The Laramide orogeny supplied the vertical 

force which activated ancient zones of weakness.

The Niobrara-Hygiene isopachous map (fig. 15) indicates 

possible fault movement during deposition of this interval. 

Areas of thinning represent paleo-highs, and thick areas 

record relative downwarping in response to basement block 

subsidence; perhaps due to sediment loading. Anticlinal 

structures are interpreted as having formed due to vertical 

movement along the mapped faults and possibly along additional 

unobserved faults that trend generally east-west ; not by 

compressive orogeny as suggested by Kline (1955). An anti

cline which has been mapped from the surface, is shown by 

the seismic to be a drape fold over basement controlled, 

high angle faults (fig. 16).

Each of the above mentioned northeast fault trends
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have previously been observed elsewhere in the Rocky Mo up-' 

tain geologic province (Prucha et al/ 1965). East-west 

faults might be detected if future seismic surveys were 

conducted in a north-south direction. It is interesting 

to note that the most frequent trend elsewhere in the Rocky 

Mountains, approximately N40°W, was not encountered in this 

study. The alignment of thins in the center of the study 

area (fig. 15) may suggest the possibility of movement along 

this trend during Late Cretaceous deposition. Data in this 

area are sparse, and the interpretation of this structure 

is difficult.

The average velocity map to the top of Hygiene shows 

a lower velocity section to the west. This represents a 

significant anomaly. The relatively uplifted western portion 

of the area has been eroded, reducing the contribution of 

shallow, low velocity material to the average velocity.

The contrast between the expected and observed velocity 

gradients must be explained by lithologie variations.

Several possible variations in lithology could be used 

to explain the decrease toward the west of the average vel

ocity to the top of Hygiene. Three preferred explanations 

are:

1.) During deposition of the Transition zone of the Pierre
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shale, increasing amounts of calcium carbonate accumulated 

in the eastern portion of the study area. The increasing 

percentage of clastic sediment deposited nearer shore re

sulted in lower average velocities in the -western part of 

the study area.

2.) Sediment source during Pierre deposition was chiefly 

from the north-west. increased rates of sedimentation created 

localized areas of undercompacted shales. These high porosity, 

JLow permeability, shale masses, such as observed by Bruce

(1972) in the Gulf Coast area, and Davis (1974) in the Boulder 

area of the Denver basin, exhibit velocities much lower 

than normally compacted shales. Perhaps such an "over- 

pressured" shale mass exists within the Transition zone near 

the center of the study area.

3.) Deposition of the Niobrara-Hygiene interval was more 

rapid in the western part of the study area, resulting in

a thicker section (fig. 15). The greater depth of burial 

caused the sediments to be more compacted than to the east. 

“This accounts for the Niobrara-Hygiene interval velocity 

gradient increasing to the west. However, during post - 

Hygiene deposition, uplift in the west increased the rate 

o f  deposition to the east. Consequently, shales within the 

Transition zone were buried deeper in the eastern part of
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the study area, 

shallow section

creating a velocity gradient within the . 

which increases to the east.

36



T 1853

CONCLUSIONS „ »

From this study the following conclusions are drawn :

1.) The subsurface geology of the study area, as shown 

by Plates 5 and 6, represents a particular style of defor

mation. Vertical tectonics dominate the mode of flank de

formation . High angle basement controlled faults bound 

blocks from less than a mile to 2 miles wide, creating tilted 

fault blocks arranged in a step fault pattern down to the 

south-east within the Precambrian basement. Deformation

of the sedimentary cover (in response to differential move

ment of the underlying basement blocks) is limited to fault

ing and drape-folding above the boundaries of basement blocks. 

Folding is more likely to occur in less competent rocks as 

well as higher in the section.

2.) This study does not provide any evidence for shallow 

faults which are unrelated to basement block movement. 

Additional, more detailed seismic surveys near R.68W may 

reveal such structures in the Pierre shale.

3.) Although most of the structural highs in the study 

area have already been tested, possibilities for petroleum 

exploration targets may exist. Due to the incomplete coverage 

of the data used in this study, it is possible that struc-
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tures 1 mile square or smaller may be present but undetected. 

Additionally, stratigraphie traps may exist ; but these are 

completely unidentifiable in a study of this nature. The 

timing of stratigraphically controlled traps and hydrocarbon 

migration may be favorable to petroleum accumulation.

4.) This study identifies the observed faults and folds 

as products of differential vertical movement of basement 

blocks. As shown in Figure 16, the sedimentary cover over- 

lying these blcoks has deformed passively resulting in high 

angle reverse and normal faulting, and drape folding.
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APPENDIX
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Formatting Proeram

C THIS PROGRAM USES UNIF0RIILY SAîIPLED SEISMIC DATA 
C T0 V/RITE TRACE-SEOUENTIAL SH2/T RECORDINGS 0KTÔ 
C MAGNETIC TAPE IN PHOENIX COMPUTER FORMAT.
DIMENSION 11(20),IVAR(500),JVAR(500)
CALL REN(10)
CALL RCLR(II.20,1,0)
CALL STRVffiD(II,6,6)
11(5) = 5CALL STRNRD(II,10,500)
CALL WRITE(10,II.20,1)
READ (8,500)KSH0T 
DO 5 K = l.NSHOT READ(8,500)ISTRTjMULT 
MULT = MULT + 1 
DO 4 N = 1,6 
CALL RCLR(IVAR,500,1,0)
IVAR(l) = K 
IVAR (2) = N 
I = I5TRT 
GO TO 1 
I = (1+1) - L1 READ(8,400)(JVAR(M ),M 1,10)
DO 10 L = 1,10 
IF(JVAR(L).E0.0)G0 TO 12 
IDATA = JVAR(L)
CALL STRWRD(IVAR,I,IDATA)2 1 =  1 + 1  

10 CONTINUE
3 GO TO 1

12 CALL WRITE(10,IVAR,500,1)
4 CONTINUE
5 CONTINUE 

CALL TM(10)
CALL REW (10)

400 FORMAT(10(4X,14))500 FORMAT(5X,215)END
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