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ABSTRACT

A 3300 ft seismic refraction profile was shot per
pendicular to a fault scarp west of the Santa Rita Mountains 
south of Tucson, Arizona. Previous geomorphic work along the 
Santa Rita Mountains indicated two fault-displacement events 
during the past 200,000 years. The present seismic study was 
undertaken to infer faulting history by delineating subsurface 
structure.

A suballuvial bedrock pediment surface and a shallower 
alluvial horizon were mapped in profile using the generalized 
reciprocal method of refraction interpretation (Palmer, 1980). 
The bedrock shows a minimum normal offset of 50 ft at an 
approximate depth of 500 ft. The alluvial horizon shows 10 ft 
of normal offset ait an approximate depth of 70 ft. These 
offsets indicate 40 to 65 ft of fault displacement occurred 
between burial of the bedrock pediment surface and deposition 
of the shallow alluvial horizon.
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CHAPTER 1

INTRODUCTION

The present day topography of the Basin and Range 
province of southeastern Arizona is largely the result of 
regional extensional block faulting that began 13 to 10 m.y. 
ago (Scarborough and Peirce, 1978; Eberly and Stanley, 1978; 
Shafiqullah, 1978) . The area is structurally dominated by 
high-angle normal faults bounding isolated mountain ranges 
with intermontane basins. The resultant basins are deposi- 
tional sites of detrital sediments derived from the adjacent 
mountains. Two basin studies in southeastern Arizona (the 
Sonoita Creek and Canada del Oro basins) indicate cessation 
of the main phase of Basin-Range deformation between 6 and 3 
m.y. ago (McFadden, 1978; Menges, 1981; Menges and McFadden, 
1981). These dates are inferred from the occurrence of 
faulted syntectonic Miocene sediments buried by unfaulted 
basin fill of latest Miocene to Pliocene age. Subsequent 
basin sediments extend generally undisturbed over the loca
tion of basin-bounding faults as sited in outcrop or projected 
to the surface from gravity data locations. Further evidence 
for the waning and termination of large vertical displacement 
is the development of extensive bedrock pediments between the
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2
present day mountain fronts and the range-bounding faults of 
these and other basins of southeastern Arizona.

Although there is clear evidence for the quiescence 
of Basin-Range tectonic activity since latest Miocene to early 
Pliocene in southeastern Arizona, some activity has continued 
or recurred. This more recent tectonism is manifested by the 
presence of young normal faults offsetting piedmont surfaces 
of the late Pliocene to late Pleistocene (Morrison, Menges and 
Lepley, 1981; Drewes, 1973; Pearthree and Calvo, 1982). These 
scarps generally trend parallel to Basin-Range structures.
Most of the recent faulting of this area occurred in a belt 
near the southern border of Arizona and New Mexico during the 
Quaternary (Pearthree, Menges and Calvo, 1982). The most 
detailed study (Pearthree and Calvo, 1982) to date of Quater
nary faults in southeastern Arizona was done adjacent to this 
belt along the western piedmont of the Santa Rita Mountains. 
Pearthree, Menges and Calvo (1982) have identified several 
other scarps peripheral to the belt in southeastern Arizona, 
New Mexico and Sonora, Mexico. Overall, Quaternary faulting 
occurs along approximately one-third of the mountain fronts 
of the region. Determination of faulting recurrence inter
vals, where possible, consistently indicates a period on the 
order of 100,000 years.
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Statement of Problem

All the mountain fronts associated with the recent 
faulting in southeastern Arizona show some degree of pedimen- 
tation. The presence of surface ruptures over suballuvial 
bedrock pediments, trending parallel to Basin-Range struc
tures , has led to the implication that the young faults are 
the result of Quaternary reactivation along Basin-Range 
faults. A 4 to 6 m.y. period of tectonic quiescence has been 
estimated from a tectonic landform analysis along the Santa 
Rita Mountain front. Renewed movement has been restricted 
to the last several hundred thousand years as one or two 
rupture events based on geomorphic analysis of scarps and the 
relative offsets of dated surfaces (Morrison and others,
1981; Pearthree and Calyo, 1982). Because these restrictions 
are based on the preservation of resultant land forms, they 
become more limited in resolution with age. Furthermore, 
the occurrence of these recent rupture events along pre
existing structures can only be inferred from surficial 
data. If pre-Quaternary movement occurred along these faults, 
evidence for reactivation should be preserved in the subsur
face.

Purpose and Scope
The purpose of this study is to examine a Quaternary

fault at depth. Specifically, the objective is to infer
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faulting history from subsurface structure by mapping in 
profile, across strike, the suballuvial bedrock pediment 
surface and any shallower alluvial horizons using seismic 
refraction methods.

Seismic refraction prospecting techniques are very 
effective for mapping extensive horizons which bound a rela
tively high seismic velocity contrast such as bedrock 
surfaces. If faulting has occurred prior to the constraining 
dates established at the surface, offset observed in the 
suballuvial bedrock pediment will be greater than offsets 
observed at the surface. Further, if overlying alluvial 
horizons can be delineated, the relative offsets of subse
quent horizons would indicate relative timing of additional 
movement recorded.

A detailed, in-line seismic refraction survey was 
shot across strike of an identified Quaternary surface 
rupture west of the Santa Rita Mountains about 20 miles 
southeast of Tucson, Arizona. This paper demonstrates, in 
one example, the use of shallow seismic refraction data in 
revealing faulting history and fault geometry that is not 
evident from surficial data. The results may have implica
tions for the neotectonic history of southeastern Arizona.
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Location and Previous Work

The approximate location of the refraction profile 
is 2.5 miles west of Sycamore Canyon, and is shown in Fig
ure 1. The map of Figure 1 shows the Quaternary fault scarps 
identified by Drewes (1973) and mapped in detail by Pearthree 
and Calvo (1982) along 22 miles of the western piedmont of 
the Santa Rita Mountains. Pearthree and Calvo further sited 
the scarps extending another 14 miles southward (shown with 
question marks). The 36-mile segmented occurrence of fault 
scarps trends N-S to N45E, subparallel to the topographic 
mountain front, but located approximately 0.5 to 4 miles 
basinward. Scarp heights ranged from 3 to nearly 25 ft.
The work of Pearthree and Calvo is the most detailed study 
to date of Quaternary faulting in this area and, for that 
matter, in all of southeastern Arizona. What follows is a 
brief summary of their work.

Detailed geomorphic analysis of scarps offsetting 
Quaternary alluvium on, and in the vicinities of, Madera 
Canyon Fan and Sycamore Canyon Fan (Figure 1) indicate two 
late Quaternary surface rupture events, the first dated about 
200,000 years B.P. and the latest about 100,000 years B.P. 
Estimates of ages were obtained from offset relationships of 
dated surfaces and from morphological analysis of fault 
scarps. With a chronosequence of alluvial surfaces the most 
recent surface rupture was constrained to have occurred prior
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7
to the oldest surface not offset and after the youngest 
surface cut by faulting. The two episodes of movement were 
inferred from a difference in scarp height with age of sur
faces offset. Scarp heights on surfaces of early and late 
mid-Pleistocene age are significantly greater than scarp 
heights on late Pleistocene surfaces. Therefore it is 
implied that surfaces of late mid-Pleistocene and older have 
recorded two surface rupture events and surfaces of late 
Pleistocene only one. Stratigraphic relationships in a trench 
excavation near the Madera Canyon Fan also indicated two epi
sodes of faulting and put better constraints on the timing of 
the events. The earlier faulting event is constrained to 
during or since the mid-Pleistocene from lack of increase in 
scarp height between surfaces of early to mid-Pleistocene.
No earlier faulting is evident from the surface data.

A previous geophysical study (Stevenson and others, 
1981) employing numerous potential field methods and shallow 
seismic refraction data was conducted in the Madera Canyon 
Fan area. Partly as an experiment for evaluating the effec
tiveness of various geophysical techniques in measuring the 
depth to the water table in this area, the study also sought 
to measure the depth to the suballuvial bedrock and subsur
face fault displacement. Subsurface offset was inferred 
from anomalies detected by the various potential methods. 
Seismic refraction profiles shot across a scarp failed to
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reveal the bedrock surface or to resolve offset in the sub
surface alluvial horizons. The refraction data indicated 
the existence of alluvium to a depth of at least 250 ft and 
verified that the non-unique models fitted to the gravity 
and magnetic data profiles were not valid.

The map of Figure 2 shows in detail the location of 
the dip line refraction profile shot for this study along 
the road leading to Helvetia. The 3300 foot long profile 
was centered on the projected location of the fault. No 
surface expression exists along the dip profile because 
Holocene deposition has subsequently buried the scarp (Pear- 
three, personal communication, 1984).

Two refraction profiles, approximately 2000 ft in 
length, were shot along strike on each side of the scarp as 
a field exercise for the University of Arizona, 1982, 
Geoscience 413b Geophysics Field Studies course (Figure 2). 
The initial interpretation of this data (unpublished) was 
incorrect due to failure to recognize a near-surface velocity 
inversion (see Chapter 3) and poor spatial resolution of 
receivers resulting in a deeper layer on the upthrown block 
occurring as a hidden layer. Field procedures used in 
shooting the dip profile provided data appropriate for a 
more advanced interpretational method (Chapter 4) which 
overcomes these problems. The strike profile data was then
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incorporated into the interpretation. It was also of aid in 
planning the dip profile layout.



CHAPTER 2

DATA ACQUISITION AND REDUCTION

The refraction profile layout was designed to effi
ciently collect a large amount of data for determining both 
shallow and relatively deep structure. The layout is illus
trated in Figure 3. All shotpoints and geophones station 
locations are given in feet with respect to shotpoint 1 at 
station 0. The total 3300 foot spread of 45 geophone stations 
is a composite of four adjacent 12 station spreads with each 
adjacent spread sharing a common geophone location. Geophone 
station intervals are 90 ft for the two end spreads 1 and 4.
A 60 ft interval was used for the two center spreads, 2 and 
3, for greater spatial resolution over the fault zone. A 
Brunton compass and tape-measure were used for surveying the 
line layout. Elevations were then assigned to each geophone 
station and shotpoint by tying in their relative elevations, 
determined with a self-leveling transit, to the spot eleva
tion of 3302 ft at the nearby road intersection (Figure 2).

Data was collected using the Nimbus ES-1200 twelve 
channel signal enhancement seismograph and the Nimbus G-724S 
digital tape recorder. Iremite 80, a chemical explosive, was 
detonated in shallow holes to provide an energy source.

11
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13
Arrival times were recorded over all four spreads for shot- 
points 1, 2, 3, 4, and 5. This required each of these 
shotpoints to be shot 4 times, once for each spread location. 
Shotpoints 2 and 4 reciprocate the entire 3300 ft profile. 
Shotpoint 3 is a split shot for the whole profile length; 
this was done to reciprocate the near offset geophone stations 
of shots 2 and 4 in order to map shallow horizons on each 
side of the fault scarp. Shotpoints 2a and 3a reciprocate 
the 60 ft geophone interval spreads 2 and 3 for shallow detail 
across the fault. The off-end shotpoints 1 and 5, located 
990 ft on each end of the 3300 ft profile, were used to 
facilitate interpretation of deeper structure (see Chapter 3).

The most efficient shooting procedure was to lay out 
a geophone spread, shoot it from each shotpoint location, 
then move the geophone spread to an adjacent location and 
reshoot each shotpoint for that spread. Adjacent geophone 
spreads had one common geophone station in order to check the 
timing of subsequent shots from a particular shotpoint. The 
Iremite was placed in holes approximately 4 ft deep and 8 to 
12 inches wide. The hole was then tamped with water and soil 
to insure good coupling with the earth. Charge sizes ranged 
from 0.125 to 1.75 pounds depending on the offsets of shot- 
point and receivers. A zero-delay, seismic-grade blasting 
cap was placed within the Iremite for detonation. The 
blasting cap itself was detonated by an electrical potential



14
built up in an electronic blasting machine. A twin lead 
connected from the blaster to the seismograph simultaneously 
turns the recorder on with detonation of the explosive.
Data digitally recorded by the Nimbus ES-1200 seismograph can 
be played back and displayed on light-sensitive photographic 
paper. This was done in the field as a data quality check 
before recording the data on magnetic tape with the Nimbus 
G-724S digital tape recorder.

The seismic data recorded on the field tapes is in 
a hexidecimal format and unsorted. After returning from the 
field, the field tapes are played back and the data tempo
rarily stored on the disk storage space of the University of 
Arizona DEC-10 computer. Using an editing program, the data 
is then sorted by separating the individual shot records and 
the individual channels of each shot. The data is next 
converted to decimal using the program CONVRT (Sene, 1983). 
This program also assigns specified header information to 
each shot record to be used for labeling and other processing 
routines. The individual shot records, as output files of 
program CONVRT, are permanently stored on 9-track tape. 
Finally, the shot records are plotted on a Calcomp plotter 
using the program SPLOT (Sene, 1983). These plots are used 
for the preliminary interpretation of the seismic refraction
data.



CHAPTER 3

PRELIMINARY INTERPRETATION

The preliminary interpretation of the seismic re
fraction data includes picking refraction arrival times, 
recognizing arrival time anomalies from the shot records and 
assigning arrival, times to refractors. This is a very impor
tant phase of the interpretation because all further manipu
lation of the data is dependent on.the judgment exercised 
here and the accuracy achieved.

Picking Arrival Times
For this study, only first break arrival times were 

used. Later refraction and reflection events were not recog
nized on the shot records. The arrival times assigned to 
each offset location correspond to the onset of the first 
break wavelet for that trace. For relatively noiseless traces 
this was accurately determined to ±0.5 milliseconds (msec).
The onset of first breaks may be somewhat masked on noisier 
traces or on far offset traces where the frequency content of 
the first arrivals is lower. The peaks of first breaks, on 
the other hand, could nearly always be well determined. 
Frequency of first event pulses varied little over a few 
geophone intervals at offsets greater than several hundred

15
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feet. If the peaks of first breaks showed a good linear 
trend over a few geophone intervals, then the arrival times 
of noisier traces could be determined by translating the 
peak-to-peak line segment to the onset of the pulse of the 
cleanest trace of that group. First break irregularities 
from trace to trace were preserved as much as possible when 
picking times for noisy channels or low-amplitude events by 
individual comparison of the wavelet character with nearby 
traces with better-defined breaks. ' The accuracy of picks 
for the noisier traces ranged approximately from ±1 msec 
to ±2 msec.

Evidence for a Near-surface 
Velocity Inversion

Careful inspection of the shot records was critical 
in recognizing the cause of a near-surface arrival time 
anomaly. On all the near-offset shot records, skips or dis
continuities of first arrivals were observed (Figure 4).
Other case studies (Domzalski, 1956, pp. 153-155; Press and 
Dobrin, 1956) have shown that this phenoma is due to a near
surface velocity inversion. A head wave propagating along a 
thin, high-velocity layer capping a thicker, low-velocity 
layer is attenuated due to leakage of energy downward into 
the lower-speed medium. Leakage of the head wave decreases 
with increasing frequency so that the thin, high-speed layer 
acts as a high pass filter in the horizontal direction (Press
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and Ewing, 1948). First breaks from the thin, high-speed 
layer then should decrease in amplitude with offset and 
increase in frequency. With their rapid attenuation, these 
breaks become undetectable and the next first breaks observed 
come from the base of the low-velocity layer (LVL) resulting 
in a discontinuity or skip on the shot records. This phenom
ena is well illustrated on the near-offset shot record of 
shotpoint 4 (Figure 4). The near-offset traces from 45 to 
360 ft show first arrival wavelets which decrease in ampli
tude and increase in frequency with increasing offset. At 
450 ft, the first break from the thin, high-speed layer is 
undetectable. Subsequent offset traces show later first 
breaks from the base of the LVL.

A well developed caliche layer observed in several 
washes of the study area is probably the cause of the shallow 
velocity inversion. The caliche, with a relatively high 
velocity of approximately 3000 to 4000 ft/s, caps lower- 
velocity alluvium. Velocity inversions are a serious problem 
in seismic refraction work since they represent a blind zone. 
If unaccounted for, depth calculations for deeper refractors 
can be greatly overestimated. The accommodation of unde
tected layers with the arrival time data alone is discussed 
in the next chapter.
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Assigning Arrival Times to Refractors

Assigning arrival times to refractors can be done by 
inspection of the travel time curves. For the geological 
case of layers with planar interfaces and discrete seismic 
velocities increasing with depth, a travel time curve will 
consists of a series of straight-line segments where each 
subsequent segment represents arrival times from a deeper, 
faster layer. The segments of reciprocated travel time 
curves corresponding to the same layers will have nearly the 
same apparent velocity. Using travel time expressions 
derived for such cases (e.g., Mota, 1954), a depth section 
can be easily determined.

Deviation of the subsurface geology from plane inter
faced layers will result in irregular travel time curves.
In order to resolve the ambiguity in assigning arrival times 
to refractors, some data redundancy is required in addition 
to considerations for reciprocated shots.

The travel time curves for the data collected over 
the 3300 ft profile are displayed in Figure 5. Assignment 
of the arrival times to different refractors is represented 
by the use of different symbols for the arrival time data 
points. The interpretation of data points as critical arri
vals from the suballuvial bedrock pediment surface (Figure 5) 
is based on the relatively high apparent velocities observed
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and the extensive occurrence of these arrivals on the travel 
time curves.

The travel time data of the off-end shotpoints, 1 
and 5 (the two reciprocated travel time curves of greatest 
delay shown in Figure 5), are the additional data needed in 
resolving the ambiguity of increasing apparent velocity with 
increasing distance from the shotpoints. Such changes in 
slope may correspond to either a change in dip and/or velocity 
and/or overburden velocity of the same refractor, or arrivals 
from a deeper, faster refractor. Comparison of the travel 
time curves of the off-end shots 1 and 5 with the end shots 
of the same direction, 2 and 4 respectively, permits the 
distinction. If a change in slope on the end shots repre
sents a crossover distance, the corresponding change in slope 
on the more distant off-end shots will occur displaced 
towards that shotpoint. Changes in slope due to lateral 
refractor variations, on the other hand, will occur at the 
same geophone stations for both shots (Hawkins, 1961). Dis
tinction of the lateral refractor variations of dip, velocity 
or overburden velocity is accomplished in the interpretational 
method that follows (Chapter 4).

The parallelism of the various travel time curves 
shown in Figure 5 indicates, then, that these arrival times 
correspond to critically refracted energy from the same 
surface. A very high-speed refractor with an apparent
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velocity of 30,000 ft/s is sampled on the upthrown side of 
the fault scarp (Figure 5) from shotpoints 1 and 2. These 
arrivals are from a refractor below the pediment surface, as 
indicated by the changes in slope from shotpoint 1 occurring 
90 ft before that of shotpoint 2 (Figure 6). Also, the travel 
time curve of shot 3 over this same area (spread 4) has an 
apparent velocity comparable to the pediment surface sampled 
elsewhere (Figure 5).

The high-speed refractor is never sampled shooting 
basinward from shotpoints 4 and 5, but some of the critical 
arrivals from the suballuvial pediment have taken a partial 
travel path along it. This is necessary by the equality of 
reciprocal travel time of shotpoints 2 and 4.

The difference in time between the parallel travel 
time curves of shots 4 and 5 changes from 45 msec to 40 msec 
at geophone station 2220 (Figure 5). This indicates that 
critical arrivals from the bedrock refractor at all the 
geophone stations from 2220 to 990 have taken a partial 
travel path along the deeper high-velocity refractor shooting 
basinward. Sampling of the suballuvial pediment surface 
across the entire 3300 ft profile for both directions of 
shooting has been accomplished in sum by various shots, but 
the whole profile reciprocal time along the pediment surface 
is not shown. This time-term, essential in determining the
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depth profile of the refractor surface, was solved for in a 
heuristic approach.

Shooting basinward, there is a step in the arrival 
times from the bedrock refractor at geophone stations 2280 
to 2220. Shooting rangeward, there is also a step in the 
bedrock arrival times, but in the opposite sense, at geophone 
stations 2640 to 2700 (Figure 5). These reciprocal arrival 
time anomalies, corresponding to a step in the refractor (at 
least in the time domain), should be equal in magnitude. The 
anomaly shooting basinward is 4 msec less from shotpoint 4 
than from the rangeward shot shotpoint 2. The arrival times 
at geophone stations 990 to 2220 from shotpoint 4, then can 
be shifted up 4 msec to correct for the partial travel time 
along the high-speed refractor.

. With the whole profile reciprocal travel time for the 
bedrock refractor known, a set of composite reciprocal arri
val time curves corresponding to common reverse coverage of 
the suballuvial pediment surface across the entire profile 
can be constructed from a combination of the curves shown in 
Figure 5. Starting with the bedrock arrival times of the end 
shots 2 and 4, arrival times before the crossover distances 
can be phanthomed by shifting the corresponding arrival times 
of the respective off-end shots 1 and 5 down by the time 
difference between the common coverage geophone stations. 
Arrival times over spread 4 of shot 2 from the high-speed



refractor (Figure 5) were replaced by phanthoming the bed
rock arrival times of shot 3, spread 4 to the corrected 
reciprocal time of shots 2 and 4.

From this composite reciprocal arrival time data 
alone, the refractor surface can be determined"in depth using 
a seismic refraction interpretation technique called the 
generalized reciprocal method.
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CHAPTER 4

THE GENERALIZED RECIPROCAL METHOD OF 
SEISMIC REFRACTION INTERPRETATION

The generalized reciprocal method (GRM) is a tech
nique for mapping irregular refractors from in-line seismic 
refraction data (Palmer, 1980). It follows an interpreta- 
tional phase where arrival times are assigned to refractors.
A refractor can be mapped using the GRM under the extent of 
a set of surface receivers where arrival times from recipro
cal shots are both from that refractor, and the shot-to-shot 
travel time along that refractor is known. A time-depth, 
calculated at each geophone location, is converted to a 
perpendicular distance from the refractor to the receiver 
station. These depth values are plotted as loci with respect 
to the receiver station. The envelope of arcs is taken as 
the best-determined refractor surface. Accurate depths to a 
refractor can be obtained for horizons dipping up to about 20 
degrees.

A comprehensive discussion of the GRM is presented 
by Palmer (1980) . Here the general concepts of the method 
will be introduced along with its application to the compo
site arrival time data of the bedrock refractor. The 
conventional reciprocal method (Hagedoorn, 1959; Hawkins,

26
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1961), which is just a special case of the GRM, is discussed 
first to introduce the concepts of time-depths and velocity 
analysis of a refractor.

The Conventional Time-depth 
The conventional time-depth to a refractor is the 

delay time (Barry, 1967) associated with the emergent criti
cal ray from the refractor to the surface receiver. More 
precisely, the time-depth to a refractor is defined as the 
travel time of the emergent critical ray path between the 
refractor and surface, minus the time associated with the 
length of the upward critical ray path projected onto the 
plane of the refractor to travel at the refractor velocity 
(Hawkins, 1961).

In Figure 7a, the time-depth t , at geophone station
G is

tg = (DG/Vq - DP/Vr) (4-1)

where V0 is the surface layer seismic P-wave velocity and 
Vr is the refractor seismic P-wave velocity.

Although the time-depth is by definition similar to 
the receiver delay time (Barry, 1967), the method of separ
ating it from the arrival times and the appropriate field 
data to do so is different. When a spread of geophones is 
shot both forward and reversed, the time-depth to the 
refractor which corresponds with the shot-to-shot reciprocal



Figure 7. Ray paths of conventional time-depth. —  
(a) Definition; and (b) Calculation.
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time can be calculated at each geophone location which 
receives reciprocated critical rays from that refractor. At 
each appropriate geophone station, the time-depth is obtained 
by adding the arrival times from each shotpoint, subtracting 
the reciprocal time, and halving the results.

From Figure 7b, the time-depth tg, at the geophone 
station G is

tg = 1/2 t̂AG + ^BG “ (4-2)

where tAG and tgG are the arrival times of the critical rays 
at G from shots A and B respectively, and tAB is the recip
rocal time for the refractor.

The above travel time expression can be written in 
terms of the segment travel times as distance/velocity. From 
Figure 7b, then, equation (4-2) reduces to

tg = 1/2(DG/V0 + EG/V0 - DE/Vr) . (4-3)

If the refractor is assumed to be a plane between the two 
points of emergence, D and E, then from symmetry, equation 
(4-3) reduces to

tg = (DG/Vq - DP/Vr)

which is the time-depth expression of equation (4-1).
From the geometry of Figure 8, it is seen that the 

time-depth can be expressed in terms of depth and critical 
angle of incidence as
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at L -  AB + BG _ AC

Figure 8. Time-depth relationship to depth.
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tg = ZG COS V Vo
where is the perpendicular distance from the plane of the 
refractor to the geophone G, and ic is the critical angle of 
incidence as defined by Snell's Law. The above equation can 
be rearranged to

ZG = tg vo/cos ic
where the term V/cos i^ is the depth conversion factor for 
the two-layer case illustrated in Figures 7 and 8. For 
the more common case of a refractor overlain by more than 
one layer, a depth conversion factor which accounts for all 
the overlying layers' thicknesses and velocities must be 
determined or a composite overburden velocity term calculated 
from other sources such as reflection data, velocity logs, 
drill hole depths, etc. (Hawkins, 1961).

The refractor velocity for an undulating horizon can 
be determined from the arrival times and time-depths alone.
By subtracting the time-depth from the arrival times at a 
geophone station, the effect of variations both in refractor 
depth and overlying velocity is removed. This corrected 
arrival time is then the shotpoint delay time plus the travel 
time along the refractor to the point where the normal to the 
refractor passes through the geophone. Illustrated from 
Figure 7b, the corrected arrival time t^., 
to geophone station G is

from shotpoint A
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tAG t9 (4-4a)

where tAG is the observed arrival time and t the time-depth.
Expressed in terms of the segment travel times, this equation 
reduces to

and from the symmetry assumed in the time-depth expression 
of equation (4-3)

For adjacent geophones, the difference in these 
corrected times is the travel time along the refractor between 
their respective points where the normal to the refractor 
passes through them. The refractor velocity is taken to be 
the inverse slope of a line fitted to the corrected arrival 
times plotted against geophone location. The inverse slope 
will deviate from the true refractor velocity because the 
point on the refractor corresponding to the distance along 
the normal to the refractor to the respective geophone sta
tion is not known. The time-depth calculation determines a 
loci value and not an actual depth point below the geophone 
station. Determination of the refractor velocity can be 
improved after the refractor surface has been determined as 
the envelope of arcs of appropriate radii (depth values)%

tAG = (AC/Vo + CD/Vr + DG/V0)

1/2(DG/V0 + EG/VC - DE/Vr) (4-4b)

“ <AC/V„ - CP/Vr> . (4-4c)
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The corrected arrival times are then migrated to their loca
tion on the envelope, and the new time versus distance plot 
gives a better estimate of refractor velocity (Hawkins,
1961).

There is still some error inherent in the refractor 
velocity determination because of the assumption of symmetry 
between emergent critical rays in the calculation of the 
time-depth. Also, the loss of refractor detail between 
emergent critical rays renders the conventional reciprocal 
method inadequate for mapping irregular deep refractors as 
the distance between reciprocal emergent critical rays 
becomes greater. The generalized time-depth tG, and the 
velocity analysis function tv , of the GRM overcome this loss 
of detail problem by determining the reciprocal arrival times 
which corresponds with the critical rays emerging near the 
same point on the refractor.

The Generalized Time-depth and 
Velocity Analysis Functions

From Figure 9, the generalized time-depth function 
tG, at G, is defined by Palmer (1980) by the equation

tG = 1/2ttAY + ^BX ~ (^AB + XY/Vr)] (4-5)
' Iwhere is the best-determined refractor velocity, t^y is 

the arrival time at Y from shotpoint A, tRY is the arrival



Figure 9. Ray paths in calculation of generalized 
time-depth.
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time at X from shotpoint B , and t^g is the reciprocal travel 
time of shotpoints A and B .

The generalized time-depth function is identical to 
the conventional time-depth function when XY equals zero.
The extra term XY/V^ of the generalized time-depth is to 
account for the extra travel time along the refractor.

Because of this extra term, the value V̂ . must first 
be determined from the velocity analysis function ty. Again, 
using the symbols of Figure 9, the velocity analysis function 
ty, is defined by the equation

fcV = 1/2(tAY ” ^BX + ^AB^ ' (4-6a)

and its value is referred to G, the midpoint; of X and Y.
For the case of XY equal to zero, equation (4-6a) is 

equal to equation (4-4a). Equation (4-6a) expressed in terms 
of the segment travel times as distance/velocity reduces to

tv = 1/2(AC/Vq + CD/Vr) +

1/2(DE/Vr + EY/VQ - DX/Vq) . (4-6b)

As in equation (4-4b), the segment travel time between 
emerging critical rays (in the general form, this segment, 
DE/Vr, varies with the XY-value and can be positive or nega
tive) is assumed to occur along a planar surface, and the 
emergent travel times, DX/VQ and EY/V0,* are assumed equal, 
therefore from symmetry
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ty = (AC/Vo + CP/Vr) (4-6c)

at G.
In determining the best refractor velocity V̂ ., t^ is 

calculated using equation (4-6a) and plotted against distance 
for a series of different XY-values. For a given velocity 
structure above a surface of refractor velocity Vr, some 
XY-value corresponds with the emerging critical rays leaving 
the refractor at near the same point. This XY-value is 
called the optimum XY. From Figure 9, it can be seen that at 
the optimum XY, points D and E coincide, and the assumption 
of the segment travel time DE/Vr, occurring along a planar 
surface is minimized. The best-determined refractor velocity 

is usually taken as the inverse slope of a line fitted to 
the ty vaules for the optimum XY.

An improved estimate of Vr can be obtained, as dis
cussed above, after determining the refractor surface by 
migrating the ty values to their correct position on the 
refractor. If the refractor is near planar, an improved V̂ . 
can simply be obtained using equation (9) of Palmer (1980, 
p. 9) .

Once V̂ . is obtained, the generalized time-depth tG 
(from now on referred to as time-depth) is calculated at 
each geophone station with the appropriate arrival times and 
plotted against distance. As with the velocity analysis
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function , the time-depth function is plotted for a series 
of XY-values. Two computer programs were written, TVEL and 
TDEPTH, in Fortran 77 to facilitate the calculating and plot
ting of ty and tG respectively. Figures 10 and 11 are 
examples of the output of the programs for the arrival times 
of the bedrock refractor. For both plots, each set of points 
corresponds with the respective functions being calculated at 
each geophone station for some XY-value. The bottom set of 
points for the velocity analysis functions of Figure 10 
correspond with ty calculated at XY equal to zero. For each 
subsequent set of points the XY-value is incremented by some 
given value (in this case 60 ft). The time-depth plot of 
Figure 11 is analogous except here the time axis is inverted 
and XY equal to zero corresponds with the top set of points. 
Each time the XY-value is incremented, the total reciprocal • 
time t^B, is incremented to prevent overlap of adjacent 
curves. This results in a vertical displacement of points.

By examination of the velocity analysis and time- 
depth functions for a series of trial XY-values, an optimum 
XY can be determined if the refractor is sufficiently irreg
ular. For the optimum XY, the velocity analysis curve 
should be simplest and the time-depths‘most detailed. Selec
tion of optimum XY-values is discussed below with application 
to the bedrock refractor. For a featureless or near
featureless refractor, the assumption of a planar surface
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the bedrock refractor.
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between emergent critical rays is a good one, and. so the 
determination of an optimum XY-value will not be possible 
nor necessary for mapping the refractor (provided the depth 
conversion factor is known). However, full presentation of 
GRM parameters also permits the recognition of lateral varia
tions in thickness and/or velocity of near-surface layers, 
and the separation of these inhomogeneities from deeper 
irregularities (Palmer, 1980).

An arrival time anomaly caused by a near-surface 
inhomogeneity, which extends at most over only a few geophone 
intervals, will occur at near the same geophone location for 
reciprocal shots, since in the shallow part of the section 
the upgoing critical rays from opposite directions pass 
through near the same material. Forward and reverse raypaths 
traveling through deeper inhomogeneities, such as a refractor 
irregularity, are further separated on the arrival time 
curves. Because of the assumed symmetry in travel time of 
the upward critical raypaths in calculation of the time- 
depths, time-depth anomalies are only equal to arrival time 
anomalies when the XY-separation is equal to the arrival time 
separation. For other XY-values the time-depth anomaly is 
one-half the arrival time anomaly and smoothed out over a 
distance of 1/2 AXY on both sides of the source of the 
anomaly.
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An example of this effect can be seen in the time- 

depth plot of Figure 11 at geophone station 3390. At XY 
equal to 300 ft the depression in the curve is sharpest. For 
the XY-values 120 ft and 480 ft (i.e., AXY equals 180 ft), 
the anomaly is halved and flattened out 90 ft on each side 
of station 3390.

Palmer (1980, p. 32) demonstrates, using a variety 
of synthetic models, the recognition of nearly inseparable 
surface and refractor anomalies of the travel time curves 
with time-depth and velocity analysis plots similar to 
Figures 10 and 11.

Evidence for a shallow anomaly with respect to the 
bedrock refractor will be demonstrated below.

Determining the Average Velocity 
Above a Refractor

One of the most powerful features of the GRM is the 
determination of an average overburden velocity for a 
refractor from an optimum XY-value, the time-depths, and 
refractor velocity. This allows the conversion of time- 
depths to depth values without delineating all the thick
nesses and velocities of layers above a refractor. Depth 
conversion using an average velocity determined from GRM 
parameters is generally more accurate than using a velocity 
structure obtained from elementary interpretation of travel 
time curves (Palmer, 1980, pp. 46-47).



With the recognition of a velocity inversion, in
ferred from the arrival time discontinuities on the field 
records, and the lack of other data such as drill hole depths, 
velocity logs or uphole shots from the base of the LVL, the 
determination of an average overburden velocity is the only 
reasonable means of depth conversion for the time-depths of 
the bedrock refractor.

Even with no velocity inversion above a refractor, it 
is essentially impossible to determine an accurate overburden 
velocity from refraction data alone (Hagedoorn, 1959). The 
possible presence of hidden layers, undetected because energy 
from deeper layers arrives at the surface first, will result 
in depth values calculated from first arrival data being too 
shallow. For any given first-break arrival time curves, there 
is a blind zone between any two recognized layers in which a 
hidden layer can exist of thickness varying from zero to some 
theoretical maximum (Hawkins and Maggs, 1961). It has also 
been numerically demonstrated by Hagedoorn (1955) that linear, 
parabolic, exponential and discrete layer velocity distribu
tions can satisfy the same first-arrival data within the 
usual error of refraction work. Because refraction first- 
arrival data only samples an upper portion of each recognized 
layer, there is a blind zone for every layer, whether a 
hidden layer exists or not, represented by the unsampled 
portion where the velocity distribution is extrapolated.

42
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Palmer (1980, Chapter 8) derives an average velocity 

expression from GRM parameters for a planar horizontal 
n-layer case. The accuracy of such determined overburden 
velocities are considered good for dips up to 20 degrees.

Using the symbols of Figure 12, the average over
burden velocity V, and an angle ic are defined such that

and since at the optimum XY separation, forward and reverse 
emergent rays leave the refractor at near the same point.

refractor at station G.
Equations (4-8) and (4-9) arranged in terms of the

sin ic = v/v'r ,
n-1

(4-7)

(4-8)

n—1
XY = 2•tan T T Z

°  j - l  ^
(4-9)

n— 1
where £ Z . is the sum of layer thicknesses above the 

j=l 3^

depth to the refractor ZZjG , forms the relationship

VtG/cos ic = XY/2 tan ic

where XY is the optimum XY. The average velocity

V = XY'cos ic/2*tG tan. ic

reduces to
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V = V Vr2*XY/(XY + 2tGV̂ .) (4-10)

when the trigonometric functions are expressed in terms of 
velocity.

average time-depth to the refractor over some segment of the 
refraction profile where an optimum XY-value is well deter
mined.

from equation (4-8), when substituted with equation (4-10), 
reduces to

where tG is the average time-depth value of equation (4-10).
Accurate determination of the average velocity is 

most dependent on the accuracy of the XY-value. The accu
racy of the XY-value is dependent on the refractor being 
sufficiently irregular and the spatial resolution of the 
geophones. Determination of an optimum XY is not necessary 
for accurate depth calculations provided that overburden 
velocities are known. Determination of overburden velocities 
from refraction data alone, however, is subject to large 
uncertainties. The average velocity term, like the empiri

The time-depth tg, in equation (4-10) should be the

The depth conversion factor

(4-11)

(4-12)
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cally determined RMS velocity from trial and error normal- 
move-out corrections made on reflection data, is dependent 
on determining travel paths which have sampled all of the 
overburden. If no other velocity information is available, 
determination of the optimum XY-value becomes essential for 
the derivation of a depth conversion factor which will not be 
adversely affected by the possible presence of hidden layers 
or velocity inversions (Palmer, 1980).

Determination of the Bedrock Surface 
using the GRM

In the preliminary interpretation of the previous 
chapter a composite arrival time curve corresponding to common 
reverse coverage of the suballuvial bedrock surface across the 
entire 3300 foot profile was constructed. The only correction 
made to this and the other travel time data was a shot hole 
correction. A datum plane correction is not necessary since 
individual depth values are determined with respect to each 
geophone station. The arrival times input to programs TVEL 
and TDEPTH are the bedrock arrival times corrected for the 
uphole travel time. If an arrival time for a geophone station 
was missing for one direction of shooting such as station 
1710 of shot 1, a zero was entered into the data set. The 
programs TVEL and TDEPTH search for the next non-zero station 
and linearly interpolate a value for the missing channel.
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Determining Optimum XY-values

As stated above, optimum XY-values can be determined 
from inspection of the velocity analysis and time-depth curves. 
The velocity analysis curves for the bedrock refractor at XY- 
values ranging from zero to 720 ft are illustrated in Figure 
10. At or near station 2460 the velocity analysis function 
curve straightens out for XY equal to 420 ft. The velocity 
analysis function curves for other XY-values departs from a 
straight line over a short interval. This characteristic 
pattern is caused by the step or fault in the bedrock corres
ponding with the steps in the arrival time at stations 2640 
and 2220 of Figure 5, and is an excellent indicator of the 
optimum XY-value. At the optimum XY-value, the velocity 
analysis curve is a straight line; At other than optimum 
XY-values the curves deviate from a straight line because of 
the lack of symmetry in travel times of reciprocal emergent 
raypaths on each side of the fault. The optimum value of 
420 ft can be determined, in this case, from the travel time 
curves themselves. This results because the steps in the 
arrival times, separated by 420 ft, are so obvious.

Figure 13 shows the velocity analysis curves at 
XY-values ranging from zero to 420 ft. The time scale is 
expanded to show greater detail. Three refractor velocity 
values V̂ , were determined: 12,700 ft/s from stations 990 to 
2220;, 11,200 ft/s between stations 2220 and 2820; and
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14,500 ft/s from stations 2280 to 4290. These three refrac
tor velocities correspond with the downthrown side of the 
fault, the fault zone, and the upthrown side of the fault, 
respectively, and are listed in Table 1. The velocity 
values given are the inverse slopes of the least squares fit 
to the designated data points, rounded to the nearest 100 
ft/s. The lateral change of refractor velocity on each end 
of the fault zone was smoothed over six geophone intervals 
by linearly interpolating the refractor velocity determined 
on each side. This was done because there would be a transi
tion zone where the velocity in the term XY/V̂ , of the time- 
depth equation (equation 4-5) would be of some intermediate 
value. The transition zone of six geophone intervals was 
used because it was found that a line segment of intermediate 
slope could be fitted over approximately that many stations.

Although the curve is most linear over the fault zone 
for XY equal to 420 ft, it is not on each end of the profile. 
Optimum XY-values will vary over the length of a profile if 
the refractor velocity and/or the overburden velocity varies 
laterally. The optimum XY-value of 420 ft, then, only per
tains to the fault zone since the refractor velocity changes 
away from the fault. It is desirable to determine optimum 
XY-values on each side of the fault not only to delineate 
maximum refractor detail but more importantly, to indepen
dently determine an average overburden velocity for each side.
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Table 1. Bedrock refractor velocities V*, and optimum 
XY-values.

Location
(Geophone Stations) Vr(ft/s)

XY Optimum 
(ft)

999-2220 12,700 ~390
2280-2820 11,200 420
2880-4290 14,500 300
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Differential sedimentation due to growth faulting may result 
in different velocity structures on each side of the fault, 
and hence different depth conversion factors for the respec
tive time-depths.

On the left-hand side of Figure 13, the curve appears 
most simple at XY equal to 60 ft. Such a low XY-value, com
pared to the optimum XY of 420 ft for the fault zone, suggests 
near-surface irregularities on the downthrown side of the 
fault. On the upthrown side of the fault, the velocity 
analysis curves look very similar over a range of XY-values. 
The value of 14,500 ft/s is shown at XY equal to 300 ft, but 
could be determined to within one percent of this value over 
several adjacent curves of Figure 13. The selection of 300 
ft is based on analysis of the time-depth curves.

Determination of optimum XY-values over the more 
subtle refractor features away from the fault can be done by 
inspection of the time-depth curves. The range of time-depth 
values across the profile is much smaller than the range of 
velocity analysis function values. In consideration of 
plotting space, the time-depth curves permit use of a much 
greater time scale. It is therefore visually easier to 
confidently choose optimum XY-values based on refractor 
detail delineated on the time-depth curves than from the 
simplification of the velocity analysis curves.



The time-depths plotted at XY intervals of 30 ft, 
ranging from zero to 420 ft is illustrated in Figure 14.
The most obvious feature of this plot is the large time-depth 
anomaly in the middle corresponding to the subsurface fault.
To show the maximum detail in time-depths on each side of the 
fault, a time scale which results in overplotting of this 
feature was used.

Determining an optimum XY-value from time-depth curves 
should be based on delineation of refractor features which 
extend over several geophone intervals. An example of this 
is illustrated in Figure 14. On the upthrown side of the 
fault there is a depression in the refractor. This time- 
depth anomaly, as pointed out previously on Figure 11, is 
sharpest and maximized at XY equal to 300 ft. This is taken 
as the optimum XY for the refractor on the upthrown block of 
the fault. The depression, which is maximized at geophone 
station 3390, extends approximately from station 3000 to the 
rangeward end of the profile and is generally defined at all 
XY-values shown. Figures 14 and 11 clearly illustrate the 
progressive subdual of the refractor depression at the non-' 
optimum XY-values, incrementing both less than and greater 
than XY equal to 300 ft. Refractor features of short wave
length with respect to a few geophone intervals will in most 
geologic cases be of a magnitude comparable to the uncer
tainty of the first arrivals. Short wavelength irregular!-
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Figure 14. Bedrock time-depths at expanded time scale.
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ties on the time-depth curves can result from a number of 
causes. If caused by near-surface inhomogeneities, the 
irregularity will be optimized at relatively small XYrvalues 
for reasons discussed above. Irregularities observed over 
only a few station intervals may also be due to unrelated 
near-surface anomalies being matched at higher XY-values or 
due to unrelated refractor anomalies being matched or any 
combination of unrelated arrival time irregularities. Long 
wavelength features with respect to geophone spacing are 
represented by systematic trends in the arrival time data.
The respective long wavelength features represented on the 
time-depth curves will not be adversely affected by small 
errors in picking individual arrival times. It follows that 
determining optimum XY-values from more subtle refractor 
features will require a closer geophone spacing, but this in 
turn will be limited by the uncertainty of arrival times.

Removal of Near-surface Anomaly
Choosing an optimum XY on the basin side of the fault 

is complicated by the presence of near-surface or mid-depth 
anomalies. From geophone stations 1710 to 2160 there is a 
trough-crest feature in the time-depths which is optimized 
at XY equal to about 150 to 180 ft. For XY-values less than 
and greater than this, the trough-crest feature is reduced 
and smoothed. At XY-values greater than 270 ft, a similar



shaped anomaly occurs shifted towards the fault. This 
trough-shaped feature appears optimized over the XY-values 
360 to 420 ft.

There are two anomalies, a shallow one and one along 
the refractor. Both anomalies are very subtle but are 
enhanced due to emergent raypaths from shotpoint 4 having 
sampled both regions. These anomalous arrival times corres
pond to the change in slope or arrival time delays occurring 
over geophone stations 1620 to 1800 from shotpoint 4 (Figure 
15). Arrivals from the rangeward shot, shotpoint 2, show no 
comparable anomaly match (Figure 15). Emergent critical 
travel paths from shotpoint 2 sampling the shallow anomaly 
occur at closer offset receiver stations than the emergent 
rays sampling the refractor anomaly (Figure 15). The exag
gerated anomaly of shot 4 is matched twice, resulting in 
optimization.at an XY of about 180 ft and about 390 ft and 
migration of the time-depth anomaly with increasing XY 
(Figure 14). The Sum of the shallow and refractor arrival 
time delays of shot 2 corresponding to the arrival time 
delays of shot 4, as suggested by the optimization of the 
time-depth curves (Figure 15), agrees to within one milli
second of the delays of shot 4. By subtracting the arrival 
time delays of shot 2 caused by the near-surface anomaly from 
the corresponding reciprocal stations 180 ft apart, the near
surface effect can be removed. The time-depth curves of
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arrival time

180 ft

390 ft -

shallow anomaly

Figure 15. Schematic diagram of optimized ray paths with 
travel time data of the composite arrival time 
curves.
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of Figure 16 for the corrected arrival times clearly illus
trates the removal of the near-surface anomaly. The refractor 
trough-crest feature has been subdued, as expected, and is 
still optimized at about 360 to 420 ft. The subtlety of the 
feature does not permit a clear determination of an optimum 
XY. The median value of 390 ft seems reasonable considering 
that 420 ft was determined over the immediately adjacent 
fault zone and will further prove consistent with the other 
two values determined in consideration of overburden velocity. 
Further basinward of the trough-crest feature, the time-depth 
curves show little indication of near-surface imhomogeneities 
or deeper irregularities. The near-planar conditions of the 
refractor in this vicinity makes it impossible to determine 
an optimum XY-value.

Table 1 summarizes the XY-values.
The near-surface anomaly also results in the velocity 

analysis curves aligning best on the basin side of the fault 
for small XY-values because of the symmetry in time of recip
rocal emergent rays at shallow depths (i.e., if both upgoing 
critical rays pass through the source of the anomaly, the 
effect is cancelled). The velocity analysis curves of 
Figure 17 for the corrected arrival times illustrates the 
simplification of the velocity analysis curves on the basin 
side of the fault for higher XY-values (compare with Figure
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Figure 16. Bedrock time-depths after removal of shallow anomaly.
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Figure 17. Bedrock velocity analysis curves after removal of shallow anomaly.



10). The curve remains most linear at XY equal to 60 ft.
The best determined velocity is still 12,700 ft/s.

Conversion of Time-depths 
to Depth Values

In order to determine depths, a set of time-depths 
was calculated using the corrected shot-to-shot reciprocal 
time and the appropriate refractor velocities and XY-values 
for the three segments of bedrock.

Average overburden velocities were calculated inde
pendently over the three segments of the bedrock refractor 
where XY-values were determined (the fault zone, the upthrown 
block, and the base of the fault zone on the downthrown 
block) using equation (4-9). The values obtained, listed in 
Table 2, agree with one another to within about two percent. 
Although the optimum XY of 390 ft determined at the base of 
the fault zone is not well constrained, the near equality of 
the average velocities obtained over the fault zone and 
upthrown block, where the refractor velocities contrast most, 
warrants it reasonable to assume that the average overburden 
velocity does not vary laterally over the length of the 
profile. The value of 390 ft gives a consistent overburden 
velocity term and is therefore considered reasonable. The 
average velocities derived implies that alluviation over the 
bedrock pediment surface, in terms of overburden velocity, 
has not been affected by faulting.
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Table 2. Average time-depth tg, average overburden velocity 
V, and depth conversion factor for the three 
segments of the bedrock refractor.

Location
(Geophone Station)

tG
(msec)

V
(ft/s)

Depth Conversion Factorv*v;/VVr2-V2 (ft/s)

990-2220 115 4340 4570
2280-2820 110.5 4270 4650
2880-4290 106 4320 4500
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Depth conversion factors were calculated for the 

three segments of the refractor using equation (4-11). The 
average velocity used in the calculation was the mean of the 
two values derived where the optimum XY was well determined 
(i.e. , over the fault zone and the upthrown block). The 
depth conversion factor corrects for the inclination of the 
emergent critical raypath. The angle of inclination will vary 
with the velocity contrast between the overburden and refrac
tor. Over those geophone intervals where the refractor 
velocity was linearly interpolated, the depth conversion 
factor was independently calculated using the respective 
refractor velocity. The depth conversion factors are summar
ized in Table 2. The resultant depth section of the bedrock 
refractor is illustrated in Figure 18.

The depth section of Figure 18 is the maximum detail 
bedrock surface that can be determined from the reciprocal 
composite arrival time curves. Examination of the velocity 
analysis and time-depth curves has allowed the recognition 
and successful removal of a near-surface anomaly and the 
determination of an average overburden velocity to convert 
time-depths to depth values. In order to infer faulting 
history from relative displacement of bedrock and subsequent 
horizons, an attempt was made at mapping shallower alluvial 
surfaces across the fault.
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CHAPTER 5

MAPPING SHALLOW ALLUVIAL SURFACES

Arrival time data from the base of the LVL occurred 
extensively enough to map the horizon across the fault. 
Because of the velocity inversion above this surface, an 
average overburden velocity had to be derived to convert 
time-terms separated at geophone stations to depth values.

Determining an Average Overburden 
Velocity for the Base of the LVL

Arrival times corresponding to the base of the LVL 
are shown in Figure 5. The short, closely spaced reciprocal 
arrival time data between shots 2 and 2a was collected 
specifically for this horizon for determination of an average 
overburden velocity from GRM parameters. The velocity analy
sis curves of Figure 19 do not clearly indicate an optimum 
XY-value. The higher time resolution time-depth curves of 
Figure 20 indicate that the refractor in this vicinity is 
non-planar. An optimum XY of 80 ft was selected based on 
delineation of the trough-crest feature extending over the 
short profile. As stated in Chapter 4, determination of an 
optimum XY should be based on a refractor feature which 
extends over several geophone intervals. The trough-crest
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Figure 19. Velocity analysis curves for the base of the LVL.
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feet

Figure 20. Time-depths for the base of the LVL.
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feature defined in Figure 20 is such a feature. The curves 
are very similar over the range of XY-values 70 to 90 ft, so 
the median value of 80 ft was chosen. At XY equal to 50 ft, 
two steps are best defined on the time-depth curves, one 
between stations 1395 and 1420 and the other between stations 
1495 and 1520. These anomalies are only defined over one 
geophone interval and should therefore not be the basis of 
choosing an optimum XY-value. The subtlety of the refractor 
irregularities makes selection of an optimum XY very diffi
cult by inspection of the velocity analysis curves, but a 
simple comparison of the curves at XY equal to 50 and 80 ft 
clearly shows that 80 ft gives a better linear fit.

The refractor velocity V̂ . is 4020 ft/s. From the 
GEM parameters, an average overburden velocity of 2000 ft/s 
was determined. The depth to the horizon over this 275 ft 
spread is approximately 70 ft. The results are summarized 
in Table 3.

Table 3. GEM parameters for the shallow 
alluvial horizon.

Optimum 
XY (ft)

r
(ft/s)

V
(ft/s)

80 4020 2000
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Mapping the base of the LVL was extended to the fault 

zone by determining delay times (Gardner, 1939, 1967; Barry, 
1967; Wyorbek, 1956) with the arrival time data of shots 2a,
3, and six supplementary, overlapping, unreversed profiles 
shot in the rangeward direction. The arrival time curves are 
illustrated in Figure 21.

Determination of the Base of the 
LVL using the Delay Time Method 

of Refractor Mapping
The delay time method is similar to the GRM in that 

time-terms are separated beneath each geophone station. This 
term is called the receiver delay time and is by definition 
identical to the conventional time-depth. The procedure of 
separating the delay times from the arrival time data is more 
involved (discussed below) and the restrictive assumptions 
more limiting. In the normal application of the method, 
reciprocal delay times corresponding to reciprocal emergent 
raypaths leaving the refractor at near the same point are 
migrated to coincide (a step automatically achieved in calcu
lation of the generalized time-depth at the optimum XY) and 
are then converted to depth values. The shallow refraction 
data available do not have sufficient reverse common coverage 
to permit migration. The receiver delay times will instead 
be treated as time-depths calculated at zero XY, to be con
verted to depth values as loci with respect to the receiver 
station at which they are separated.
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Intercept times (Barry, 1967) were calculated for the 

six unreversed profiles and shot 2a. The intercept time Is_r 
is defined as the sum of the shot delay time 6g, and the 
receiver delay time 6r, associated with a shotpoint at s, 
and a receiver at r. The intercept time is calculated at 
each receiver using the equation

Is-r obs - x/Vr (5-1)

where T0^s is the arrival time at receiver r, x is the 
offset distance between the shotpoint s and receiver r, and 
Vr is the refractor velocity. Equation (5-1) is considered 
a good approximation for the sum of the two delay times,

I =s- 5s + 5r (5-2)

when the dip of the refractor is less than 10 degrees (Barry, 
1967).

Figure 22 shows the intercept time curves for the 
seven overlapping spreads, shot in the rangeward direction, 
calculated with a refractor velocity of 4600 ft/s. For a 
gently dipping refractor, the individual intercept time 
curves for a series of in-line shots should be parallel over 
the common geophone stations receiving first arrivals from 
that refractor. The time shift between individual curves 
will be the difference in the shot delay times, &g.
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Figure 22. Intercept curves.
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A relative intercept time curve was constructed by 
extending the intercept time curve of shot 9 parallel to the 
other intercept time curves (Figure 22). This composite 
curve represents the intercept times which would be calculated 
if arrival times from shot 9 had been observed from the re
fractor over the length of the relative curve. The differ
ence of shot delay times for any two profiles can easily be 
obtained by measuring the time shift AT, between a relative 
curve extending through the two respective intercept curves.

The partition of intercept times can be done follow
ing the basic method of Barry (1967, pp. 350-351). The shot 
delay time, g6s/ of shot 9 can be separated from the 
receiver delay times g6r, by assuming that the receiver delay 
time of shot 9 at station 2160, 96216o' is equal to the shot 
delay time, of shot 18 (located at 2160). From the
relative intercept time curves, the difference in shot delay 
times is

AT = I9-r " I18-r

96s ~ 185s '

and assuming

1 8 5 s  -  9 5 2 1 6 0  '

( 5 - 3 )

equation (5-3) reduces to
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9 5 s  *" 9S2160 '

Combining equations (5-2) and (5-4), we get

(5-4)

s59 (I9-2160 + AT)/2 *

Knowing the intercept times for shot 9 over the composite 
curve, the receiver delay times can be obtained at each geo
phone station by subtracting the shot delay time, g6s, from 
the respective intercept time.

In the normal use of the delay time method of refrac
tor mapping, such as Barry's (1967), it is necessary to have 
common reverse coverage on the refractor in order to determine 
if the refractor velocity, Vr, used in calculation of the 
intercept times, is correct. Relative intercept time curves 
constructed for both directions of shooting will show the 
same refractor configuration. Any angular disparity 
between the two curves, after they are horizontally migrated 
to coincide, is a measure of the error of the velocity Vr, 
used in equation (5-1) (Wyorbek, 1956).

Shot 3 over spreads 1 and 2 is reversed in direction 
with respect to shot 2a and the six short profiles. The shot 
delay time of shot 3 to the shallow horizon will be equal to 
the receiver delay time separated at that location (station 
2640) from shot 9. Knowing this, the receiver delay times
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can be obtained for shot 3 by subtracting its shot delay time 
from its intercept times.

Unless the correct refractor velocity Vr is used in 
the calculation of intercept times, the partition of shot and 
receiver delay times will be in error. The delay times of 
shot 3 have only one common geophone station with the compo
site values of the forward shots, viz. at station 2100. The 
receiver delay times at this station should be equivalent 
for both directions of shooting when the shot and receiver 
delay times have been correctly separated.

This procedure of separating the delay times was 
repeated, using different refractor velocities, until the 
reciprocal delay times at station 2100 coincided. A compari
son of the fit for two trial velocities is shown in Figure 23. 
The refractor velocity of 4600 ft/s is considered best over 
the interval of stations 1710 to 2640 because at this speed 
the delay times of shot 3 best fit between the delay times 
of shot 9 and the time-depths of the short, reciprocated 
spread from 1370 to 1595 (Figure 23).

The best-determined refractor velocity from the delay 
time method differs by 600 ft/s from the value independently 
determined from GRM parameters. This implies a lateral 
increase in velocity along the shallow horizon going range- 
ward. It can be seen from Figure 21 that the apparent velo
cities range from 4000 to 4600 ft/s shooting rangeward. The
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Figure 23. Comparison of fit of delay times.
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lateral variation in refractor velocity is probably gradual 
and the best determined value of 4600 ft/s an average speed 
over the interval of stations 1710 to 2640.

The delay times were converted to depth values using 
the average overburden velocity of 2000 ft/s.

Faulting of the shallow alluvial horizon was not 
directly detected by refractor mapping. A discontinuity of 
arrivals on the shot records of the rangeward shot 2a though 
implies a fault. Arrivals from the base of the LVL suddenly 
cease after stations 2640. Three subsequent traces show very 
low-amplitude first breaks in a non-linear trend (Figure 5). 
These arrivals are probably non-critical arrivals from travel 
paths through the upthrown block of alluvium.

Over the length of spread 3, on the upthrown side of 
the fault, the base of the LVL has a true velocity of about 
3000 ft/s. It is questionable, due to disparity of refractor 
velocity, whether arrivals following the discontinuities, 
caused by the high-speed caliche capping lower speed alluvium, 
are geologically correlated across the fault. Discrete 
velocity distribution should not be expected for shallow 
alluvium, and furthermore, the recent faulting may affect 
differential deposition of alluvium on each side of the fault. 
Even for a given velocity structure beneath the caliche, 
variation in the caliche thickness or velocity will affect 
which travel paths beneath it will arrive as first arrivals.
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Determination of an average overburden velocity above the 
base of the LVL on the upthrown side would be helpful in 
correlation across the fault. An attempt was made but failed 
because common coverage of the refractor from reciprocal 
shots only extended over a few geophone intervals. Regard
less, depth values can be assigned over a short interval of 
spread 3 by converting the time-depths, calculated at zero 
XY, with the same overburden velocity determined on the 
downthrown side of the fault.

The depth profile of the shallow horizon is shown in 
Figure 24. Although the 10 ft of fault displacement deter
mined is not well constrained, the presence of a fault at 
the location shown is indicated by the discontinuity of 
arrival times from shot 2a (Figure 5).

A Qualitative Discussion on the 
Deep Alluvial Refractor

On each side of the fault, deeper alluvium is detected 
from all the shots as first arrivals over a few to several 
geophone intervals (Figure 5). The apparent velocities meas
ured from these arrival times range from about 5000 to 9200 
ft/s. The deep alluvium arrivals from shotpoint 3 shooting 
rangeward, and from shotpoint 3a shooting basinward, occur 
more extensively than from other shotpoints and show an 
increase in apparent velocity with offset (Figure 5). The 
increase in apparent velocity suggests that a velocity
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gradient exists and that subsequent first arrivals are not 
the result of a plane wave being generated off a boundary of 
discrete velocity increase. The lack of any observed arrival 
time anomaly corresponding to faulting for the deeper allu
vial arrivals over spread 2 from shotpoint 3a, where it is 
expected, further suggests that subsequent first arrivals are 
the result of progressively deeper and faster travel paths 
through the alluvium.

The more extensive occurrence of arrivals from the 
deeper alluvium from shotpoints 3 and 3a may be the result 
of the base of the LVL being slower over spread 3. This 
would allow travel paths sampling the upper portions of the 
deep alluvium to arrive as first breaks. From the other 
shotpoints, which are located where the base of the LVL has 
an apparent velocity of about 4500 ft/s, the deep alluvial 
arrivals occur over about a 180 ft interval. These arrivals 
do not occur extensively enough to map using advanced methods. 
The short segments appear linear, but reciprocal segments 
show large differences in extrapolated reciprocal times.
Using simple formulas for plane dipping layers with discrete 
velocity distributions is therefore not valid. For these 
reasons, the deeper alluvium was not mapped.



CHAPTER 6

INTERPRETATION OF THE STRIKE PROFILES

The first break arrivals of the strike profiles 
assigned to the bedrock refractor surface were used in tying 
the strike profiles with the dip profile. The location of 
intersection of the strike profiles with the dip profile is 
shown in Figure 24 (for a plan view of the layout, see 
Figure 2). The arrival time curves for the strike profiles 
are shown in Figure 25. The dip profile intersects these 
profiles at their approximate mid-points. In order to tie 
in the strike profiles with the dip profile, the strike 
profile arrival times were reduced to the datum elevation of 
their respective mid-points. The travel time corrections, 
made for shotpoint and geophone elevation differences with 
the mid-point of the strike profiles, assumed near-vertical 
incidence of upward and downward travel paths. No spatial 
correction for inclination of raypaths was made. The indi
vidual trace correction made for each arrival time was the 
algebraic sum of the difference in elevation of shotpoint and 
geophone with the datum elevation, divided by a near-surface 
velocity of 2000 ft/s. The near-surface velocity was
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Figure 25. Bedrock arrival time curves of strike
profiles. —  (a) Upthrown; and (b) Downthrown.
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determined from short spreads shot on each side of the fault 
with a geophone interval of 10 ft.

Two depth profiles of the bedrock surface were ob
tained using the formulas of Mota (1954) for a two-layer case 
with plane dipping interfaces and constant velocities. The 
average overburden of 4300 ft/s determined above the bedrock 
from GRM parameters (Chapter 4) was used as the first layer. 
The apparent velocities and intercept times for the bedrock 
refractor were obtained from the least square fit to the 
data points. The planar bedrock surfaces determined for the 
strike profiles are illustrated in Figure 26. The interpo
lated mid-point depths agree quite well with the depths 
determined at the tie-in points of the dip profile. Table 
4 lists and compares the depth values and refractor velo
cities determined from the strike profile with those deter
mined from the dip profile. On the upthrown side of the 
fault, the strike profile depth is 10 ft shallower than the 
dip profile depth, amounting to only a 2 percent difference. 
The strike profile on the downthrown side of the fault is 
actually located in the vicinity of the subsurface occurrence 
of the fault (Figure 24). The dip profile depth value which 
is compared with the mid-point value of the strike profile 
in Table 4 is located in a graben-like structure (discussed 
in Chapter 7). Whether the structure is real and/or extends 
the length of the strike profile, the dip depth profile of
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Table 4. Comparison of depth values and refractor velocity 

from strike and dip profiles at their respective 
points of intersection.

Upthrown
Strike
Profile

Dip
Profile

Downthrown 
Strike 
Profile

Dip
Profile

Depth
(ft)

464 474 527 547

Refractor
Velocity
(ft/s)

11,570 14,500 12,060 11,200

Figure 24 indicates that travel paths from out of the verti
cal plane of the strike profile. on each side of the struc-
ture, could account for the difference in depth values listed 
at this location. Regardless, the depth difference is less 
than 4 percent.

The disparity of refractor velocities is larger than 
the depth values, especially on the upthrown side of the 
fault (Table 4). It is assumed in the formulas of Mota 
(1954) that the refractor velocity is constant along the 
length of the profile. The difference in ratios of over
burden velocity with reciprocal apparent velocities is trans
lated to a dip value and a true refractor velocity. There is 
no discrimination of lateral change in refractor or overburden 
velocity with change in dip of the refractor. The GRM, on the 
other hand, can discriminate between these effects with common
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reverse coverage of the refractor. The proven effectiveness 
of the GRM (Palmer, 1980) indicates that the bedrock refractor 
velocities determined along the dip profile should be near 
the true velocities. The inequality of velocities between 
strike and dip profiles can be explained by the possibility 
of deviation of subsurface conditions from assumptions made 
in the derivation of Mota's (1954) formulas. These deviations 
would be lateral variation in refractor and/or overburden 
velocity, and lateral changes in refractor dip. The 20 per
cent bedrock velocity discrepancy on the upthrown side of the 
fault would require bedrock attitude variations of about 9 
degrees along the strike profile. A more reasonable expla
nation would be lateral variation of refractor velocity along 
the strike profile due to the strike profile running obliquely 
to the subsurface strike boundary of the lower velocity fault 
zone.



CHAPTER 7

GEOLOGIC INTERPRETATION 

Geologic Features
The high-resolution depth profile determined from 

GRM parameters reveals distinct subsurface geologic features 
(Figure 24). Extending a line segment through the location 
of the steps in the bedrock pediment and the shallow alluvial 
horizon to the surface expression of the fault determines a 
fault plane in profile dipping about 75 degrees basinward.
The undulating, suballuvial bedrock surface, at an approxi
mate depth of 500 ft, shows 50 to 75 ft of offset in the 
immediate vicinity of the fault. The 25-foot range of 
offset is given because at the base of the fault some of the 
depth value as loci do not fall on the envelope of arcs.
This implies either a small graben at the base of the fault 
caused by antithetic faulting or time-depths that are exag
gerated by shallow anomalies. If the two deepest depth 
values are ignored, at stations 2340 and 2400, a continuous 
refractor surface can be determined to the base of the fault 
showing an offset of about 50 ft.

The upthrown block of bedrock dips about 2 degrees 
basinward, parallel to the present-day surface. The down-

86



thrown block, dipping 4 degrees rangeward, is rotated 6 
degrees with respect to the upthrown block.

Ten feet of fault displacement was determined in the 
shallow alluvial horizon at an approximate depth of 70 ft. 
Variations of alluviation in time in the local basins of 
southeastern Arizona since latest Miocene-early Pliocene time 
are thought to be predominantly climatically induced as 
opposed to prior tectonic induced fluctuations (Menges and 
McFadden, 1981). The shallow alluvial horizon is probably 
such a climatically induced surface, seismically distin
guished as a result of variation in the detrital material 
being transported from the nearby mountains. The poor corre
lation of velocity across the fault (Chapter 5) may be due 
to disruption of the alluvial fabric during fault deforma
tion. The apparent velocity observed at the base of the LVL 
further rangeward, over spread 4, is comparable to that 
determined on the basin side of the fault (Figure 5).

Implications for Faulting History
Relative timing of fault displacement events can be 

inferred from offset relationships delineated in the subsur
face with those observed at the surface. Scarp height in the 
vicinity of the refraction profile is about 10 to 15 ft. 
Maximum scarp height observed along the western piedmont of 
the Santa Rita Mountains was nearly 25 ft. The 10 ft of
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offset determined in the shallow horizon is comparable to 
that observed at the surface. This implies that no faulting 
has occurred between the time of deposition of the shallow 
horizon and the earliest faulting recorded at the surface, 
which is dated at 300,000 to 200,000 years B.P.. The offset 
delineated in the bedrock pediment surface of 50 ft or more 
is at least twice the maximum observed at the surface along 
the Santa Rita Mountains, and at least 3 times that observed 
in the immediate vicinity of the refraction survey. This 
indicates some additional displacement, amouting to 40 to 65 
ft not recorded by the near-surface horizons, has occurred 
between the time of burial of the pediment and the deposition 
of the shallow alluvial horizon.

Faulting prior to development and burial of the 
bedrock pediment surface can be inferred from the lateral 
variation in bedrock velocity (Table 1). A high fracture 
density as a result of fault rupture is probably the cause 
of the low refractor velocity in the fault zone. The refrac
tor velocity contrast of 1800 ft/s on each side of the fault 
zone may represent two different lithologies brought to near 
the same elevation by previous movement along the fault, 
followed by erosional truncation of the surface.

The occurrence of the sub-pediment, high-speed 
refractor on the upthrown side of the fault (Chapter 3) also 
indicates possible movement along the fault prior to burial
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of the bedrock pediment surface. The crossover location for 
the deeper, high-velocity refractor (i.e., where the arrival 
first occurs spatially) only differs by 90 ft from shotpoints 
1 and 2 (Figure 6) even though shotpoint 1 is 990 ft further 
basinward than shotpoint 2. Shooting basinward, the high
speed refractor is never sampled on the downthrown side of the 
fault. These two facts suggest that the high-speed refractor 
is structurally isolated on the upthrown side of the fault, 
possibly as a result of displacement occurring before the 
movement recorded in the 50 to 75 ft of offset delineated on 
the buried erosional bedrock surface.

Conclusions
Interpretation of the faulting history from the 

seismic refraction data is consistent with previous studies. 
The additional offset delineated in the bedrock surface ver- 
fies the inference made in the georaorphic study of Pearthree 
and Calvo (1982) that late Quaternary faulting events along 
the Santa Rita Mountains are the result of renewed movement 
along pre-existing structures. The 40 to 65 ft of additional 
displacement delineated has been constrained to have occurred 
over a time span corresponding to deposition of at least 
400 ft of alluvium. Tectonic quiescence along the western 
Santa Rita Mountain front has been estimated to have spanned 
at least 2 to 4 m.y. before the early Quaternary. These
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estimates are based on estimated rates of erosional retreat 
of the mountain front from the present sites of Quaternary 
faulting and the degree of erosional embayment of the moun
tain front. This study has revealed additional displacement 
having occurred between the inception of pedimentation and the 
late Quaternary faulting events. The maximum rate of uplift 
along the western piedmont of the Santa Rita Mountains 
recorded in late Quaternary alluvial surfaces is about 12 ft 
per 100,000 years. The additional 40 to 65 ft of displacement 
constrained to the minimum time period of 2 to 4 m.y. repre
sents relative tectonic quiescence compared to estimates of 
recent uplift rates. Pre-pedimentation faulting activity is 
suggested by the refractor velocity contrast across the fault 
and the apparent structural isolation of the sub-pediment, 
high-speed refractor on the upthrown side of the fault. 
Displacement along the fault prior to waning of Basin-Range 
activity along the Santa Rita Mountains can be inferred from 
this seismic refraction study but can not be measured because 
no sub-pediment refractor was detected on the downthrown side 
of the fault. If the high-speed refractor detected on the 
upthrown side of the fault has a geologic correlate further 
basinward, it may be possible to determine the true throw 
of the fault with a more extensive refraction survey.
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