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UNI TED STATES 
DEPARTMENT OF THE I NTERIOR 
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Technical Letter 
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CRUSTAL STRUCTURE IN THE EASTERN COLORADO 

PLATEAUS PROVI NCE FROM SEI SMI C-REFRACTION 

MEASUREMENTS* 

by 

John C. Roller** 

ABSTRACT 

A reversed seismic- refraction profile was recorded in the Col orado 

Plateaus Province from Hanksville , Utah, to Ch inle, Arizona , The velocity 

of P8 is 6.2 km/sec, and the true velocity of Pn is 7 . 8 km/ sec , Waves 

identified as reflections indicate that an intermediate layer in the crust 

has a velocity of approximately 6.8 km/sec . Thickness of the crust is 43 

km at Chinle and 40 km at Hanksville . The Pn velocity in the Colorado 

Plateaus Province is the same as that in the Basin and Range Pr ovince , 

but is significantly lower t han Pn in the High Plains of Colorado. 

* Work performed under ARPA Order No. 193- 63 . 
** U, S. Geological Survey , Denver, Colorado. 
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CRUSTAL STRUCTURE IN THE EASTERN COLORADO 

PLATEAUS PROVINCE FROM SE I SMIC- REFRACTION 

MEASUREMENTS* 

by 

John C. Roller** 

I NTRODUCTION 

The U. S. Geolog i cal Survey recor ded a reversed seismic- refraction 

profile between Hanksville , Utah, and Ch inle, Ar i zona , in J une 1963 

(Fig. 1). Seismic waves generated by f our chemical explosions at Chinl e 

and three a t Hanksv i lle 1·1ere recorde d on 67 seismograms along a line 

296.23 km in leng t h (Table 1, Fig . 1) . Charges ranging i n size from 

2,000 to 10, 000 lbs were fired i n dri l l holes approximately 200 ft deep. 

Ten seismic- recording un i ts (Warrick and others, 1961) were used to make 

the recordings with the field procedures described by J ackson and others 

( 1963). 

* Work performed under ARPA Order No. 193- 63. 
** U. S. Geologica l Survey , Denver , Color ado. 
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posit i ons. Locat ion numbers refer t o Chinle shot 

numbers. 
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Table 1. -- Shotpoint and r ecording locations 

Latitude, Longitude, Elevation, 
North ~ve s t Meters 

Hanksville shotpoint 38°21, 99 I 110°55 .44 1 1480 

Chinle shotpoint 35°54.64' 109 °34.44' 1860 

Shot: Hanksville 2 1 2 1 000 lbs , 
Chinle 1, 6,000 lbs 

Unit 

H 38°27.72' 110°53.38' 1400 
I 38°30.59' 110°55 .20' 1550 
J 38°38.26 1 110°54 ,48 I 1950 
K 38°21.97 I 110°55 · 54 1 1480 
L 38°17 . 28 ' 110°52.34 ' 1570 
p 38°12,18 I 110°44,79 I 1700 
Q 38°11,77 I 110°37. 86 1 1590 
R 38°41.47 1 110°52,15 I 2070 
s 38°04.58 1 110°39.62 ' 1790 
T 38°47.78 1 110°48.45 I 2130 

Shot : Hanksville 21 2 1 000 1bs , 
Chinle 2, 4 ,000 lbs 

Unit 

H 37°43.80 1 110° 15. 00 1 1580 
I 37°48.79 1 110°20,95 I 1540 
J 37°49.82 1 110°28,98 I 1170 
K 37°39.90' l10°ll,40' 1520 
L 37°30.00 1 110°14 , 16 I 1800 
p 37°27.66' 110°11.25' 1600 
R 37°54.60' 110°27.82 1 1320 
s 37°20.34 1 109°57. 00' 2160 
T 37°59 . 00 ' 110°36. 85' 1640 
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Table 1.--Shotpoint and recording locations (continued) 

Latitude, Longitude, Elevation, 
North West Met ers 

Shot: Hanksville 4 1 101000 lbs, 
Chinle 31 21000 lbs 

Unit 

H 36°18.24' 109°36 .45' 1740 
I 36°58.68' 109°52,25 I 1520 
J 37°03.08' 109°54.65' 1510 
K 36°47. 43 ' 109°53.07' 1660 
L 36°07.00' 109°34.78' 1700 
p 35°57.25' 109°34.54' 1900 
Q 36°37.20' 109°50,25 I 1610 
R 37°07.47 ' 109°58.68 ' 1700 
s 36°30.15 I 109°36.36' 1700 
T 37°16,26 I 109°56.58 ' 1700 

Shot: Chinle 4, 2,000 lbs 

Unit 

H 36°00.15 ' 109°36.13' 1820 
I 36°56.79 I 109 °37 .52' 1490 
J 36°ll,l6' 109 °37.80' 1770 
K 36°41.88 I 109°50.85' 1580 
L 35°54.19' 109°35.07 ' 1860 
p 35°58.67' 109°34,71 I 1860 
Q 37°33.42' 109°53.43 I 2070 
R 36°03.37' 109°36,43 I 1800 
s 36°32.85' 109°42.33 I 1710 
T 36°22,77 I 109°39 ,33 I 1680 

All coordinat es are for the seismometer at the west end of the spread. 
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GEOLOGY AND PHYSIOGRAPHY 

The Colorado Plateau s Province is a l a rge elevated crustal block 

that is bordered on the south and west by the Basin and Range Province, 

and on the north and east by the ranges of the Rocky Mountains. The 

Colorado Plateaus is characterized by many high plateaus separated by 

deep, steep-walled canyons. The area traversed by th i s profile is a 

semi-desert containing sparse vegetation and very few inhabitants. 

The main geological features of the Colorado Plateaus are the large 

structural basins separated from uplifts by large monocl inal flexures. 

Rock strata within the basins and in the uplifts are flat lying or di p 

very gently. Clusters of intrusive mountains and many igneous dikes and 

volcanic cones are widely distributed over the central and ea stern portion 

of the province . These structural and volcanic features are for the most 

part of Mesozoic and Cenozoic age, and they show that t he region has been 

tectonically active during these eras. The Colorado Plateaus Province 

was not deformed to the same extent as the surrounding areas although it 

was uplifted as a great block in perhaps the Pliocene or even Pliestocene 

epoch (Gilluly, 1963) . It can be regarded as a stable area only when 

compared with the complex deformational features of the adjoining provinces. 

The salient geologic features of the province have been summarized by 

King (1959) and Eardley (1962). Individual features or areas crossed by 

the seismic profile have been described by a number of workers. Of 

particular interest among these are the study of the Henry Mountains by 

Hunt (1953), the San Rafael Swell by Gilluly (1929), and the recent map 

of the Shiprock quadrangle by O'Sullivan and Beikman (1964). 

6 



The seismic profile starts near Hanksville , Utah, in a l a rge 

structural basin, proceeds southward acros s the eas t flank of the 

intrusive Henry Mountains, crosses the Monument Uplift, the Comb 

Monocline near the Utah- Arizona border , and ends near Chinle, 

Arizona, in the Black Mesa Basin (Fig. 2) . With the exception of 

the steep-dipping flexure of the Comb Monocline, the rock strata 

along the profile are nearly flat lying. The elevation along the 

profile ranges from 3500 ft (1070 meters) above sea level in the bottom 

of Glen Canyon on the Colorado River to 6200 ft (1890 meters) on the 

higher plateaus, and averages 5600 ft (1710 meters) along the entire 

profile. The elevations of the shotpoints are 4700 ft (1480 meters) 

at Hanksville and 6000 ft (1860 meters) at Chinle . 

INFORMATION ON THE SEISMOGRAMS 

The efficiency of the Hanksville shotpoints in converting 

explosive energy into seismic energy was poor, and the efficiency of 

the Chinle shotpoint was fair. However, because of the very low back­

ground noise at most of the recording positions, useable seismograms 

were obtained to a distance of 300 km from the Hanksville shotpoint 

and 335 km from the Chinle shotpoint. The maximum seismic background 

noise at many of the recording locations was less than 0.5 millimicron 

with an average frequency of 5 cps. 
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The fir s t arrival s on the seismograms recorded from the Hanksville 

shotpoint define a three- segment time-d i s tance curve (Fig. 3) . The 

first arrivals on 2 c lose~in seismograms i n the distance range from 0 

to 12.5 km define a line with an apparen t velocity of 3 . 0 km/sec. This 

is the velocity of the seismic waves in the near-surface sedimentary 

rocks. An apparent veloc ity for Pg, the d i rec t wave i n the crust, of 

6 . 25 km/sec is defined by 16 recordings i n the distance range from 12.5 

to 220 km. The Pg arrival times minus t/6.0 km/sec are plotted in 

Figure 2 for both the Hanksville and Chinle shotpoints with geologic, 

structural, and topographic data along the line. These reduced or 

delay times show a scatter of 0.65 sec from Chinle and 0.90 sec from 

Hanksville. The only obvious correlations between the P arrival times g 

and the geologic structure or t opography are at Comb ridge on the Chinle 

arrival times, where the average delay decreases approximately 0.5 sec, 

and across Glen Canyon on the Hanksville arrival times. The remainder 

of the scatter seems to be the random resu l t of i nhomogenit i es in the 

sedimentary rocks or upper crust, and not necessarily related to the 

gross structure or t opography. Although the first motion is usually weak 

and emergent, the arrival times can usually be determined to within 

± 0.1 sec. 

From 237 km to 295 km the first arrivals define a line with an 

apparent velocity of 7.85 km/sec. This is the velocity of Pn, the 

refracted wave from the top of the mantle. First arrivals on these 

recordings are very weak; however, the velocity should not be in error 

by more than ± 0.1 km/sec if we assume that the arrivals as picked are 

within one cycle of the true first arrivals. 
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1\ w groups o f: s econda ry rr i va ls have been identified as reflected 

events. Seconda ry arrivals on 7 recordings in the distance range from 

115 to 200 km have been identified as reflections from an intermediate 

layer in the crust (PrP) with a velocity of approximately 6.8 km/sec. 

These events are simil ar to those found in the Basin and Range Province 

(Roller and Healy, 1963). 

Another group of arrivals on 13 recordings in the distance range 

from 102 to 295 km have been identified as reflections from the 

Mohorovicic discontinuity (PMP). Many other secondary events can be 

seen on the individua l seismograms, but cannot be correlated between 

seismograms. 

First arrivals from the Chinle shotpoint can be plotted on a three­

segment time-distance curve (Fig. 4). Near the shotpoint the first 

arrivals on one seismogram define a line with an apparent velocity of 

3.0 km/sec. First a rrivals on 20 seismograms in the distance range 

from 4- to 219 km define an apparent Pg velocity of 6.2 km/sec. The 

first arrivals on 9 seismograms define an apparent Pn velocity of 7.8 

km/sec. This would give a true Pn velocity of 7.7 to 7.9 km/sec 

assuming that the 7.8 km/sec Pn velocity from Chinle is correct. The 

large amount of good qua lity da ta from Chinle would seem to make this 

assumption valid. 

The Pn velocity on this profile is less than the Pn velocity of 

8.0 km/sec found by Ryall and Stuart (1963) on a long unreversed 

profile that crosses the Colorado Plateaus in an easterly direction. 
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This velocity f or P11 i s a l r;o lmver than the 8.1 km/ sec f ound nlong on 

unrever sed pro f ile recorded in southeastern Arizona by the Carnegie 

Institution of Washington (Tatel and Tuve, 1955). 

Two secondary events plotted on the Chinle profile are identified 

as groups of reflections from an intermediate layer in the crust, and 

as reflections from the Mohorovicic discontinuity. The arrival times 

and amplitudes of all the prominent phases are listed in Table 2. 

DEPTH CALCULATIONS 

Two crustal models can be constructed for the Colorado Plateaus: 

one using only first arrivals and, the other using the reflections 

which indicate the crust is made up of more than a single layer. 

'First arrivals from Hanksville can be represented by three 

straight lines: To= t:,/3.0 sec, T1 = 1.12 + /Y6.25 sec, and T2 = 8.02 

+ N7.85 sec; and from Ch ~nle first arrivals can be represented by 

To= N3.0 sec, 1'1 = 0.70 + /Y6.2 sec, and T3 = 8.68 + N7.8 sec in 

which 6 is in km. Using these data, a depth to the mantle of 37 km 

was computed at Hanksville and 41 km at Chinle. 

If we assume that the 6.8 km/sec layer indicated by seconda ry 

events is a discrete layer, the thickness of the crust is 40 km at 

Hanksville and 43 km a t Chinle. The thickness of the intermediate 

l ayer (6.8 km/sec} is 17 km at Chinle and 13 km at Hanksville (Fig. 2). 

These depths compare closely with the depth of 40 km found by Ryall 

and Stuart (1963) along an east-trending profile across the Colorado 

Plateaus Province. 
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Table 2.--Arrival times and amplitudes of prominent phases 

Shot: Hanksville-2; Charge size: 2,000 lbs. 

Recording 
Unit 

H 

I 

J 

K 

L 

p 

Q 

R 

s 

T 

Distance, 
km 

9-38 

15.92 

30.15 

0.15 

9-95 

24.50 

32.59 

39.80 

48.84 

Pg P1P PMP Pn 
--------- ~-------------------------- ~--------------------------- ~------------------------- -------------

Time, 
sec 

2.36 

3.40 

5-77 

0.08 

2.81 

4.91 

6.21 

Not on 

7.64 

8.71 

Amplitude, 
mi-l 

80 

7.0 

2.8 

10,000 

220 

(?) 

1.8 

location 

2-9 

1.6 

Time, 
sec 

Amplitude, 
mi-l 

Time, 
sec 

Amp 1 itude, 
mi-l 

Time, 
sec 

Amp 1 itude, 
mi-l 

Note: (First arrival is direct wave through surface material) 

Noisy record 



Table 2.--Arrival times and amplitudes of prominent phases (continued) 

Shot: Hanksville-3; Charge size: 2,000 lbs. 

pg P1P PMP pn 

Recording Distance, Time, Amplitude, Time, Amplitude, Time, Amplitude, Time , Ampl i tude , 
Unit km sec mJ.l sec mJ.l sec mJ.l sec m!.l 

H 92.34 16.00 0.25 

I 79 . 65 13.70 0.30 

J 71.14 12.20 1.30 

K 101.27 17.77 VVl 21.50 4 . 0 

1-' 
Vl L 113.77 19.32 vw 20.91 1.5 23.06 3-5 

p 117.87 20.17 0 . 30 21.63 5.0 23 -70 9-5 

Q Not on location 

R 63.24 10.69 0.95 

s 141.20 Can't measure 26 . 45 5.0 

T 48.62 8.94 vw 



Table 2.--Arriva l times and amplitudes of prominent phases (continued) 

Shot: Hanksville-4; Charge size: 10,000 lbs. 
pg P1P PMP p 

n 

Recording Distance, Time , Amplitude, Time, Amplitude, Time, Amplitude, Time , Amplitude , 
Unit km sec miJ. sec miJ. sec mil sec miJ. 

H 257.05 42.62 3.5 41.42 0.50 

I 180.10 30 . 18 0.7 30.89 11.5 31 .62 15 . 0 

J 169.96 28.35 w 29-52 10 . 0 30 . 02 12 . 5 

K 197.69 33.08 w 33.60 4.5 33-94 7. 5 
,_. 

L 276.84 45.21 2.5 44.07 V\~ 0'\ 

p 293.41 47.68 1.0 46.10 VvJ 

Q Missed record 

R 161.26 27.1 4 0 . 5 28.01 8.0 29.40 11.5 

s 237.64 39-50 38 .73 1.0 

T 149.32 25-37 1.7 26.33 7.0 27. 39 15.0 



Table 2.--Arrival times and amplitudes of prominent phases (continued) 

Shot: Chinle-1; Charge size: 6,000 lbs . 
p P1P PMP p 

n 
Recording Distance, Time, Amplitude, Time, Amplitude, Time, Amplitude, Time, Amplitude, 

Unit km sec mj.l sec mj.l sec mj.l sec mj.l 

H 302.15 47.77 0.3 

I 310.51 48.45 0.5 

J 323.22 50.08 vw 

K 293· 78 Can't measure 
....... 
---4 

L 283.87 44.96 2.0 

p 270.65 43.55 2.5 

Q 266.2<) 42.56 1.0 

R 328.33 50.63 0.8 

T 336.64 51.84 0.5 



Table 2.--Arrival times and amplitudes of prominent phases (cont i nued) 

Shot: Chinle-2; Charge size: 4,000 lbs. 
p P1P PMP p 

g n 

Recording Distance , Time, Amplitude, Time, Amplitude, Time, Amplitude, Time, Ampl itude 
Unit km sec mil sec mil sec mil sec mil 

H 206.55 Can't measure 34-95 35 -26 I dent i f i ca tion of 
PrP and PMP not 
positive 

I 219.13 36.00 0.5 36.64 8.0 

J 224 . 14 
1-' 
co K 198 . 53 Can't measure 33-90 25 34.46 30 

L 182.57 30.14 0.2 31.40 25 32-29 35 

p 178.80 29-54 0 . 5 30.82 30 31.69 35 

Q Not on location 

R 233.67 38.62 3 .0 
( Identification Questionable) 

s 160.15 26.36 1.5 27.87 10 

T 246.26 40.25 



Table 2.--Arrival times and amplitudes of prominent phases (continued) 

Shot: Chinle-3; Charge size: 2,000 lbs. 

Pg P1P PMP Pn 

Recording Distance, Time, Amplitude, Time, Amplitude, Time, Amplitude, Time, Amplitude, 
Unit km sec mJ.l sec mJ.l sec ml-1 sec mJ.l 

H 39.37 7.12 735 

I 117.33 19.48 0.6 24.08 1.1 

J 128.33 21.28 0.5 23.29 3.0 25.20 7.0 

K 97 ·57 16.54 2.5 18.75 3.0 
~ 
\0 L 18.51 3.45 (Off Scale) 

p .65 .17 (Off Scale) 

Q 80.42 13.70 12.4 

R 136.93 22.60 0.5 24.50 3.0 

s 61.65 10.54 12.5 

T 150.55 24.69 0.4 26.68 7-5 27.73 6.0 
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Table 2.--Arrival times and amplitudes of prominent phases (concluded) 

Shot: Chinle-4; Charge size: 2,000 lbs. 

Pg PIP 
--------·---------------------------- ---------------------------------------------- -------------Recording 

Unit 

H 

I 

J 

K 

L 

p 

Q 

R 

s 

T 

Distance, 
km 

113.18 

86.36 

0.46 

3.22 

183.04 

12.14 

68.07 

48.35 

Note: VW - Very Weak. 

Time, Amplitude, 
sec mJ..l 

1.58 3,000 

19.13 3.0 

No Timing 

3.0 

Time, 
sec 

Amplitude, 
mJ..l 

Time, 
sec 

Amplitude , 
mJ..l 

14.99 

.23 (Direct arrival through surface material) 

1.04 8,000 

Very weak signal - Can't measure first arrivals 

2.58 1,650 

11.97 4 . 5 

8.48 15.0 

Time, 
sec 

Amplitude, 
mJ..l 



AMPLITUDES 

The maximum peak-to~peak amplitudes of Pg , PrP , PMP , and Pn were 

measured on al l of the se i smograms on which they could be identified. 

These measurement s are tabulated in Table 2 and are plotted versus 

di stance in Figures 5 and 6. An average frequency of 5 cps was used 

to reduce the measured values to equ iva lent ground mot ion. The values 

shown i n Figures 5 and 6 have been normalized to a 2,000 lb shot by 

assuming a linear relationship between charge size and amp litude. 

The amplitude of Pg from both the Hanksville and Chinle shot­

points is a t tenuated approximately as the inverse square of the distance 

between the source and r ece iver. The se data show why i t is generally 

impossible to identify Pg as a secondary arrival beyond the Pg-Pn cross­

over. The amplitude of Pg from the Chinle shotpoint i s approximately 

an order of magnitude greater than from the Hanksville shotpoint. 

The ampli t ude of Pn cou l d be measured accurately on only a few 

seismograms because of di stortion o f the wa ves caused by background 

noise ; however, e xtens ion o f the Pg amplitude curve indicates that the 

amplitude of Pn i s slightly greater than the amplitude of Pg. Beyond 

the critical distance the highes t ampli t ude events on the seismograms 

are the waves i dentified as PMP, wh ich are only slightly higher than 

the amplitudes of PrP. The amplitude of both of these reflected 

events is more than an order of magnitude higher than t hat of Pg or Pri· 

Thi s agrees we ll with the theoretical ampl itudes computed by McCamy and 

others (1962). 
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Theoretical amplitudes computed from a model that approximates 

the crust a l model f ound i n the Col or ado Plateaus Province are shown 

in Figure 7. Th i s graph shows the same general trends that ar e 

shown by the observed data . The Pg curve attenuates rapidly with 

distance , the reflection curves show the highest amplitudes beyond 

the critical- r e f lec t ion distance, and the amplitude of Pn is slightly 

higher than Pg beyond t he Pg- Pn cr ossover distance. The theoretical 

amplitude curves were computed by s . W. Stewart. 

CONCLUS I ONS 

The thickness of t he crust in the Colorado PlateausProvince is 

approximately 40 km. This is from 5 to 10 km greater than that observed 

in the Bas in and Range Province (see, e.g., Roller and Healy, 1963; 

Eaton, 1963) ; and approximate l y 10 km less than that observed on the 

High Plains of eastern Colorado ( J ackson , Stewart, and Pakiser, 1963). 

A vel ocity of 6.2 km/sec in the crust and a velocity of 7.8 km/sec 

in the upper mantle f ound i n the Colorado PlateauSare the same as 

reported in the Basin and Range, but the upper-mantle velocity is less 

than reported on the High Plains . 

A group of st r ong arr ivals that seem to be reflections from an 

intermediate layer ar e observed in the Colorado Plateaus. The same 

events can be found on seismograms from the Basin and Range Province. 
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Figure 7.--Theoretica l ampl itudes of prominent phases from a typical crustal model of the Colorado 
Plateaus Province. 



Crustal structure and seismic properties of the crust and upper 

mantle in the Colorado Plateaus are very similar to those in the Basin 

and Range Province, and are significantly different from those in the 

High Plains east of the Rocky Mountains. These data strengthen the 

concept that low Pn velocities are associated with areas that have 

been tectonically active in the later part of the earth ' s history 

(Pakiser, 1963). 
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