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SEISMIC-STRATIGRAPHIC INVESTIGATION, MADISON AND ASSOCIATED AQUIFERS, MONT.-WYO.

STATEMENT OF THE PROBLEM 
AND METHODS OF INVESTIGATION

This seismic-stratigraphic investigation is part of a 
larger 5-year project the "Madison Project" under 
taken by the Water Resources Division of the U.S. 
Geological Survey to study the hydrology of the Madi 
son and associated aquifers. The objectives and 
methods of investigation of the Madison Project are de 
scribed by the U.S. Geological Survey (1975).

The U.S. Geological Survey (1975) noted that the fu 
ture development of coal and other energy reserves in 
the Northern Great Plains will place a heavy demand 
on the limited water resources of the area. Coal de 
velopment alone may require as much as 200,000 acre- 
feet per year. The report also observed that the limited 
amount of surface water is distributed unevenly both 
in time and in space and no plan to utilize surface 
water for coal development seems to be tenable. An 
appropriate investigation, therefore, is that of the 
water-resource potential of deep carbonate aquifers like 
those in the Madison Group, Red River Formation, and 
Pahasapa Limestone.

The production of wells drawing water from the 
Madison and associated aquifers alone varies enor 
mously. The U.S. Geological Survey (1975) estimated 
that production ranged from 20 gal/min (gallons per 
minute) to 9,000 gal/min. Because the depth of the 
Madison and associated aquifers in the Powder River 
Basin commonly ranges from 2,000 to 16,000 ft, a nec 
essary part of the investigation is to seek some means 
of predicting high water productivity from observations 
made at the surface. One possible means of doing this 
is by use of the reflection seismograph. The objective 
of this seismic-stratigraphic investigation is to see if 
areas of high water productivity in the Madison and 
associated aquifers can be located by surface seismic 
measurements in advance of drilling. The term Madison 
and associated aquifers used in this study incorporates 
the Madison Group, (primarily the Mission Canyon and 
Lodgepole Limestones) and the Red River Formation. 
The term Madison aquifer incorporates just the Madi 
son Group. In the southern Powder River Basin where 
the Pahasapa Limestone replaces the Madison Group 
and the Red River Formation is absent, the term Madi 
son aquifer is applicable also.

The seismic detection of porous carbonate rocks also 
is relevant to oil and gas exploration because many 
known oil and gas reservoirs are in porous carbonates. 
Specifically, the Madison Group is a known petroleum 
reservoir in the Williston basin of North Dakota and 
Montana, and is being explored actively there. Addi 
tionally, several known Madison petroleum reservoirs 
exist in the Big Horn Basin of Wyoming, the next basin 
west of the Powder River Basin described in this 
report.

Because the geologic and hydrologic properties of the 
Madison and associated aquifers vary significantly over 
the Powder River Basin, two separate areas were 
selected for detailed investigation. Additional areas of 
investigation eventually may be warranted as new well 
data encounter different sets of geologic conditions and 
problems. The northern study area is situated in Car 
ter, Custer, and Powder River Counties, Mont., and 
Crook County, Wyo., on the northeastern flank of the 
basin (fig. 1-1). Both the Madison Group and the Red
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FIGURE 1-1 (above and facing page). Index map of the Powder 
River Basin, Wyo. and Mont., showing the location of the 
northern and southern study areas. Structure contours of the 
Powder River Basin are drawn on top of the Madison Group 
and equivalent units. Isopachs for the Madison Group and 
equivalent units are shown by heavy solid lines. Isopachs for 
the Red River Formation are shown by dashed lines. All 
structure contour lines and isopachs are in feet. Dots repre 
sent subsurface control points. The location of stratigraphic 
sections, selected geologic features, and selected drill holes 
are labeled. Madison structure and thickness are derived from 
Swenson and others (1976).
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River Formation are relatively thick here and a com 
bined flow rate from them of nearly 1,000 gal/min has 
been documented. Flow rates from the Madison and 
associated aquifers in this region are likely to exceed 
1,000 gal/min. The southern study area is about 60 mi 
south of the northern study area in Weston and Nio- 
brara Counties, Wyo. (fig. 1-1). The only representa 
tive of the Madison aquifer in this part of the Powder 
River Basin is the Pahasapa Limestone, a partial equiv 
alent of the Madison Group. Water-flow rates from the 
Pahasapa Limestone in the southern study area locally 
attain 1,260 gal/min.

Our procedure has been: (1) to establish the strati- 
graphic framework of the Madison and associated aqui 
fers and adjacent formations from available subsurface 
data including well logs, cores, and drill cuttings; (2) 
to measure the seismic response of the Madison and 
associated aquifers in a borehole using vertical seismic 
profiles, both where the aquifers are porous and pro 
ductive and where they are tight and nonproductive; 
(3) to determine if any anomaly from surface seismic 
exploration can be predicted, based on any measured 
acoustic differences; and (4) to run surface seismic pro 
files over or near wells for which the water productiv 
ity and acoustic properties are known.

On the basis of the material that follows, we believe 
there are differences in the seismic-acoustic properties 
of the Madison and associated aquifers that are sugges 
tive of water productivity and that may be detectable 
with surface seismic profiles.

INTRODUCTORY SUMMARY AND 
CONCLUSIONS

In this report we describe how vertical seismic pro 
files were used to measure certain acoustic properties 
of the Madison and associated aquifers. We devised 
new field techniques, new processing procedures, and 
new methods of interpretation in order to identify 
acoustic differences between porous-productive and 
tight-barren end members of the Madison and as 
sociated aquifers.

The measured acoustic properties of the Madison and 
associated aquifers in six wells show the following:

1. A fall-off of high-frequency reflections when the 
section is productive, relative to nonproductive sec 
tions,

2. A substantial increase in the amplitude and 
number of reflections from the section when it is pro 
ductive, relative to the nonproductive sections, and

3. That calculated impedance "logs" based on seis 
mic reflections from the interval tend to reveal zones

of low impedance that correspond to known zones of 
productivity.

There remains the question of if and how these dif 
ferences can be detected from surface seismic-reflection 
data. This problem is considerably more difficult be 
cause the reflections are corrupted by their trip to the 
surface, the reflections are lower in frequency and nar 
rower in frequency band width due to earth attenua 
tion, and considerable uncertainty exists about the 
input, or downward-traveling seismic waveform. 
Nevertheless, the reflections from the Madison and as 
sociated aquifers in a surface seismic profile across the 
Sam Gary Bell Creek Madison No. 1 well where the 
aquifers are commercially productive differ in a man 
ner predicted by the vertical seismic profiles from cor 
responding reflections in the USGS Madison No. 2 well 
where the aquifers are nonproductive.

We conclude that the porous-productive and tight- 
nonproductive end members in the Madison and as 
sociated aquifers of the northern study area are identi 
fiable on the basis of acoustic differences as observed 
from reflected wave trains in the exploration seismic- 
frequency range. The transfer function amplitudes de 
rived from the vertical seismic profiling data suggest 
that similar results, although more subtle, might be ob 
tainable with surface seismic profiles in the southern 
study area. However, the absence of a surface seismic 
profile over a porous-productive Madison aquifer in the 
southern study area precludes us from providing sup 
porting evidence.
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GENERAL STRATIGRAPHIC 
RELATIONS

The Madison Group and equivalent strata in the 
northern and eastern Powder River Basin consist pre 
dominantly of shelf carbonate rocks of Early and early 
Late Mississippian age (Sando, 1975, 1976a; Peterson, 
1978). In the northern part of the basin, the Madison 
Group is subdivided in ascending order into the 
Lodgepole Limestone (Kinderhookian-early Osagean), 
Mission Canyon Limestone (middle Osagean-early 
Meramecian), and Charles Formation (middle Merame- 
cian). Southward along the east flank of the basin, 
names such as the Guernsey Limestone in the Hartville 
uplift (Love and others, 1953) and the Pahasapa Lime 
stone in the Black Hills (Gries and Mickelson, 1964) 
are used locally for strata that are equivalent to at least 
part of the Lodgepole and the Mission Canyon Lime 
stones (Craig, 1972). To further complicate matters, the 
Madison Group and its equivalent units in the eastern 
Powder River Basin conformably overlie a 30- to 60-ft- 
thick sequence of dolomite, sandstone, and shale as 
signed to the Englewood Formation of latest Devonian 
and earliest Mississippian age (Sandberg and Mapel, 
1967). The Englewood Formation commonly is indistin 
guishable from the overlying Madison Group and 
Pahasapa Limestone in the subsurface, and thus will 
be combined with them in this report.

The Madison Group thins gradually southward from 
a thickness of more than 2,000 ft in the Big Snowy 
trough-Williston basin depocenter to a thickness of 
about 200 ft near Lusk, Wyo. (Craig, 1972; Sando, 
1976a; Swenson and others, 1976; fig. 1-1). Much of the 
southward thinning was controlled by the intermittent 
growth of the Transcontinental arch, a positive tectonic 
element throughout much of Mississippian time (Sando, 
1976a). From north to south the Madison Group and 
its equivalents overlie progressively older rocks that 
include undifferentiated Devonian rocks, the Silurian 
Interlake Formation, the Ordovician Stonewall, Stony 
Mountain, and Red River Formations, and the Cambri 
an Deadwood Formation (fig. II-l). In the northern 
Laramie Range, Madison-equivalent rocks rest directly 
on Precambrian granite (Maughan, 1963).

Differential truncation at the top of the Madison 
Group also accounts for part of the southward thinning 
(fig. II-l). This regional unconformity commonly is as 
sociated with extensive karstification (Sando, 1974).

The Red River Formation and equivalent Whitewood 
Dolomite in the Powder River Basin are primarily dolo 
mite units ranging in age from late Middle to early Late 
Ordovician. The Red River Formation thins gradually 
southward from a thickness of 460 ft near Broadus, 
Mont., to a poorly defined, easterly oriented pinchout 
edge located 15-20 mi north of Newcastle, Wyo. (fig.

1-1). Most of the thinning of the Red River Formation 
has apparently resulted from pre-Madison truncation 
(fig. II-l). Near the Wyoming-Montana State line, 
northward-thickening wedges of rocks of Ordovician, 
Silurian, and Devonian ages are situated between the 
Red River Formation and the Madison Group. The Red 
River Formation conformably overlies the Ordovician 
Winnipeg Formation consisting of the Roughlock and 
Icebox Members. These members, as well as some 
other units such as the Stonewall Formation and the 
members of the Stony Mountain Formation, have not 
been formally accepted by the U.S. Geological Survey. 
However, because they are in common usage in the 
Powder River Basin, they are used in this report.

NORTHERN STUDY AREA 

RESTORED STRATIGRAPHIC SECTIONS

Two subsurface sections help define the stratigraphic 
framework of the Madison and associated aquifers in 
the northern study area (fig. 1-1). The longest section 
(pi. 1, A-A') extends northwest-southeast between the 
Pure Oil State No. 1 (SW1/4SE 1/4 sec. 36, T. 2 N., R. 
51 E.) and the USGS Madison No. 1. An east-west sec 
tion (pi. 1, B-B') through the Bell Creek oil field and 
tied with section A-A at the Jackson No. 1 Scott Gov 
ernment (NEViNEVfc sec. 20, T. 8 S., R. 57 E.) pro 
vides the second line of control.

MAJOR LITHOLOGIC UNITS AND 
DEPOSITIONAL ENVIRONMENTS

According to Craig (1972) and Sando (1976a), the 
Madison Group in southeastern Montana represents a 
complexly intertongued dolomite and limestone se 
quence deposited on a broad shelf between the Big 
Snowy trough and the Williston basin on the north and 
the Transcontinental arch on the southeast. Basically, 
limestone deposition centered around the slowly subsid 
ing Big Snowy trough and the Williston basin, whereas 
the dolomite accumulated along the intermittently ex 
posed flanks of the basin and adjacent Transcontinental 
arch. Repeated fluctuations of the Cordilleran sea 
across the study area resulted in the intertonguing of 
limestone and dolomite units.

Correlations within the Madison Group are based on 
four distinctive, informal gamma-ray log markers rec 
ognized by Peterson (1981). Several of these informal 
markers correspond to solution-breccia and evaporite 
zones that have been defined in regional studies by 
Sando (1967, 1975), Roberts (1979), and Sheldon and 
Carter (1979). Specifically, the M-8.5 and M-7 mar 
kers, which are the most prominent markers of Peter-
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FIGURE II-l. Generalized time-stratigraphic section showing the Madison Group, Pahasapa Limestone, Red River Formation, and adja 
cent units along the east flank of the Powder River Basin, Wyo.-Mont. Ordovician and Mississippian series names are abbreviated 
as follows: Canadian (Ca), Champlainian (Ch), Cincinnatian (Ci), Kinderhookian (K), Osagean (O), Meramecian (M), and Chesterian 
(C). Vertical dashed lines are arbitrary cutoffs between the Madison Group and the Pahasapa Limestone, the Red River Formation, 
and the Whitewood Dolomite.

son (1981) as defined in the USGS Madison Project 
(chap. I), correlate respectively with the upper and 
lower solution zones of Sando (1967, 1975) and the 
anhydrite bed at the base of interval C and the anhy 
drite bed within interval B of Sheldon and Carter 
(1979). The base of the Charles Formation is placed 
at the base of the anhydrite bed correlative with the 
M-8.5 marker (pi. 1, sec. A-A'). Where the anhydrite 
bed is absent, as in the vicinity of the Black Hills, the 
Charles-equivalent strata are assigned either to the 
Mission Canyon Limestone or to the Pahasapa Lime 
stone. The top and bottom contacts of the Red River 
Formation are well defined, but internal marker hori 
zons generally are absent. Paleontologic data were not 
used in the construction of the cross sections.

Plate 1 also illustrates the distribution of the 
lithologic units in the Madison Group and the Red 
River Formation along sections A-A and B-B'. The 
Charles Formation, Mission Canyon Limestone, and 
Lodgepole Limestone all gradually thin southward from 
a combined thickness of 1,190 ft in the Pure Oil State 
No. 1 to 735 ft in the USGS Madison No. 1. The Red 
River Formation maintains a fairly uniform thickness 
of about 445 ft across the study area.

The Lodgepole Limestone was deposited under net 
transgressive conditions (Sando, 1976a; Rose, 1976). 
The formation contains between 35 and 55 percent very 
finely to finely crystalline dolomite that commonly is 
argillaceous. Shell and crinoid debris, algae, pellets, 
pisolites, and oolites are minor constituents of the dolo-
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mites. The remainder comprises bioclastic limestone 
that contains abundant oolites, pellets, and shell debris. 
A minor percentage of the limestone consists of micritic 
units that commonly are argillaceous. Generally, the 
limestone beds occupy the middle part of the formation 
and are underlain and overlain by the dolomites (pi. 
1, sees. A-A', B-B'). The lower dolomitic strata proba 
bly originated in intertidal to supratidal environments 
and mark the early phases of the Lodgepole transgres 
sion over the pre-Madison unconformity. In contrast, 
the limestone core was deposited on a high-energy open 
shelf during the maximum transgression of the 
Lodgepole seaway. Extensive oolite shoals were com 
mon features of this depositional setting (Peterson, 
1981). The upper dolomite strata, also of peritidal ori 
gin, mark the gradual withdrawal of the Lodgepole sea. 
At the USGS Madison No. 1 (pi. 1, sec. A-A'), the 
upper dolomite strata are anhydritic and indicate that 
at least part of the shelf during this regressive phase 
was quite restricted.

The Mission Canyon Limestone originated during net 
regression of the Cordilleran sea (Sando, 1976a; Rose, 
1976). The maximum withdrawal of the sea from the 
shelf south of the Big Snowy-Williston embayment is 
recorded by an extensive 30- to 50-ft-thick anhydrite 
bed (pi. 1, sees. A-A, B-B'). Later removal by leach 
ing of the evaporite bed formed a solution-breccia zone 
that is equivalent laterally over broad areas and that 
correlates with subsurface marker M-7. The carbonate 
beds overlying and underlying the anhydrite bed con 
sist of very finely to finely crystalline vuggy dolomite 
and oosparite to pelmicrite limestone. Dolomite beds 
increase southward from about 35 percent of the car 
bonate section in the USGS Madison No. 2 to more 
than 70 percent near the USGS Madison No. 1. This 
facies trend represents the deposition of the Mission 
Canyon Limestone during withdrawal of the sea from 
the shelf and the presence of extensive tidal flats 
peripheral to the south flank of the Big Snowy trough 
and Williston basin. The oosparite limestones probably 
represent high-energy shoals deposited on an open shelf 
during brief incursions of the sea within the regressive 
sequence. Two significant transgressions one at the 
base of the formation and another above the medial 
anhydrite unit are recorded in the Mission Canyon 
Limestone (pi. 1, sees. A-A', B-B') by these high-ener 
gy shoal deposits.

The Charles Formation was deposited during two re 
gressive phases and two transgressive phases of the 
Cordilleran sea. A thick and extensive anhydrite bed 
and a laterally equivalent solution-breccia zone, correla 
tive with subsurface marker M-8.5, represent the basal 
regressive phase of the Charles Formation and the 
equivalent Pahasapa Limestone (part). The following

transgressive phase of the Charles Formation and the 
equivalent Pahasapa Limestone (part) is well defined 
and extends southward across the Powder River Basin 
to possibly as far as the Colorado-Wyoming State line. 
This basal transgressive phase is recorded mostly by 
micritic limestone with minor intercalations of oosparite 
and pelmicrite units, except in the vicinity of the Black 
Hills uplift (southeast corner of study area) where dolo 
mite predominates (pi. 1, sees. A-A', B-B). The upper 
regressive strata in the Charles Formation extend over 
most of the study area and are characterized by very 
finely to finely crystalline dolomite and local thin beds 
of anhydrite. The upper transgressive phase is similar 
in lithology and extent to the basal phase. The 
epeirogenic uplift, following deposition of the Charles 
Formation, drained the epicontinental sea from the en 
tire shelf and permitted erosion and formation of a 
widespread karst topography at the top of the Madison 
Group.

The facies of the Red River Formation closely resem 
ble those of the Madison Group in that dolomite units 
of tidal-flat origin flank limestone and evaporite strata 
deposited in the adjacent Williston basin (Fuller, 1961; 
Foster, 1972). From north to south across the study 
area, the dolomite in the Red River Formation in 
creases from about 30 percent to 90 percent (pi. 1, sees. 
A-A, B-B'). The dolomite is generally very finely to 
finely crystalline with scattered crinoid and shell frag 
ments. Vugs are common constituents of the fine- to 
medium-grained crystalline dolomites. Micritic lime 
stone units with local bioclastic debris and minor zones 
of oosparite and pelmicrite represent the remainder of 
the Red River carbonates. The high concentration of 
limestone beds near the base of the Red River Forma 
tion probably were deposited during a rapid transgres 
sion of the seaway southward on the shelf.

SOUTHERN STUDY AREA 

RESTORED STRATIGRAPHIC SECTIONS

In the southern study area, the stratigraphic 
framework of the Madison-equivalent Pahasapa Lime 
stone is defined by a north-south section between the 
Bechtel ETSI No. 0-1 well (NW1/4NE 1/4 sec. 28, T. 36 
N., R. 62 W.) and the Coronado McCullough No. W-2 
well (SWy4SWy4 sec. 13, T. 46 N., R. 64 W.) (pi. 1, 
sec. C-C'). The Red River Formation is absent in this 
area.

Plate 1 also illustrates the distribution of the major 
lithofacies in the Pahasapa Limestone along section C- 
C'. On the strength of the gamma-ray log markers of 
Peterson (1981), the Pahasapa Limestone in the south 
ern study area seems to correlate with the lowermost
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part of the Charles Formation, the entire Mission Can 
yon Limestone, and the uppermost part of the 
Lodgepole Limestone in the northern study area (pi. 
1, sec. C-A'). Key control points along section C-A' 
are the Gulf Little Missouri No. 1 Federal (sec. 9, T. 
55 N., R. 67 W.), Continental No. 1 Coltharp (sec. 19, 
T. 51 N., R. 66 W.), True Burrows No. B-19 (sec. 
5, T. 49 N., R. 68 W.), and Trigood Fiddler Creek 
No. 272 EFCH (sec. 23, T. 46 N., R. 65 W.) (fig. 1-1, 
pi. 1). The Pahasapa Limestone thins from about 490 
ft in the Coronado McCullough No. W-2 to 280 ft in 
the Bechtel ETSI No. 0-1.

MAJOR LITHOLOGIC UNITS AND 
DEPOSITIONAL ENVIRONMENTS

The Pahasapa Limestone is composed almost entirely 
of very finely to medium crystalline dolomite and micri- 
tic limestone. Minor constituents include crinoid, bryo- 
zoan, and other fossil debris and oolites and pellets. 
Commonly, dolomite nearly equals or exceeds by 10-20 
percent the limestone at any one locality. Along the 
Old Woman anticline (fig. 1-1 and pi. 1, sec. C-C"), 
limestone dominates the upper half of the Pahasapa 
Limestone, but farther north limestone and dolomite 
appear in equal abundance.

Based on faith in my correlations and those of Peter- 
son (1981), the dolomite part of the Pahasapa Lime 
stone along the Old Woman anticline (fig. 1-1; pi 1, 
sec. C-C') appears to be equivalent to the three major 
anhydrite beds in the northern study area. The promi 
nent anhydrite beds at the base of the Charles Forma 
tion and in the middle of the Mission Canyon Limestone 
(that is, markers M-^8.5 and M-7) correlate, respec 
tively, with the top and middle of the dolomite interval 
in the Pahasapa Limestone. Moreover, the anhydritic 
strata of the Pahasapa Limestone that rest on the M-3 
marker at the USGS Madison No. 1 seem to be equiva 
lent to the lower part of the dolomite strata in the 
Pahasapa Limestone of the Old Woman anticline. The 
remainder of the dolomite strata in the Pahasapa Lime 
stone at the Old Woman anticline are correlative with 
transgressive limestone units situated between the 
anhydrite beds of the Madison Group. Specifically, 
limestone strata of the upper transgressive episode are 
between the upper and middle anhydrite beds. This 
upper limestone extends into the southern study area 
as far as the Coronado Government No. 1 Tuttle (pi. 
1, sec. C-C') where it is replaced by dolomite in the 
middle third of the Pahasapa Limestone between mar 
kers M-8.5 and M-7. The transgressive limestone be 
tween the middle and lower anhydrite beds, on the 
other hand, does not extend much farther south than 
the USGS Madison No. 1. Dolomites in the lower third

of the Pahasapa Limestone of the southern study area, 
between markers M-7 and M-3, are equivalent to this 
upper limestone unit.

The limestone part of Pahasapa Limestone along the 
Old Woman anticline is correlated with a transgressive 
limestone resting on the basal anhydrite bed of the 
Charles Formation (pi. 1, sees. A-A, C-C'). As ex 
pected from regional facies patterns, this basal trans 
gressive limestone is replaced by dolomite southward 
along section C-A' (pi. 1); but in the southern study 
area (pi. 1, sec. C-C"), the interval again becomes 
dominated by limestone. A possible explanation for this 
anomalous facies change is an unrecognized paleotec- 
tonic feature.

To find this thick (as much as 100 ft) a Charles-equiv 
alent unit in the Old Woman area is somewhat surpris 
ing, particularly in view of the results of studies by 
Andrichuk (1955), Sando (1976a, b), and Mallory (1979) 
that indicate the absence of Meramecian rocks through 
out the central and southern Powder River Basin. 
Studies by Maughan (1963) in the Laramie Range and 
Hartville uplift, Love, Henbest, and Denson (1953) in 
the Hartville uplift, Gries and Mickelson (1964) and 
Sheldon and Carter (1979) in South Dakota, and Brobst 
and Epstein (1963) in the west-central Black Hills of 
Wyoming also suggest the absence of Meramecian rocks 
in the southern study area.

Despite these contradictions, I remain steadfast on 
my correlations until new subsurface and paleontologic 
data indicate otherwise. One new source of evidence 
that would seem to corroborate my interpretation is 
the recognition of Meramecian rocks at the north end 
of the Laramie Range (Sando, 1979). This interpreta 
tion by Sando represents a partial revision of an earlier 
interpretation (Sando, 1976a) that recognized no 
Meramecian-age rocks south of T. 45 N. along the west 
side of the Powder River Basin. Now, according to 
Sando (1979), rocks of Meramecian age are present at 
least locally as far south as T. 32 N. on the west side 
of the basin. Assuming an east-west trend, rocks of 
this age also should be present at least as far south 
as the southern study area. In addition, electric-log cor 
relations in the Madison interval of the eastern Powder 
River Basin by Jenkins and McCoy (1958) also suggest 
the presence of Meramecian-age rocks in the southern 
study area.

NATURE AND DISTRIBUTION 
OF AQUIFERS

LITHOLOGIC DESCRIPTION AND ORIGIN 
OF AQUIFERS

Vuggy, finely to medium crystalline (sucrosic) dolo 
mite and solution-brecciated dolomite and limestone
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constitute most of the aquifers in the Madison Group, 
Pahasapa Limestone, and Red River Formation. Oo- 
sparite beds locally may yield measureable quantities 
of ground water, but they generally are cemented 
tightly with sparry calcite. Karst-fill deposits also may 
act locally as aquifers; however, they commonly are im 
pervious owing to clay plugging and calcite cementa 
tion.

Tectonic fracturing of the Madison and associated 
aquifers undoubtedly has enhanced porosity and per 
meability in some localities. But the degree to which 
fractures have contributed to the water production in 
a given well, if at all, is extremely difficult to docu 
ment. A complex suite of data including cores, 
borehole-televiewer log, radioactive-tracer log (Blan- 
kennagel, 1967), and pump tests often is required to 
make an adequate interpretation of fracture-controlled 
porosity and permeability.

Detailed core descriptions by R. G. Deike (written 
commun., 1977) and Peterson (1978) indicated that the 
porous crystalline dolomite is typically tan or pink, and 
ranges in crystal size from 125 to 500 microns. Indi 
vidual rhombs commonly are larger than 500 microns, 
particularly near large vugs. Many of the crystals tend 
to be euhedral. Vugs are ubiquitous and range from 
less than 0.05 in. to nearly 1 in. in diameter. The dolo 
mites are laminated horizontally and locally contain thin 
discontinuous laminae of dark-gray to black organic ma 
terial. Small nodules of anhydrite are scattered 
sparsely throughout the dolomite beds. Porosity and 
permeability values of probable dolomite aquifers meas 
ured from core plugs average nearly 17 percent (20 
samples) and 11 mD (millidarcies; 16 samples) in the 
Madison Group and 17.5 percent (30 samples) and 357.5 
mD (27 samples) in the Red River Formation (Blanken- 
nagel and others, 1977; Brown and others, 1978). Inter- 
crystalline and vuggy porosity predominate. The aver 
age permeability values of the Red River Formation 
are highly biased by values of 2,490 mD and 4,890 mD 
located in a 3- to 6-ft-thick vuggy dolomite (Blanken- 
nagel and others, 1977, p. 54); without these high val 
ues the average permeability is lowered to 91 mD. Me 
dian porosity and permeability measurements are 16 
percent and 5.3 mD for the Madison Group and 15.5 
percent and 55 mD for the Red River Formation.

The porous dolomites are similar to ones described 
by Illing, Wood, and Fuller (1967) and Roehl (1967) in 
other Paleozoic carbonate sequences in and around the 
Williston basin. They attributed the origin of the dolo 
mite to early replacement of calcite and aragonite mud 
that was deposited in shallow subtidal, intertidal, and 
supratidal environments. Modern analogs have been 
recognized and described in the Bahamas (Shinn and 
others, 1965) and in the Persian Gulf (Illing and others,

1965). In these localities, evaporation transforms the 
pore water of the calcareous mud into a brine. When 
gypsum is precipitated, the brine becomes enriched in 
magnesium with respect to calcium and the dolomitiza- 
tion process begins. The highest porosity and permea 
bility is developed during the final stages of dolomitiza- 
tion when the dolomite crystals have had an opportu 
nity to grow larger at the expense of leached remnants 
of calcium carbonate (Murray, 1960; Illing and others 
1967). The effect of leaching is twofold: (1) it provides 
carbonate ions for the growing dolomite crystals, and 
(2) it creates numerous vugs. Subaerial exposure 
(Roehl, 1967) and freshwater-salt-water interface dolo- 
mitization (Hanshaw and others, 1971), discussed later 
in the text, also may have enhanced significantly the 
porosity and permeability of these dolomite 
aquifers.

Solution-brecciated dolomites and limestones are 
characterized by poorly sorted, angular to subangular 
clasts of crystalline dolomite and limestone, commonly 
set in a matrix of red shale and siltstone, and cemented 
by white sparry calcite (R. G. Deike, written commun., 
1977; Blankennagle and others, 1977, p. 40-42). Vugs 
between 1 and 3 in. in diameter, partially filled with 
white calcite crystals, are common features of the brec 
cias. Many of the vugs and vertical hairline fractures 
in the breccias are cemented with clay or calcite. Open 
vugs appear to account for most of the porosity and 
permeability which average about 18 percent (35 sam 
ples) and 135 mD (33 samples) (Blankennagel and 
others, 1977, p. 52-53). Median values are 18.5 percent 
porosity and 12 mD permeability. The large disparity 
in average and median permeability values indicate that 
many of the permeability measurements are greater 
than 100 mD or less than about 10 mD. Because of 
the variability in spacing of the interconnected vugs, 
many of the core samples may have penetrated only 
the tight matrix parts of the breccia. For this reason, 
many of the measurements of the core plugs recording 
permeability values of less than 10 mD probably are 
not representative of the effective permeability of the 
whole rock. A value of 100-200 mD may be more repre 
sentative of the median permeability of the breccia 
units.

Andrichuk (1955), Roberts (1966), Sando (1974), and 
others have attributed the origin of the solution brec 
cias in the Madison to selective leaching of evaporite 
beds, chiefly anhydrite and gypsum, and the eventual 
collapse and infilling of the cavity with adjacent roof 
rock. The most compelling evidence that favors the 
evaporite-leaching hypothesis includes: (1) the strati- 
graphic equivalence of the breccias and adjacent anhy 
drite units, (2) the lateral continuity of the thicker brec 
cia zones over thousands of square miles, and (3) the
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thickness of the Madison Group having breccia units 
generally is less than the thickness of an adjacent sec 
tion of the Madison Group having anhydrite beds. 
Roberts (1966) suggested that the solution breccias are 
principally a surface phenomenon that originated in 
Late Cretaceous and early Tertiary time. However, the 
present study and an analysis of the Madison reservoir 
at the Elk Basin oil field (McCaleb and Wayhan, 1969) 
indicate that the breccias commonly are present in the 
subsurface many miles from Madison outcrops. 
McCaleb and Wayhan (1969) as well as Sando (1974) 
suggested that brecciation formed penecontemporane- 
ously with major karst features between early Merame- 
cian and early to middle Chesterian time.

RELATION BETWEEN AQUIFERS AND 
INTERVAL VELOCITY

Probable water-bearing zones in the Madison Group, 
Pahasapa Limestone, and Red River Formation com 
monly are associated with low-interval velocity values. 
The water-bearing zones are identified from cores, drill 
cuttings, drilling history, radioactive-tracer logs, and 
production data. There seems to be an inverse relation 
between effective porosity and interval velocity that is 
exemplified best in the Red River part of the USGS 
Madison No. 2 (pi. 1, sec. A-A') and in the Mission 
Canyon interval of the Sam Gary Bell Creek Madison 
No. 1 (pi. 1, sec. B-B'). In the example from the Red 
River Formation, porous crystalline dolomite has a ve 
locity of 15,388 ft/s (feet per second), whereas adjacent 
mud-supported limestone has a velocity of 20,014 ft/s. 
In the examples from the Mission Canyon Limestone, 
velocities for the respective porous and tight intervals 
are 16,667 ft/s and 20,408 ft/s. The aquifer in this exam 
ple is probably entirely a solution-breccia unit.

The plot of interval velocity against porosity illus 
trated in figure 11-2 presents an indication of the range 
of porosity and interval velocity in the Madison Group 
and the Red River Formation. The data used in this 
plot are from the USGS Madison wells Nos. 1 and 2 
(Blankennagel and others, 1977; Brown and others, 
1978; R. G. Deike, written commun., 1977). Porosity 
was determined from core plugs, and interval velocities 
were calculated from sonic logs. Classification of sam 
ples as either aquifer or aquiclude is based on lithologic 
characteristics such as the presence or absence of large 
open vugs. In addition, the permeability of the indi 
vidual core plugs, where known, is listed next to the 
appropriate sample point on the plot. The core plugs 
were obtained from depths of 2,461-3,609 ft in the 
USGS Madison No. 1 and 6,890^8,859 ft in the USGS 
Madison No. 2.

Although there is a high degree of scatter, the data 
depict a general trend of increasing porosity and per 
meability with decreasing interval velocity. Major 
boundaries at 10-percent porosity and 18,500 ft/s ap 
pear to partition those samples classified as probable 
aquifers from those classified as probable aquicludes. 
Nearly 90 percent of the samples classified as aquifers 
have porosities greater than 10 percent and interval 
velocities of less than 18,500 ft/s. Similarly, about 70 
percent of the samples classified as aquicludes have 
porosities less than 10 percent and interval velocities 
greater than 18,500 ft/s. About 25 percent of the total 
268 samples fall outside the limiting parameters dis 
cussed.

The best aquifers are judged to be those rocks with 
a total porosity greater than 17 percent and an interval 
velocity less than 17,500 ft/s (fig. II-2). Permeability 
values in the excellent aquifer category average 344 
mD in contrast to an average of 162 mD for measure 
ments in the class identified as marginal to good aqui 
fers. These values are undoubtedly on the low side be 
cause, as mentioned earlier, the small core plugs often 
do not measure adequately the interconnected void 
space of the whole core. Two vuggy macrocrystalline 
dolomite samples on the crossplot, with measured per 
meabilities of 5.9 mD for the core plug and 38 mD for 
the whole core, help to corroborate this point.

The data plotted in figure 11-2 also indicate that the 
total porosity of a given aquifer cannot be calculated 
accurately from the Wyllie equation (Wyllie and others, 
1956, 1958). In all aquifers, we find that the porosity 
derived from the Wyllie equation is 5-10 percent lower 
than the porosity measured from the corresponding 
core plug. This difference commonly is observed in 
vuggy or fractured carbonate rocks and the porosity 
derived from the Wyllie formula tends to be lower than 
the measured porosity by an amount approaching the 
secondary porosity (Schlumberger Limited, 1972, p. 
39). Input parameters used to solve the Wyllie equation 
include the following: (1) interval velocity of the zone 
of interest derived from a sonic log, (2) velocity of the 
dolomite (23,000 ft/s) or limestone (22,000 ft/s) grains, 
and (3) velocity of water (5,300 ft/s) for the fluid 
velocity.

Irrespective of porosity, nearly 80 percent of the 
aquicludes plotted in figure 11-2 have interval velocities 
greater than 18,500 ft/s, and 90 percent of the aquifers 
plotted in figure 11-2 have interval velocities slower 
than this. A major disadvantage of using solely interval 
velocity to differentiate between aquifers and aqui 
cludes is that about 20 percent of the aquicludes may 
be classified incorrectly as aquifers. Many of the low- 
velocity aquicludes may be recognized by their higher 
gamma-ray log response because they are silty and
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POROSITY, IN PERCENT

EXPLANATION

MADISON GROUP

30

PROBABLE AQUIFER

Grain-supported limestone 

Crystalline limestone

Vuggy, very fine to medium 
crystalline dolomite

Solution-brecciated dolo 
mite or limestone

PROBABLE AQUIFER

RED RIVER FORMATION

Vuggy, very fine to medium crys 
talline dolomite.

PROBABLE AQUICLUDE

Mud-supported limestone

Microcrystalline or mud- 
supported dolomite

Tightly cemented solution- 
breccia ted dolomite or 
limestone

Karst breccia

PROBABLE AQUICLUDE

Microcrystalline or mud-supported 
dolomite

FIGURE II-2. Plot of interval velocity (in feet per second and kilometers per second) versus porosity in Madison Group and Red River 
Formation cores from the USGS Madison Nos. 1 and 2 water wells. Sample number is 268. Porosity and permeability data are 
compiled from Blankennagel and others (1977), Brown and others (1978), and R. G. Deike (written commun., 1977). Numbers at 
data points are permeability values in millidarcies (mD).
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shaly carbonate units. The plot also indicates that about 
10 percent of the aquifers have interval velocities great 
er than 18,500 ft/s and would be misidentified as aqui- 
cludes if only sonic log data were investigated. Except 
for these minor discrepancies, the use of sonic log data 
to aid in the differentiation of aquifers and aquicludes 
in the Madison Group, Pahasapa Limestone, and Hed 
River Formation basically is credible, and these data 
will be used in the following section.

DISTRIBUTION OF AQUIFERS

I have delineated the most important aquifer zones 
on the stratigraphic sections (pi. 1) by using a combina 
tion of interval velocities, core samples, drill cuttings, 
neutron logs, and water-production data. Three 
categories of aquifers are recognized: (1) vuggy macro 
crystalline dolomite, (2) solution-brecciated dolomite 
and limestone, and (3) others such as crystalline lime 
stone and oosparite limestone. The three types of aquif 
ers are discrete, isolated zones as shown in plate 1, 
but there is probably at least some vertical communica 
tion between these aquifers zones.

Solution-brecciated dolomite and limestone units in 
the upper half of the Mission Canyon Limestone, with 
a combined thickness of as much as 210 ft, constitute 
the most important water-producing zone in the Madi 
son Group (pi. 1, sees. A-A', B-B'). The principal brec- 
ciated zones are up-stratigraphic-dip equivalents of the 
two major anhydrite units. The zones correlate approxi 
mately with markers M-8.5 and M-7 and are present 
south of the pinchout of the anhydrite edges. At places, 
the entire section between the markers has been brec- 
ciated. The thickest section of continuously porous 
breccia presently known is in the area of the Madison 
water-supply wells at the Bell Creek oil field. In the 
Sam Gary Bell Creek Madison No. 1 (pi. 1, sec. B-B'\ 
the aquifer is about 210 ft thick and flows water at 
a rate of 250 gal/min from 5.5-in. diameter casing. On 
pump, the well yields 350 gal/min. Several miles away, 
the Sam Gary No. 2 Madison, which has a lower surface 
elevation and was completed with a larger diameter 
casing, flows 890 gal/min and pumps more than 1,000 
gal/min from the same stratigraphic interval (pi. 1, sec. 
B-B'). Another reasonably productive water well, the 
USGS Madison No. 1, flows between 70 and 96 gal/min1 
from the same stratigraphic interval, which is about 
55 percent of the total production of water from the 
Madison Group in this well.

Locally, vuggy crystalline dolomite units in the 
Charles, Mission Canyon, and Lodgepole, and oosparite 
units in the Lodgepole Limestone are aquifers (pi. 1,

"The range of flow-rate values represents differences between the radioactive tracer 
and flowmeter (spinner) surveys (R. K. Blankennagel, oral commun., 1977).

sees. A-A, B-B'). The vuggy crystalline dolomite 
aquifers commonly are between 30 and 80 ft thick, lat 
erally continuous for tens of miles, and may grade lat 
erally into other aquifer units. Thin oosparite aquifers 
appear throughout the Madison Group, but the thickest 
ones are in the lower half of the Lodgepole Limestone. 
Although generally thin, the oosparite aquifers total 
130 ft where they are present on the broad north- 
plunging nose of the Black Hills uplift (fig. 1-1; pi. 1, 
sees. A-A', B-B'). Most of the vuggy crystalline dolo 
mite and oosparite strata have excellent porosity and 
permeability for an oil reservoir; however, they are 
only marginal to good as aquifers. The chief reason for 
the lower suitability of the vuggy crystalline dolomite 
as an aquifer seems to be the lack of large vugs greater 
than 0.2 in. in diameter.

Vuggy macrocrystalline dolomites compose the major 
aquifer zones in the Red River Formation. Typically, 
these dolomites occupy two or three continuous hori 
zons, between 20 and 50 ft thick, in the upper half of 
the Red River Formation. Additional zones as thick as 
115 ft also may be present in the lower half of the for 
mation. Water yield from these aquifers can be ex 
tremely high and commonly exceeds the production 
from the Madison Group. For example, in the USGS 
Madison No. 1, the flow from the Red River Formation 
totalled between 284 and 339 gal/min, whereas the flow 
from the Madison Group totalled between 150 and 183 
gal/min. The same general relationship was observed 
in the USGS Madison No. 2, although the total volume 
of water produced from each formation is considerably 
less. An apparently reversed relationship of the flow 
from the Red River Formation and the Madison Group 
has been noted in the Bell Creek water-supply wells. 
The flow from the Madison Group reportedly exceeds 
that from the Red River Formation; however, interval 
velocity values from the Red River Formation in the 
Bell Creek wells (pi. 1, sec. B-B') are similar to those 
in the USGS Madison No. 1 (pi. 1, sec. A-A'), suggest 
ing that the Red River Formation may not have been 
tested properly at Bell Creek.

The best aquifers in the Pahasapa Limestone are re 
stricted primarily to two continuous, 30- to 100-ft-thick 
horizons of vuggy macrocrystalline dolomite (pi. 1, sec. 
C-C"). They are approximately equivalent to strata in 
the Mission Canyon Limestone and in the uppermost 
Lodgepole Limestone. Specifically, the aquifers seem 
to be equivalents of the thick anhydrite beds associated 
with markers M-8.5 and M-7 and the upper regressive 
phase of the Lodgepole Limestone above marker M-3. 
Combined pumping yields from these two zones range 
from flows of about 800 gal/min in the Coronado Collins 
No. W-l to less than 60 gal/min in the Bechtel ETSI
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No. 0-1 (Anderson and Kelly, 1976). Water wells on 
the axis of the Black Hills monocline, such as the 
Coronado West Mule Creek No. 1-A, Coronado Collins 
No. W-l, and Coronado McCullough W-2, generally 
are significantly better producers than are wells 
situated on the homoclinally dipping east flank of the 
Powder River Basin west of the monoclinal axis (fig. 
1-1; Hodson, 1974). Fracturing that resulted during the 
tectonic evolution of the Black Hills monocline and sub 
sequent enlargement of the fractures by groundwater 
solution appear to be the primary mechanisms responsi 
ble for this better production near the axis of the 
monocline.

In summary, this analysis indicates that the best 
aquifers are associated with (1) solution-brecciated dolo 
mite and limestone units in the upper part of the Mis 
sion Canyon Limestone, (2) vuggy macrocrystalline do 
lomite units in the Red River Formation, and (3) vuggy 
macrocrystalline dolomite units with probable fracture 
overprinting in the Pahasapa Limestone.

DEPOSITIONAL AND DIAGENETIC
HISTORY OF MADISON AND

ASSOCIATED AQUIFERS
The following discussion is a preliminary attempt to 

establish the chronological order of complexly interre 
lated depositional and diagenetic events that are be 
lieved to have shaped the Madison aquifer. A major 
reason for constructing this model is to use these con 
cepts to predict the trends of high-yield aquifers. The 
model is not intended to be a predictive tool for locating 
individual wells, but rather a means of locating aquifers 
associated with areas of thick, porous, solution breccia 
or vuggy macrocrystalline dolomite.

The depositional and diagenetic model comprises 
seven major phases: (1) extensive dolomitization of 
inner-shelf limey sediments beneath and laterally adja 
cent to evaporites; (2) subaerial exposure of dolomitized 
sediments, desiccation and brecciation, and introduction 
of meteoric water during terminal phases of evaporite 
deposition; (3) post-middle Meramecian-pre-early 
Chesterian epeirogenic uplift and nearly simultaneous 
formation of regional karsting and solution breccias; (4) 
burial beneath Chesterian sediments; (5) post-late 
Chesterian-pre-late Morrowan epeirogenic uplift and 
erosion and second stage of karst and solution-breccia 
formation; (6) burial beneath Pennsylvanian sediments 
and infilling of the karst surface by terrigenous mud; 
and (7) Late Cretaceous to recent post-burial modifica 
tion by tectonism and ground-water flow. Salient fea 
tures of these major phases are summarized in figure 
II-3.

The confinement of the thick anhydrite beds in the 
upper Mission Canyon Limestone and the lower 
Charles Formation to the flanks of the Williston basin 
and Big Snowy trough (Sheldon and Carter, 1979) 
suggests that the beds originated on a wide, restricted 
shelf. Most of the evaporites probably formed in an arid 
climate during low stands of the sea, either on a wide 
unbarred shelf with poor circulation or in a lagoon sepa 
rated from the open sea by shoals near the shelf margin 
(Sando, 1976a; Sheldon and Carter, 1979). A broad 
coastal sabkha probably bordered much of the re 
stricted shelf on its landward side (fig. II-3, phase I).

Based on the apparent lateral equivalence of the 
thick anhydrite beds and the dolomite strata on the in 
terior shelf, dolomitization seems to have coincided 
with the same major regressive events that formed the 
anhydrite beds. The lowering of the sea level increased 
the salinity of the interstitial water within the bioclastic 
and pelletal lime muds of the shelf, and gypsum and 
anhydrite were precipitated. The resultant interstitial 
brines were enriched in magnesium and they 
dolomitized the aragonite-rich host sediments. Sedi 
ments underlying the restricted shelf or lagoon were 
dolomitized by refluxing brines that seeped slowly 
through them (Adams and Rhodes, 1960), whereas 
those sediments beneath the sabkha were dolomitized 
by brines in place that were trapped in the pore space 
(Kinsman, 1969). Most of the earlier formed gypsum 
probably was replaced by anhydrite or was dissolved, 
and the ions migrated to a new site where they precipi 
tated as anhydrite.

Both reflux- and sabkha-type dolomites tend to be 
microcrystalline with typical anhedral crystals ranging 
from 5 to 20 microns (Adams and Rhodes, 1960; Illing 
and others, 1967; Roehl, 1967). Many of the Madison 
dolomite units are of this type; however, those with 
the better aquifer properties have considerably larger 
(60-500 microns) euhedral crystals. Roehl (1967) 
showed that some highly burrowed intertidal and lami 
nated supratidal dolomites may be composed of 20- to 
50-micron euhedral crystals, but these crystals still are 
smaller than the crystals in the major aquifers.

A partial answer to this problem may involve the 
introduction of meteoric water to the sabkha-type dolo 
mite sediments during the terminal phases of evaporite 
deposition on the shelf. At this time, sea level had low 
ered significantly and exposed a large area behind the 
shoreline to subaerial processes (fig. II-3, phase II). 
Desiccation and brecciation of many of the dolomite 
units could have created large interclast voids that fa 
cilitated the infiltration and percolation of the meteoric 
water. Syndepositional and syndiagenetic tectonism 
along regional fracture systems (Brown, 1978; Brown 
and others, 1982) locally may have controlled the dis-
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persal of ground water. The ground water probably 
was derived from flooding of the subaerially exposed 
surface during periods of torrential rainfall and fluvial 
inflow from the ancestral Front Range and Transconti 
nental arch to the south, where Precambrian basement 
was exposed intermittently (Maughan, 1963; Sando, 
1976a).

Mixing of the fresh water with hypersaline intersti 
tial brines of the dolomitized muds beneath the sabkha 
may have reduced drastically the salinity of the brines 
without appreciably reducing their high ratio of Mg + + 
to Ca+ + (Hanshaw and others, 1971; Folk and Land, 
1975). The lower salinity promoted a slower rate of 
crystallization with the net result of well-ordered, large 
(50-500 microns), euhedral dolomite crystals formed in 
the available void spaces.

Additional subaerial processes accompanying the re 
striction of the shelf sea may include partial solution 
and removal of sabkha evaporites and minor karst for 
mation. These processes may account for the absence 
of anhydrite units in the outermost reaches of the 
sabkha.

In the final regressive stages, a broad evaporite pan 
probably occupied the south flank of the Williston basin 
and Big Snowy trough (fig. II-3, phase II). Most of 
the time the pan probably contained a shallow, hyper- 
saline body of water, but at other times it was nearly 
dry. Subsidence accompanying intermittent flooding of 
the shallow restricted shelf allowed deposition of as 
much as 80 ft of the anhydrite. Thin, interbedded 
microcrystalline dolomite units probably formed as 
algal mat deposits in the evaporite depocenter. In some 
places the anhydrite may have diagenetically replaced 
underlying algal mats (Fuller and Porter, 1969). Pel- 
letal calcareous muds beneath anhydrite units were not 
dolomitized extensively because they probably were 
protected from infiltrating brines by the dense impervi 
ous anhydrite beds. Sea-level rise ended the cycle, and 
pelletal lime mud was deposited on the anhydrite.

Post-middle Meramecian-pre-early Chesterian epeir- 
ogenic uplift of the entire Cordilleran shelf placed the 
upper part of the Madison carbonates in the vadose 
zone (fig. II-3, phase III). The intense leaching of this 
surface by circulating vadose water produced a wide 
spread, well-defined karst terrrane, including enlarged 
joints, sinkholes, and caves, in the upper 400 ft of the 
Madison Group (Sando, 1974). Most of the void spaces 
are now plugged tightly by clay, silt, and sand derived 
from insoluble constituents in the Madison Group and 
terrigenous clastic sediments accompanying the early 
phases of post-Madison deposition.

Karst features locally extended downward into the 
two major anhydrite-bearing intervals of the Mission 
Canyon Limestone and initiated wholesale removal of

these units. The anhydrite-leaching process probably 
began along the northern flank of the Transcontinental 
arch, where erosion had exposed older parts of the 
Madison Group, and progressed northward down the 
regional potentiometric gradient. Much of the anhydrite 
removal appears to have been in the phreatic zone 
(Sando, 1974). The first of the leached anhydrite beds 
was probably less than 3 ft thick and did not result 
in any significant removal of support from the overlying 
carbonate units. Consequently, the opposing roof and 
floor rock were juxtaposed without fracturing as the 
anhydrite dissolved. The only remaining vestige of the 
anhydrite beds in the southern study area is probably 
a thin silt and clay horizon derived from weathering 
products of the karst terrane. Where thicker anhydrite 
beds were leached farther north, the overlying carbon 
ate strata collapsed and were brecciated. Whether the 
brecciation process consisted of the sudden collapse of 
the roof into a large void or by gradual subsidence ac 
companied by evaporite flowage and small-scale solu 
tion (Stanton, 1966) cannot be determined. Whatever 
the mechanism, the leaching must have been highly ef 
ficient because isolated anhydrite pillars have not been 
reported in this region. The solution-breccia zones ex 
tend many tens of miles north into Montana and in 
crease to thicknesses of as much as 115 ft (fig. II-3, 
phase III). At some places, brecciated zones that com 
monly are separated by unbroken carbonate strata may 
merge to form a composite unit more than 210 ft thick. 
Leaching and brecciation ended abruptly when the re 
gion was buried beneath Chesterian sediments (fig. II- 
3, phase IV). The Big Snowy Group and equivalent 
rocks attained a thickness of as much as 900 ft in cen 
tral Montana and probably much less on the Wyoming 
shelf (Maughan and Roberts, 1967).

Post-late Chesterian-pre-late Morrowan epeirogenic 
uplift of the Wyoming shelf caused the Chesterian rocks 
to be removed from southeast Montana and Wyoming 
except for the basal Kibbey Formation and equivalent 
units such as the Fairbank Formation (fig. II-3, phase 
V). Those parts of the underlying Madison that were 
not protected by the erosional remnants of Chesterian 
rocks had a second stage of karst and solution-breccia 
formation.

Ground water that circulated through the brecciated 
units carried fine-grained terrigenous debris that even 
tually tightly plugged the caverns and fracture spaces. 
The terrigenous debris entered the breccias through 
the many sink holes and other karst features and 
gradually became dispersed in the direction of regional 
ground-water flow. Generally, the breccias closest to 
the karst features were plugged first, whereas those 
breccias near the active solution front, in the deeper 
subsurface, were affected the least. Anhydrite cement
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PHASE IV Burial beneath the Big Snowy Group in the Williston basin 
and Big Snowy trough during Chesterian time

FIGURE II-3 (above and facing page). Depositional and diagenetic model summarizing the formation of the Madison aquiler.

also may plug locally the brecciated strata. Burial of 
the Madison Group and the Big Snowy Group beneath 
Pennsylvanian sediments ended the second episode of 
karst and solution-breccia formation (fig. 11-3, phase 
VI).

The solution-brecciation process probably was rejuve 
nated in post-Late Cretaceous time by uplift of the

Black Hills and Big Horn Mountains as proposed by 
Roberts (1966). The process probably is active today 
(fig. II-3, phase VII). Additional late-stage modifica 
tions of aquifers in the Madison Group and Pahasapa 
Limestone include fracturing by Late Cretaceous to 
early Tertiary tectonism and differential solution of car 
bonate rocks by circulating ground water.
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The processes that shaped the aquifers in the Madi 
son Group and Pahasapa Limestone probably also con 
trolled the development of the high-yield dolomite 
aquifers in the upper part of the Red River Formation. 
In the Red River Formation of the Williston basin, the 
dolomite aquifers correlate with a zone of 2- to 20-ft- 
thick anhydrite marker units recognized by Fuller 
(1961) and Kolm and Louden (1979a, b, c). All high- 
yield dolomite aquifers in the Red River Formation, 
however, are not lateral equivalents of anhydrite-bear 
ing horizons. The most notable exception is a thick 
aquifer of highly dolomitized carbonate rock in the 
lower half of the Red River Formation. In the USGS 
Madison No. 1, water flows from this aquifer at a rate 
of 80-105 gal/min. This aquifer appears to thicken to 
ward the south (Peterson, 1981). The porosity and per 
meability in these strata most likely were increased 
during the period of erosion and truncation of the Red 
River Formation prior to the deposition of the Madison

Group. Extensive exposure of the Red River Forma 
tion during this erosional episode permitted vadose 
ground water to percolate through dolomitized horizons 
in the lower and upper Red River Formation and to 
enhance any preexisting intercrystalline, vuggy, or 
fracture porosity. Because the dolomites in the upper 
Red River Formation probably were more porous at 
the time of the pre-Madison truncation than those in 
the lower Red River, the porosity of the upper Red 
River dolomites was enhanced more extensively.

POTENTIAL REGIONS OF HIGH 
WATER PRODUCTIVITY

By applying the depositional and diagenetic model to 
existing well data, three major aquifer trends are de 
fined (fig. II-4). The best aquifer in the Madison Group 
in the northern study area is in the upper half of the 
Mission Canyon Limestone. This is the 200-ft-thick 
aquifer that comprises brecciated carbonate beds equiv 
alent to the two major anhydrites and intervening 
strata in the Mission Canyon Limestone. The aquifer 
appears to be most productive adjacent to the anhy 
drite beds where leaching presumably is still active and 
interclast voids have not been plugged with terrigenous 
debris. The southern extent of this aquifer is uncertain, 
but it is estimated to be about 12 mi southwest of the 
Sam Gary Bell Creek Madison No. 1 (fig. 11^4). The 
optimum water production from this aquifer appears to 
be within a zone about 25-30 mi wide that trends west- 
northwest across the northern study area (fig. II-4). 
However, the southern boundary may be more irregu

lar and may extend farther into the Powder River 
Basin than is shown on figure H-4. High-yield water 
wells in this zone include the Sam Gary Bell Creek 
Madison No. 1 (sec. 27, T. 8 S., R. 54 E.), Sam Gary 
No. 2 Madison water well (sec. 21, T. 8 S., R. 54 E.), 
Gary No. 3 (sec. 29, T. 8 S., R. 54 E.), Gary No. 1 
Ranch Creek (sec. 22, T. 9 S., R. 53 E.), and USGS 
Madison No. 1 (sec. 15, T. 57 N., R. 65 W.). This pro 
posed zone of high water productivity in the Madison 
Group is not recognized by MacCary and others (1983) 
in their study of potentially favorable areas for large- 
yield wells in the Madison. The aquifer in the upper 
Mission Canyon Limestone probably is the best aquifer 
that can be mapped with surface seismic data because 
of its 200-ft thickness and its relatively high acoustic- 
impedance contrast with adjacent units.

The aquifer in the Red River Formation yields the 
most water where the nearly ubiquitous macrocrystal 
line dolomite units in the upper part of the formation 
are juxtaposed with porous and permeable strata in the 
lower part. Judging from the USGS Madison No. 1, 
Union No. 1 Newton (sec. 23, T. 9 S., R. 59 E.), and 
the Bell Creek wells, the best aquifer of the Red River 
Formation trends east-west through the southernmost 
part of the northern study area subparallel to the bev 
eled edge of the formation (fig. 11^4). This aquifer prob 
ably should be detectable with surface seismic methods 
because it consists of a thick section (as much as 360 
ft) of porous dolomite that has relatively low acoustic 
impedance values. This proposed zone of high water 
productivity in the Red River Formation is recognized 
by MacCary and others (1983) in their study of poten 
tially favorable areas for large-yield wells in the Red 
River Formation.

In the southern study area, the fractured macrocrys 
talline dolomite units in the Pahasapa Limestone as 
sociated with the Black Hills monocline and the Old 
Woman anticline appear to be the best aquifers (fig. 
II-4). Away from these structures, equivalent crystal 
line dolomite units are only fair aquifers. High-yield 
water wells near the town of Newcastle, Wyo., produce 
from these aquifers along the Black Hills monocline 
trend. Seismic detection of these high-yield, fractured 
dolomite zones in the Pahasapa Limestone may be diffi 
cult because they are only 65-80 ft thick and the acous 
tic-impedance contrast with adjacent impervious lime 
stone units is low. This proposed zone of high water 
productivity in the Pahasapa Limestone is not recog 
nized by MacCary and others (1983) in their study of 
potentially favorable areas for large-yield wells in the 
Madison Limestone.
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INTRODUCTION
Vertical seismic profiling (VSP) involves recording 

manmade seismic disturbances (shots) at many levels 
in a deep well. The seismic source may be on the sur 
face, in a shallow source hole, or in an adjacent deep 
well. This type of field configuration is distinctly differ 
ent from that used in conventional surface (horizontal) 
seismic profiling in which the seismic detector(s) and 
the source are located at the surface. Because the pro 
file is vertical, the wave field can be observed as it 
progresses into the ground and as reflections are gener 
ated at various interfaces within the earth.

To develop a seismic technique for detecting water- 
producing zones, a desirable determination is what 
acoustic properties (if any) of a target horizon distin 
guish the porous-productive facies from the tight-dry 
facies. How is the one facies distinguishable from the 
other from an acoustic point of view? To answer this 
question, we would like to measure the acoustic proper 
ties of representative stratigraphic sections. We would 
like to measure these properties in place and under 
something close to seismic exploration conditions. We 
would like to use a seismic source, seismic detectors, 
and recording systems similar to those used in conven 
tional surface seismic exploration configurations.

If we can identify acoustic differences between the 
productive and barren end members, we may be able 
to design a surface seismic procedure to explore for 
high-yield aquifers. Knowledge of the acoustic differ 
ences can serve as a guide to what to look for on sur 
face data to identify porosity buildups. Knowledge of 
the acoustic differences of the end members may indi 
cate that some new surface exploration procedure must 
be developed. For example, we might learn that poros 
ity in the Madison aquifer interval can be detected seis- 
mically from the surface on the basis of a change in 
reflected waveforms, but only if reflections as high as 
150 Hz (hertz) can be recorded. This requirement would 
mean that we must develop a surface procedure to gen 
erate and record these frequencies and restrict the ex 
ploration effort to those situations in which reflections 
in this frequency band can be obtained.

Vertical seismic profiles can be used to identify re 
flected events on surface seismic profiles with a high 
level of confidence, because reflected events can be de 
tected at their point of origin in the earth, tracked level 
by level to the surface, and tied into a surface profile. 
Vertical seismic profiles enable study of the evolution, 
or change, in seismic waveforms as they progress 
through the earth. Scattering, attenuation, and inter- 
bed reflections all contribute to the evolution. The sur 
face recorded wave train from a reflecting surface at 
depth is different from the seismic wavelet produced 
by the source. With VSP data, the details of the con 
version of source waveform into a surface recorded

seismic reflection can be observed and these details 
taken into account in processing and interpreting sur 
face data.

DESCRIPTION OF THE METHOD 

IDEAL AND REALIZABLE CONFIGURATIONS

Figure III-l is an idealized cross-sectional view of 
a VSP layout. A seismic source located near or at the 
surface is energized, and an array of seismometers, R, 
is clamped in a well. All downward and upward-travel 
ing (reflected) events are recorded in sequence at every 
level in the hole. Typical seismometer spacing would 
be 10-15 ft. With an ideal source wavelet (no noise, 
compressional waves only, and a single horizontal re 
flector), the two sets of events the direct and the re 
flected arrivals would be recognized easily on a plot 
of the recorded data and identified on the basis of their 
arrival times (fig. HI-2). The depth to the reflector 
could be determined easily as well as the character or 
shape of the reflected event. This ideal is never 
realized.

In actual practice we are restricted to one seismome 
ter in the borehole. We can record at only one level 
at a time, because currently available technology per 
mits only one seismic detector in the hole. Our system 
usually is constrained further to the measurement of 
the vertical component of motion or velocity. On occa 
sion, three component detectors have been available, 
but we then required three data channels to go up a 
seven-wire cable. In order to use this system and pro 
vide in addition for a locking arm motor and a downhole 
preamplifier, such complexities were introduced in 
instrumentation with currently available equipment 
that we usually preferred to restrict our measurements 
to the vertical component only.

DETECTOR AND RECORDING SYSTEMS

The well seismometer should have an electromechani 
cal clamping arrangement. Typically, the tool has a 
locking arm driven by an electric motor that can be 
activated from the surface. In this arrangement, the 
arm is driven against the side of the hole with consider 
able force. A current surge results when the arm en 
gages the hole wall, which gives a positive indication 
at the surface that the arm is engaged. Five to ten 
feet of slack are then put in the cable, which suppresses 
noise that would otherwise travel down a taut cable 
and interfere with the recording.

Tool options include a spring-driven locking arm, a 
pressure-sensitive hydrophone, and a three-component 
detector. Any of these optional devices can be used, 
but all call for some sort of compromise or trade-off
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The vertical seismic profiling method

Source

Surface

Reflector

FIGURE III-l. Idealized subsurface seismic recording system for 
vertical seismic profiling. R1-R7 indicate detector locations.

with some other desired tool capability. For example, 
a three-component detector may preclude the use of 
a motor-driven locking arm, and a spring-driven locking 
arm may not keep the tool from slipping or creeping 
when recording in a cased hole.

All our recordings have been made on digital tape. 
Digital recordings are essential to us because extensive 
computer processing is necessary prior to interpreta 
tion. The recording system should span the conven 
tional surface seismic-recording frequency band. If the 
ultimate objectives of the investigation are related to 
surface seismic exploration, the recording system 
should be as nearly similar to a surface recording sys 
tem as possible.

SEISMIC SOURCES
Explosives, surface air guns, and downhole air guns 

have been used in the Madison VSP investigation. We 
now believe that the surface air gun, the Bolt LSS-3, 
with a 60-cubic-inch chamber, provided the best data2 .

2Trade names are for descriptive purposes only and do not imply endorsement by the 
U.S. Geological Survey.

Explosives, in general, provide high frequencies and 
a broad band of frequencies. Explosives also yield a 
high output amplitude. There were two interrelated 
problems in the use of explosives: nonreproducibility 
of the source waveform and the relative complexity of 
the field operation. The source wavelet problem is dis 
cussed in the next section.

The complexity of the field operation results from the 
need to record as many as 400 levels, one level at a 
time. Even a recording of only one shot per level will 
require as many as 400 shots. We used relatively small 
charges (on the order of 1-2 pounds per shot) to pre 
serve source waveform as nearly as possible and to get 
as many shots as possible from each shothole. Even 
so, as many as 40 shotholes per well were required. 
This number necessitated a major shothole drilling op 
eration, which is expensive and time-consuming. In ad 
dition, hole caving often prevented us from firing sub 
sequent shots at the same level in a given hole, result 
ing in source waveform changes. The problem was com 
plicated further by difficulty in removing cap wire from 
the hole when small charges were used. Water tamping 
of the holes was difficult to carry out expeditiously dur 
ing a profiling operation. When we shifted the source 
to a different hole, additional source waveform changes

Vertical seismic profile section

R1

R2

R3

R4

R5

R6

R7 -

Time  
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FIGURE III-2. Idealized plot of data obtained from the vertical seis 
mic profile recording system shown in figure III-l. R1-R7 indicate 
detector locations.
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resulted. Even cap-wire disposal during shooting was 
laborious and time consuming. If a source depth of only 
100 ft is used for only 400 shoots, this operation still 
amounts to 40,000 ft of wire to keep picked up.

To expedite the recording operation when using ex 
plosives, we tried shooting two or three holes alter 
nately. This technique also proved unsatisfactory and 
dangerous besides. With several cap leads lying on the 
ground, misunderstandings arose as to which hole was 
to be fired next. Because of these and other problems 
with explosive sources, we eventually resorted to sur 
face air guns almost exclusively.

Surface air guns, of the Bolt LSS-3 type, enabled 
us to avoid most of the problems with explosives men 
tioned above. No source holes were required, and the 
guns could be fired almost indefinitely at one surface 
location. The lower amplitude was compensated for by 
firing repeatedly at each level (as many as 25 times) 
and then compositing these shots. The narrower fre 
quency band, inherent in the surface source, was 
considered an acceptable trade-off for the convenience 
of the source. Much of the high frequencies obtained 
from explosive sources are attenuated quickly in the 
earth. So the absence of high frequencies in the air-gun 
source was not nearly so apparent in the air-gun data 
recorded at depth as we at first supposed it would be.

Two major practical problems with surface air guns 
were reliable operation in extremely cold (subzero) 
weather and multiple gun synchronization. We found 
that skillful, experienced operators were the most es 
sential factor in keeping the air guns going in cold wea 
ther. Synchronization was attained by using a multiple 
trace monitor oscilloscope. Source accelerometer pulses 
were observed continuously with the oscilloscope, and 
the firing delays to the sources were adjusted fre 
quently to ensure that the guns fired simultaneously.

A REVIEW OF SOME PROBLEMS
ENCOUNTERED IN VERTICAL SEISMIC

PROFILING AND SOME POSSIBLE
SOLUTIONS

CHANGES IN SOURCE WAVEFORM

We mentioned earlier in this section that ideally we 
would energize the source once and record simultane 
ously at all levels beneath the source, but equipment 
constraints restrict us to recording at only one level. 
In principle we can produce an equivalent set of data 
by energizing the source many times and recording at 
all desired levels, one at a time. This data set will be 
equivalent only if the source waveform remains con 
stant. In practice this is rarely true, especially when 
using explosives.

Figure 111-3 shows a good example of this phenome 
non. The source waveforms were monitored with a 
geophone buried beneath the source, and several of 
these waveforms are shown on the left side of the 
illustration.

If we use small explosives, keep the source depth 
constant, and keep the water tamp constant, we can 
reduce greatly the variation in source-wave shape. 
Wuenschell (1976) described a more elaborate proce 
dure for maintaining consistency in source waveform.

In spite of all our efforts, we rarely could reproduce 
the explosive source waveform more than ten or twelve 
times. This change in source waveform creates great 
difficulties, both in processing and in subsequent inter 
pretation. In processing, one of our most effective tech 
niques to enhance desired events is velocity filtering. 
In our model of the multichannel process, used in the 
design of the multichannel velocity filter, we assume 
that the "desired events" have identical wave shapes 
(but different, though predictable, arrival times) on 
sets of adjacent traces. If the source waveform changes 
from level to level, this assumption will not be true, 
and the quality of our velocity-filtered data will de 
teriorate. In interpretation, we may see waveform 
changes from level to level. We cannot infer anything 
about the physical properties of the medium from these 
changes unless we know that these changes are not due 
merely to source waveform changes.

To compensate for source waveform changes, we de 
signed a wavelet-shaping filter. One of the source 
waveforms, as measured on a monitor detector, is ar-
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FIGURE III-3. Source monitor waveforms, shaping filters, and con 
volution products. Left: source monitor waveforms from the 
Coronado Collins No. W-l well, showing variation on successive 
shots. Center: shaping filters designed to shape source waveform 
by convolution into an arbitrarily selected standard waveform. 
Right: convolution products of source waveform and shaping filter; 
major waveform changes have been removed. Time is in mil 
liseconds.
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bitrarily chosen as a "standard wavelet." Then a shap 
ing filter is designed for every shot at every level that 
will convert the waveform observed on the monitor de 
tector corresponding to that shot into the standard 
wavelet. This shaping filter is then applied to the well 
recording. In this manner we obtained a new set of 
VSP data approximating what we would have recorded 
in the field if the source waveform had been constant.

The center part of figure IIL-3 shows some sample 
shaping filters, corresponding to the monitor detector 
recordings shown at the left. On the right of the figure, 
we see the convolution product of the shaping filter and 
the source waveform recorded by the monitor.

Even when the surface air gun is used for a seismic 
source, a change in waveform may occur during shoot 
ing. Gradual compaction of the soil beneath the source 
takes place as the gun is fired repeatedly. This gradual 
compaction causes a "drift" in the seismic waveform.

In addition, the surface air-gun location often be 
comes unusable after many firing repetitions and the 
source must be relocated. This source relocation almost 
always causes a change in source waveform. Figure 
III-4 shows an example of a change in source waveform 
taken from the Pfister Fee No. 1 well in Wyoming. 
The eighth trace from the bottom has a first arrival 
that is substantially different from the ones above it. 
Because that level was the first one recorded after a 
change in source location, a reasonable assumption is 
that the change in location caused the change in re 
corded waveform.

TUBE NOISE

In this paper we will define tube noise as any seismic 
disturbance that is confined to the vicinity of the well 
bore. The most prevalent type of tube noise is thought 
to be a compressional wave traveling in the fluid col 
umn. One mode can travel down the steel casing (casing 
breaks), another is a surface mode confined to the 
boundary between the borehole and the surrounding 
rock, and others may exist also. Tube modes carry little 
or no information3 about the rock lithology and can 
obscure badly the desired body wave recording. Be 
cause tube modes are confined to the well bore, there 
is no geometrical spreading as is true with the body 
waves. As a result of no geometrical spreading, their 
amplitude with respect to body waves can be quite 
large at great depth.

Figure III-5A shows an example of VSP data in 
which a tube-wave train, marked with an arrow in the 
figure, has an amplitude five to ten times greater than 
the downgoing source pulse. Although this is perhaps 
an extreme example, such high amplitudes are by no 
means rare.

8For an exception to this, see Huang and Hunter (1981a, b).

Stacked data 
Vertical seismic profile

Original 
source 
location

Final 
source 
location

Depth, 
in feet

- 2,450

2,825

1.0

FIGURE III-4. Stacked, edited vertical seismic profiling data from 
the Pfister Fee No. 1 well, Wyoming. Note the change in first 
arrival waveform at the eighth trace from the bottom.

Depth,
in feet Body wave

1,615 ~

Tube wave

1,965

1,965

0.2 0.6

FIGURE III-5. Composite vertical seismic profile from Coronado 
Collins No. W-l well near Newcastle, Wyo., showing pro 
nounced fluid-borne tube waves (arrow). A, Composited data; 
B, data from A after bandpass filtering to remove tube waves.
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One of the most effective ways to reduce tube-wave 
interference is to keep the seismic source away from 
the wellhead. Our experience indicates that most tube- 
wave disturbances enter the well bore near the surface, 
either as the result of a direct arrival from the source 
or, in some instances, as a shallow refraction. Because 
these events contact the hole in a horizontal or near- 
horizontal direction, the noise often can be reduced 
further by source patterns designed to suppress hori 
zontally traveling energy. As shown in figure Ill-SB, 
once the noise has been recorded it often can be par 
tially suppressed by band-pass filtering. Further reduc 
tion also can be accomplished by velocity filtering de 
scribed in chapter IV.

In some instances, the tube-noise amplitude can be 
so great that it persists in spite of all attempts to re 
move it. The ultimate resolution of the VSP can be 
limited by tube-wave noise.

TOOL CREEP

Always desirable is to put slack on the wire line, 
after locking the tool in the hole, to reduce cable noise. 
Sometimes the weight of the tool, combined with part 
of the weight of the wire line bearing on top of the 
tool, causes minute slippage. The tool may creep gradu 
ally down the hole. This phenomenon can be especially 
troublesome in casing, although tool creep is by no 
means confined to cased sections of holes.

Figure HI-6 shows an example of the effect of tool 
creep on the downhole recordings. The lower traces 
show pronounced creep, whereas the upper traces were 
recorded while the tool was clamped properly and was 
stationary.

As with the tube-noise problem, the best solution is 
to remove the noise in the field instead of recording 
it. To do this, the clamping system may have to be 
replaced or overhauled, and this involves a costly round 
trip for the tool. If the tool is creeping in casing, possi 
bly the tool can be bound to rest at the casing joints. 
Then the casing joints dictate the spatial sampling in 
terval. This interval may be unacceptably coarse and 
often is not constant; the length of individual casing 
sections can vary considerably. Ultimately, recording 
may have to be done in the presence of creep noise 
and then suppressed in processing by compositing 
(stacking) and frequency filtering.

WEAK SIGNAL

As mentioned earlier, one of the disadvantages of 
using the surface air gun is its low-amplitude signal 
output compared with explosives. This problem is espe 
cially troublesome at great depth, where geometrical 
spreading, attenuation, and other transmission effects

FIGURE III-6. Example of tool-creep noise observed in the USGS 
Madison No. 1 well, Crook County, Wyo. Upper traces, tool properly 
engaged; lower traces show creep.

have substantially reduced the signal amplitude. Figure 
III-7 illustrates this problem encountered at the 
7,000+ ft level at the USGS Madison No. 2 near Pow- 
derville, Mont. A single air gun was used for the 
source.

To increase this low signal-to-noise ratio, we compos 
ited, or stacked, 20-25 "pops" on each level. The resul 
tant composite is shown in figure III-8. The improve 
ment is dramatic. Note that coherent noise is enhanced 
just like signal. The low-velocity event at the right of 
the illustration, marked T in figure III-8, is coherent 
tube noise. Other means must be used to suppress or 
to eliminate this phenomenon.

An alternative method to accomplish the same result 
is to increase the source strength by using multiple 
sources. Provided the sources can be properly syn 
chronized, the signal-to-noise ratio improvement should 
be directly proportional to the number of sources. In 
a composite, or stack, the improvement is proportional 
only to the square root of the number of "pops." For 
example, the same signal-to-noise ratio improvement 
theoretically could be achieved by using three sources, 
or one source and a nine-fold composite.

In order to produce the high signal-to-noise ratio that 
we require in the VSP work, we frequently used both 
improvement methods. Ten shots per level with three 
synchronized sources was a typical field setup.

NEAR-SURFACE REVERBERATION 
AND GHOSTING

An implicit assumption usually made in seismic re 
flection interpretation is that the source generates a 
single, short-duration pulse. This assumption is rarely
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FIGURE III-7. Specimen recordings at 7,050-7,100 ft in the USGS Madison No. 2 well near Powderville, Custer County, Mont. Note
low signal-to-noise ratio, even for the first arrival.
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FIGURE III-8. Sample recordings described in figure HI-7, after 20- to 25-fold composite to improve the signal-to-noise ratio.
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true and is demonstrated eloquently in figure HI-9, 
taken from the vertical seismic profile at the Coronado 
Collins No. W-l well. The recordings have been time- 
shifted to aline downward-traveling events.

Depth, 
in feet

2,000

3,100

FIGURE III-9. Vertical seismic profile recordings from Coronado 
Collins No. W-l well showing near-surface reverberation effects. 
Note the long reverberation "tails."

Low-velocity-layer ghost

ghost

FIGURE 111-10. Autocorrelations of the recordings shown in 
figure III-9, Coronado Collins No. W-l well.

The highest amplitude event at all levels is the first 
arrival from the source, as might have been expected. 
However, this first arrival has a long "tail" and cer 
tainly cannot be considered a short-duration pulse. 
There also is a second burst of seismic energy about 
40 ms after the first arrival and an additional third arri 
val. The presence of these later arrivals is confirmed 
by the data plot in figure HI-10, which shows the trace 
autocorrelation of selected traces from figure HI-9. 
The consistent correlation trough marked "low-velocity- 
layer ghost" and "surface ghost" correspond to the later 
arrivals shown in figure HI-9. They result from seismic 
energy that initially traveled upward from the source. 
Then upward-traveled seismic energy was reflected 
downward from a low-velocity layer located above the 
source and from the surface. Additional smaller down 
ward-traveling arrivals seen in figure HI-9 are proba 
bly the result of near-surface reverberations: energy 
trapped in the low-velocity-layer region.
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Depth, 
in feet

2,300

^ -7,600

FIGURE III-ll. Velocity filtered vertical seismic profile data from the USGS Madison No. 2 well, showing upward-traveling events. Trace 
shifted subsequent to filtering to aline the events vertically. (Compare with figure III-8.)

REFLECTIONS OBSCURED BY
HIGH-AMPLITUDE DOWNWARD-TRAVELING

EVENTS AND NOISE

The details of velocity filtering are discussed else 
where in this report, but a brief discussion seems ap 
propriate here because for us the filtering is an essen 
tial part of the vertical seismic profiling method. In the 
preceding figures (III-l through III-9), few if any up 
ward-traveling (reflected) events are observed. They 
are present, but much smaller in amplitude than the 
downward-traveling wave. Because of their small 
amplitude, upward-traveling events are difficult or im 
possible to see in the presence of high-amplitude down 
ward-traveling events and random noise.

Velocity filtering is similar in principle to frequency 
filtering; only events that have a specified apparent vel 
ocity are "passed" by the process; all other events are 
"rejected."

In figure III-ll, a set of data from the USGS Madi 
son No. 2 VSP has been velocity-filtered to pass only 
events that have negative (upward-traveling) velocities. 
The traces were subsequently time-shifted to vertically 
aline these seismic events.

The coherent reflections (upward-traveling events) 
are now readily apparent. In addition, the regions of 
origin of the reflections are readily determined from 
the depth scale at the right of the figure.
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INTRODUCTION

Each set of VSP (vertical seismic profile) data is 
unique. Shooting and recording conditions vary consid 
erably from well to well. At various times, a surface 
air gun, surface air-gun arrays, explosive charges of 
different sizes, and downhole air guns were used as 
the seismic energy source. Different processing tech 
niques have been required for the different surveys. 
In this section, a general procedure for processing VSP 
data is presented. The details of the processing steps 
necessarily differ according to the specific data set. Ad 
ditional steps sometimes are required, and in individual 
cases some of the steps mentioned in this section are 
omitted. A general processing sequence is sketched in 
figure IV-1.

EDIT
Every recording is plotted individually for an initial 

quality check. The time-break channel is plotted adja 
cent to the downhole recording. Timing errors, if any, 
are corrected trace by trace to an accuracy of one 
sampling period. Noisy and other obviously unsuitable 
recordings are eliminated from the data set at this 
stage. This editing process is subjective and may be 
repeated several times.

STACKING
Surface sources are notoriously weak. Often the 

source must be energized several times at each detector 
level, and then all recordings at a given level must be 
combined or stacked. A stack fold of 5-30 was used 
at various locations and depths, depending upon the 
signal-to-noise ratio. If the noise background is uncor- 
related (that is, white), then the signal-to-noise ratio 
improvement is approximately VAf where N is the 
stack fold. In spite of the need for multiple shooting, 
surface sources generally proved more satisfactory in 
our investigations, primarily because of the nearly iden 
tical waveforms generated by the surface source. The 
surface source makes stacking, as well as other data 
manipulations, particularly effective.

Figure IV-2A shows a set of original VSP data after 
edit, acquired at USGS Madison No. 2 well, near Pow- 
derville, Mont., at a well-detector depth of about 7,100 
ft. Figure IV-26 shows stacked data. The improve 
ment in signal-to-random-noise ratio is substantial. 
Tube noise is coherent and is, therefore, enhanced just 
like the signal. An enhanced tube-noise wave train can 
be seen at 1.6 s (second) on figure IV-2B.

When explosives are used, the recordings rarely are 
stacked. The explosive source strength generally is ad-

Field record

Demultiplexing

Edit

Stacking

Shot Static 
correction

Frequency analysis and 
band pass filtering
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Amplitude anelysis

\ f

Shot offset correction

Multichannel 
velocity filtering

Downgoing wave 
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__J

Vertical stacking

Transfer function 
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Impedance log 
estimation

FIGURE IV-1. A typical vertical seismic 
profile data processing flow sheet.
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FIGURE IV-2. Comparison between stacked and unstacked well-phone data from USGS Madison No. 2 well, Custer County, Mont. A,
Unstacked; B, stacked.

equate, making repeated shots unnecessary. The source 
waveform obtained using explosives may vary consider 
ably from shot to shot, and explosive sources may re 
duce the effectiveness of stacking if it is attempted.

SHOT STATIC CORRECTION
When buried seismic sources (such as explosives, 

downhole air guns) are used, the source depth may 
change significantly during the course of the survey. 
Hole caving and hole fatigue may require use of a dif 
ferent source depth or of a different hole, which usually 
causes a change in recorded arrival times due to 
changed source-receiver geometry.

Figure IV-3 shows a schematic diagram for VSP 
shooting, where:

J=shot offset distance from the center of the well, 
di=shot depth of the shot location i, 
Indirect arrival time at the well phone from shot

location i, and 
H= depth of the well phone.

Let shot 1 be the reference shot. We shall correct 
all other shots to this reference. The direct arrival time 
from shot i to the well phone is:

Ti=
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where V is the average velocity in the region between 
the source and the receiver. Then, the correction time 
for shot 2 will be, with dz=di + Ad:

FIGURE IV-3. Schematic diagram of a typical vertical seismic 
profiling field layout. I, Shot offset distance from center of well; 
H , depth of well phone; d, shot depth.
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1+
 -} 

(IV-1)

Equation (IV-1) can be used for the shot static correc 
tion.

If H»l and H>dit then using a Taylor series expan 
sion we can show that:

-Ad 
V

(IV-2)

Also, when 1=0,

-Ad

Equation IV-2 ignores all the horizontal components 
of the ray paths. Normally, equation IV-1 is used for 
shallow well-phone locations and equation IV-2 is used 
for deep well-phone locations.

Figure IV-3 shows that the formulae apply, when 
l=Q, both to direct arrivals and primary reflections that 
originate below both sources. "Ghost" arrivals (wherein 
the energy was first reflected from the surface) and 
ghost reflections require the opposite correction; both 
corrections cannot be made on one recording. Because 
ghost events are undesirable, the deterioration of ghost 
events by stacking with the opposite correction is not 
a fatal flaw in the processing procedure. However, the 
ghosting effect sometimes can be dealt with better if 
a deghosting filter, or operator, is applied prior to 
stacking the static corrected data4. The best results are 
obtained when the variation in source depth is kept to 
a minimum.

Surface sources have the advantage that the shot sta 
tic correction is small or even negligible.

FREQUENCY ANALYSIS AND 
BAND-PASS FILTERING

Additional signal-to-noise ratio improvement often 
can be obtained by band-pass filtering. Two significant 
sources of noise that can be suppressed in this manner 
are tube noise (which is coherent) and random 
background noise.

Spectral analysis is required to determine signal, 
coherent noise, and random-noise frequency bands. If

'Strictly speaking, an upgoing (reflected event) wave does not have the same shot 
static correction as does the direct arrival, but in the deep part of the hole, the error 
is small.

the tube-noise (coherent) frequency band is outside or 
partially outside the signal frequency band, band-pass 
filtering is highly effective in suppressing tube noise. 
To partially suppress random noise and tube noise that 
is partially in the signal frequency band, the best solu 
tion is to design the filter to pass only the signal fre 
quency band. This procedure is not as effective as those 
in which the signal and noise are well separated in fre 
quency. Neverthelesss, this procedure still can produce 
a substantial signal-to-noise improvement.

SHOT WAVELET SHAPING
Ideally, the source would be energized only once and 

recorded at all depth levels simultaneously. Instrument 
constraints usually allow only a single detector in the 
borehole and we can, therefore, record only one depth 
level at a time. If the source always emitted an identi 
cal waveform, even with this equipment limitation, a 
set of data would be obtained identical to that which 
would have been obtained in the ideal case. Much proc 
essing and interpretation is based on the assumption 
that the source wavelet is identical for all recordings 
at all depth levels, but the assumption rarely is valid. 
In fact, the source waveform almost always is different 
for every recording episode. When explosives are used, 
the change is especially great.

One initial processing step is to filter the data in such 
a way as to create the data set that would have been 
obtained if the source waveform had been identical on 
every shot. We can do this by using the information 
recorded from a source monitor geophone located near 
the source. The source monitor may not yield a true 
record of the source waveform because the medium in 
the neighborhood of the source and source monitor usu 
ally is heterogeneous. However, we can get a good 
measurement of the change in source waveform by 
using the source monitor. So, we arbitrarily choose one 
source monitor waveform recording and call it the stan 
dard wavelet or standard shot waveform. The monitor 
waveform corresponding to each recording is then 
examined, and an individual filter is designed that will 
convert each individual monitor waveform into the 
standard wavelet. This filter is applied to the appropri 
ate downhole recording, and the result is regarded as 
the recording that would have been obtained had the 
seismic source been identical for every shot.

Let Ps(t) be the standard wavelet and Pi(t) be the 
individual shot waveform recorded by the monitor for 
a particular shot. Then we can compute a filter j\f) to 
convert P$) into Ps(t) using a least-squares shaping 
filter. Two filter parameters also must be selected: fil-
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ter length and filter delay. These parameters usually 
are chosen by trial and error, using samples of the com 
plete data set. Once chosen, the same length and delay 
usually are used for all the data.

Figure 111^3 shows some results of this operation. 
These data come from the vertical seismic profile of 
the Coronado Collins No. W-l well, Wyoming. The 
source was dynamite. In this figure, the left section 
shows the original input shot wavelet, the center sec 
tion shows the computed shaping filters, and the right 
section shows the convolution of original wavelet with 
shaping filter. This figure demonstrates how effective 
the process is.

The standard waveform in this particular example is 
an uphole waveform, not the true downgoing 
waveform. In this particular example, the uphole 
geophone was used as the monitor geophone. The re 
sults obtained were adequate, but our experience indi 
cates that a detector buried in the earth, well beneath 
the source, generally gives better results.

AMPLITUDE ANALYSIS

The amplitude of the seismic events varies greatly 
with time and well-detector location, often by as much 
as 1,000,000 to 1. Geometrical spreading, loss in down 
ward-traveling energy due to upward reflection, intra- 
bed multiple effects, and inelastic attenuation all con 
tribute to this observed amplitude decay. Only geomet 
rical spreading is frequency-independent. Further, 
geometrical spreading is related only remotely to the 
subsurface rock properties we wish to measure. There 
fore, removing the geometrical spreading effect is de 
sirable, at least approximately, before making a 
geologic interpretation.

Also desirable is to make some additional compensa 
tion for nongeometric effects. To determine the appro 
priate amplitude compensation, the amplitude of the 
first arrival is measured at every level, and these 
amplitudes are fitted by least squares to the following 
functions:

or CRn,
R

where
R= distance from the source, or arrival time, and 

c, n, a are constants.

The quantity R helps to account for geometrical spread 
ing; n and a help to compensate for transmission losses 
and attenuation; and c is an arbitrary constant, or scale 
factor. Because all effects except geometrical spreading 
are frequency-dependent, to some extent, n and a may 
vary with the frequency range of the data.

Figure IV-4A shows amplitude versus distance in 
the frequency range 10/20-100/125 Hz (hertz), and fig 
ure IV-4B shows the same in the frequency range 
10/20-50/75 Hz. In these figures, the heavy straight line 
represents the least-squares curve, and the light line 
represents the computed peak amplitude of the syn 
thetic VSP data. Obviously, this amplitude decay is fre 
quency-dependent.

One difficulty in determining a gain compensation 
function for VSP data comes from the presence of 
coherent tube noise. Because the amplitude decay 
characteristics of body waves (signal) are quite differ 
ent from those of the tube noise, we may produce 
enormous tube-noise amplitude in the gain-compensated 
data. Near-surface reverberations also interfere with 
amplitude analysis because their amplitude does not fall 
off with time at the same rate as other events. Thus, 
there is a subjective element in amplitude decay analy 
sis and compensation. The final amplitude compensation 
depends on the frequency, tube noise, and the kind of 
information we hope to derive from the data.

DYNAMIC TIME CORRECTION
We assume that the ray paths are vertical in much 

of our processing and interpretation. This assumption 
is almost always true especially at great depth in the 
ground. It is strictly correct only when the source is 
coincident with the wellhead and the well bore is nor 
mal to the sedimentary layers (zero dip). We cannot 
place the source at the wellhead because (1) the ground 
conditions near the well site usually are unsuitable, (2) 
the amplitude of the tube noise would be too great, 
(3) the source should be located in a good shooting 
medium, and (4) damage to the well might result. In 
normal VSP operations, our offset distance has been 
200-500 ft.

The non-zero shot offset distance affects arrival 
times, amplitude, and waveform of the early seismic 
events rather dramatically. We did not attempt to cor 
rect the waveforms and amplitudes due to the non-nor- 
rial incidence ray paths.
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FIGURE IV-4. Amplitude decay as a function of distance taken from the synthetic vertical seismic profile, Coronado Collins No. W-1 
well, Wyoming. A, Frequency range of 10/20-100/125 Hz; B, frequency range of 10/20-50/75 Hz.
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Upgoing and downgoing seismic events that occur at 
the same time on a VSP trace have a different shot- 
offset correction because of the variation of the velocity 
of the medium. However, in the following derivation 
of shot-offset correction time, we shall assume that the 
correction is identical.

The ray-path geometry used in the dynamic time cor 
rection is illustrated in figure IV-5 where:

£=shot offset distance, 
HI, H3=well-phone depths, and

#2=a reflector depth.
Using this geometry, a dynamic time correction can 

be made that produces a new data set. The new data 
set is approximately that which would have been re 
corded had the source been coincident with the well 
head. The correction is derived as follows:

Let

T =-L 11

_V(2H2-Hl)2 +l2 

V2

D =

V,

where Vi is the average velocity determined from the 
first arrivaltimes up to t-th well-phone location, Tu is 
the arrival time of a reflected event at the detector 
located at H± (upward-traveling event), Tu is the corre 
sponding arrival time with zero source offset, TD is the 
travel time from the source to a detector located at 
H3 , and TD is the corresponding arrival time for a zero- 
source offset. 

Then,

Therefore,

(T +T W 2\J- U '  * Ut v 2
(IV-3)

Equation IV-3 is the shot-offset correction time at well- 
phone location Hx for the upgoing wave from the reflec 
tor H2.

Earth surface

Well phone

Source

Reflector

FIGURE IV-5. Vertical seismic profile ray-path geometry. I, Shot 
offset distance; Hi Ha, well-phone depths; Hz, reflector depth.

Similarly,

(IV-4)

Equation IV-4 is the shot-offset correction time for the 
well phone located at a depth H3 for the direct arrival 
from the source.

Assume that TU=TD. Then, as mentioned before:
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Therefore, the general equation for shot-offset correc 
tion is:

I2

(IV-5)

where:
&TN(£)= shot-offset correction at time t, and 

V(t)= average velocity up to time t.

We can compute V(t) using the first arrivals of the VSP 
data with known H and I.

The following shot-offset correction formula is a suffi 
ciently good approximation for events arriving after the 
first arrivals deep in the well:

I2

where V^ax is the average velocity computed using the 
first arrival time of the deepest well phone.

Notice that when H»l, TVCO-" 0, and

0.

This effect is similar to the normal moveout correction 
for the conventional surface seismic shooting due to 
non-zero offset geophone location.

Using a simple one-layered half-space model (fig. 
IV-5), we applied this formula to the non-zero shot 
offset VSP. To illustrate the principle, we have calcu 
lated a set of synthetic VSP's based on the geometry 
of figure IV-5. In the synthetic £=200 ft, well-geophone 
locations go from 300 ft to 1,200 ft at 100-ft intervals, 
and the medium velocity is 5 ft/ms (feet per mil 
lisecond).

Figure IV-6A shows the zero offset VSP using a 
5/10-100/125 Hz zero-phase band-pass filter and figure 
IV-6B shows the 200-ft offset version using the same 
wavelet. Figure IV-6C shows the result of the applica 
tion of equation IV-5 to figure IV-6B. In all three fig 
ures, the events up to time 240 ms are the first arrivals 
from the source, and events later than 260 ms repre 
sent the reflected events. By comparing figure IV-6A 
to figure IV-6C, we can also see that the arrival times 
have been corrected quite accurately, but we can also 
see the broadening of the wavelets for the earlier

events. This effect is exactly the same as normal move- 
out correction for the conventional surface seismic 
shooting due to non-zero offset geophone location.

This correction is important in separating upgoing 
and downgoing waves using multichannel velocity fil 
tering, especially for the shallow well-phone locations.

MULTICHANNEL VELOCITY 
FILTERING

In conventional seismic exploration, all the events of 
interest recorded on the surface seismograms are upgo 
ing waves (reflected events). But in vertical seismic 
profiling, recorded events consist of a superposition of 
the downgoing and upgoing wave trains. To identify 
reflected events, we often need to separate the upgoing 
and downgoing waves. The optimum multichannel vel 
ocity filter is an effective way of accomplishing this sep 
aration. It uses the apparent velocity of coherent 
events on a set of adjacent recordings, or traces, to 
distinguish between the desired events (coherent 
events with the prescribed apparent velocity) and un 
wanted events (incoherent events and coherent events 
with the "wrong" apparent velocity).

Many papers describe velocity filtering (Embree and 
others, 1963; Foster and others, 1964; Sengbush and 
Foster, 1968). Sengbush and Foster's optimum multi 
channel velocity-filtering scheme was used in the exam 
ples shown here.

To test the velocity-filtering scheme, we generated 
synthetic vertical seismic profiles for the Coronado Col- 
lins well No. W-l, Wyoming, from the sonic log. In 
generating a synthetic VSP, we can compute the upgo 
ing and downgoing waves separately. The sum of these 
two is the total wave field (similar to the field-recorded 
VSP).

Figures IV-7, IV-8, and IV-9 show the total, down- 
going, and the upgoing waves, respectively. In all syn 
thetic computation, we used a depth increment of 25 
ft starting from 465 ft. The source was assumed to be 
at a depth of 175 ft, and the initial shot waveform was 
a zero-phase, band-pass (10/20-100/125 Hz) wavelet.

Designing multichannel velocity filters for this syn 
thetic VSP is not a simple matter. The wave shape 
is changing with time and the signal-to-noise ratio is 
different for upgoing and downgoing waves. To com 
pensate for these problems, we should develop multi 
channel time-varying and space-varying velocity-filter 
ing techniques. This development would be possible, 
but its application would be complicated and would take 
a great deal of time in processing. So, time- and space- 
invariant, constant signal-to-noise ratio filters usually 
are applied.
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FIGURE IV-6. Synthetic vertical seismic profile based on the geometry of figure IV-5. A, 
Zero source offset data; B, source offset of 200 ft; C, dynamic time correction of figure 
IV-6B to compensate non-zero offset.
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FIGURE IV-7. Synthetic vertical seismic profile for the Coronado Collins well No. W-1, Wyoming (total wave field).
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FIGURE IV-8. Synthetic vertical seismic profile for the Coronado Collins well No. W-1, Wyoming (downgoing wave field). Arrow 
1, initial downgoing pulse; arrow 2, event reflected by base of weathered layer; arrow 3, event reflected at surface of the ground.
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FIGURE I V-9. Synthetic vertical seismic profile for the Coronado Collins well No. W-1, Wyoming (upward-traveling wave field).



44 SEISMIC-STRATIGRAPHIC INVESTIGATION, MADISON AND ASSOCIATED AQUIFERS, MONT.-WYO.

The parameters we used in this processing are:

Number of traces: 
Signal estimation location: 
Upper limit of signal moveout: 
Lower limit of signal moveout: 
Upper limit of noise moveout: 
Lower limit of noise moveout:

12
center of group
1 ms
1 ms
00

1 ms

Ratio of signal to random noise: 1.0
Ratio of signal to coherent noise, Rn: 

Rn=LQ OHz</<100H? 
Rn=4f- 399 100 Hz</< 130 Hz 
Rn=0.5/+ 55 130 Hz</<500 Hz

The computed filter using these parameters is shown 
in figure IV-10.

100

-40 -30 -20 -10 0 10 
TIME, IN MILLISECONDS

20 30 40 50

FIGURE IV-10. Multichannel velocity filters.
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FIGURE IV-11. Comparison between synthetic trace and 12-channel multichannel velocity-filtered trace at 990 ft for Coronado 
Collins well No. W-l, Wyoming. A, Calculated downgoing wave field; B, downgoing wave field extracted from calculated 
total wave field by velocity filtering; C, upgoing wave field; D, upgoing wave field extracted from calculated total wave 
field by velocity filtering.

Figure IV-11 shows the velocity-filtered output at 
990 ft and compares them with the original synthetic 
traces. Notice that the wave shape for the velocity-fil 
tered upgoing and downgoing waves are remarkably 
similar to the corresponding synthetic traces.

Figures IV-12 and figure IV-13 show the velocity-fil 
tered downgoing and upgoing waves for the upper 21 
traces of figure IV-7. In these figures, we shifted the 
tracer to aline the same events vertically. With these 
time shifts in mind, compare with figure IV-8 and fig 
ure IV-9. The matching between these two is excellent.

Velocity filtering is the most important step in pro 
cessing the data. By separating upgoing and downgoing 
waves from the total wave field, we can identify a re 
flected event, locate its point of origin, and see how 
the reflected event changes as it comes to the surface. 
We also can see how the downgoing waves evolve with 
time and depth.

VERTICAL STACKING

After multichannel velocity filtering, we often use 
vertical stacking to further improve the signal-to-noise 
ratio. To stack the data vertically, we time-shift the 
data from two or more adjacent levels to aline coherent 
events with the same velocity. These recordings are 
then added to enhance coherent events with the same 
velocity. Vertical stacking amounts to additional veloc 
ity filtering. We have used two types of stacking in 
processing the data obtained in this investigation 

"local" vertical stacking and "time-weighted" vertical 
stacking, or "cumulative summation."

By local stacking, we mean that the data from two 
to ten adjacent levels are combined, or stacked, to pro 
duce a single output. This output is assumed to repre 
sent the coherent seismic wave field, traveling at a spe 
cific velocity determined by the time shift before stack 
ing. The number of recordings to be summed depends 
on the signal-to-noise ratio, degree of coherence, and 
spatial resolution desired.

Time-weighted stacking or cumulative summation is 
described most easily in terms of an example. Suppose 
we have recordings on 100 levels, level one at the top 
and level 100 at the bottom. Imagine that all the re 
cordings have been time-shifted to bring the upward- 
traveling events on all traces into vertical alinement.

Recording number 100 remains the same and is 
plotted as trace 100. Numbers 99 and 100 are summed 
and plotted as 99. Numbers 98, 99, and 100 are summed 
and plotted as trace 98. In general, numbers N, (Af+1), 
(Af+2)...99, 100 are summed and plotted as trace 
number N. Finally, the last trace, number one, is the 
sum of all traces 1 through 100. The resultant traces 
may be reshifted after stacking, if desired, to restore 
the correct (fiducial) times.

The effect of this procedure is that extremely small 
amplitude reflections, deep in the ground, are enor 
mously enhanced by repeated summation. Small deep 
reflections get a huge boost in amplitude when this 
technique is used. Cumulative summation fails to show
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FIGURE IV-12. Multichannel velocity filtered output of synthetic vertical seismic profile for Coronado Collins well No. W-1. Downgoing
waves, time-shifted to aline downgoing waves.

changes in reflection waveforms as they move upward, 
and depth resolution suffers because of the large dis 
tance over which the summation is performed. These 
results often are effective in "tying" surface reflection 
data to the VSP. For this purpose, the loss in resolu 
tion is a good trade-off for improved signal-to-noise 
ratio.

DOWNGOING WAVE-TRAIN 
DECONVOLUTION

The downgoing wave from the source is neither an 
impulse nor a simple wavelet, but a complicated wave 
train. Reverberation of seismic energy trapped in the 
near-surface layers is largely responsible for this. This 
effect is shown in figure IV-8. In figure IV-8, arrow 
1 represents the initial downgoing pulse; arrow 2 repre 
sents an event reflected by the base of the weathered 
layer; and arrow 3 represents an event reflected at the 
surface of the ground. Every subsurface layer will re 
flect this entire wave train. The recorded reflections 
thus contain a scrambled mixture of wave trains, not

a series of discrete pulses from each layer. Geologic 
interpretation can be difficult under these cir 
cumstances. We need to compute the data set that 
would have been recorded if the original downward- 
traveling wave train had been a single short pulse. This 
procedure is the essence of deconvolution. If the short 
pulse is to be a single positive excursion, or "spike," 
the process is called spiking deconvolution. The key 
step in spiking deconvolution is a good estimate of the 
autocorrelation of the recordings at each level. We can 
optimize the spiking operator to a certain extent by 
proper choice of operator length and delay.

The downward-traveling wave train becomes still 
longer and more complicated as it progresses into the 
earth, because each successive layer contributes its 
own reverberation to the wave train as it goes by. By 
using the deconvolution just described, we can compute 
a set of data that is an estimate of the recordings we 
would have had if the downward-traveling wave train 
had been a spike, or short impulse, at every depth. 
This procedure is called downgoing wave-train decon 
volution.
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FIGURE IV-13. Multichannel velocity filtered output of synthetic vertical seismic profile for Coronado Collins No. W-1 well. Upgoing
waves, time-shifted to aline upgoing waves.

To study the evolution of a short downgoing wavelet, 
we can calculate a downgoing wave-spiking filter, a de- 
convolution operator for a shallow recording, and apply 
this operator to all deeper recordings.

Figure IV-14 shows the result of applying a downgo 
ing wave-spiking filter. It is derived from the top trace 
of figure IV-12. It was applied to the data in figure 
IV-12 to create the data shown in figure IV-14. Figure 
IV-15 shows the result of applying the same filter to 
the data shown in figure IV-13. By comparing figure 
IV-12 with figure IV-14, and figure IV-13 with figure 
IV-15, we see a considerable improvement in interpret- 
ability.

TRANSFER FUNCTION
A seismogram can be calculated by the convolution 

of the input wavelet with some function that is related 
to the reflectivity of the medium, superimposed with 
measurement noise. In mathematical terms, this calcu 
lation can be described as follows:

where

S(t)= seismogram, 
W(0=input wavelet, 
N(f)=measurement noises for which we assume

an uncorrelated random distribution, 
R(t)= reflectivity, and 

*=convolution.

We define the transfer function of a rock sequence 
7X0 as follows:

0(0=7X0*7(0 +MO,

where

0(0=output, 
7(0=input, and 
7X0=transfer function.

A transfer function is the same as the impulse response 
of a linear system when there is no noise.

The transfer function concept has a great deal of ap 
peal in seismic data interpretation because we can use
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FIGURE IV-14. Result of applying a downgoing wave-train deconvolution operator to the data shown in figure IV-12.
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FIGURE IV-15. Result of applying a downgoing wave-train deconvolution operator to the data shown in figure IV-13.
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it to avoid making an intricate detailed analysis of the 
interaction between the wave field and the rocks within 
some given section of earth. We can concentrate our 
attention instead on the way that section of earth, 
taken as a gross unit, changes the seismic "input" into 
the seismic "output." In this sense, the transfer func 
tion completely describes all the acoustic properties of 
the rock unit. This principle is discussed by Tullos and 
Reed (1969).

In plane-layered media and normally incident, plane 
compressional waves, there are two outputs and two 
transfer functions. If the input is regarded as a wave 
train entering the top of the layer, one output is the 
resultant upward-reflected wave train. The other is the 
resultant wave train emerging from the bottom of the 
layer.

We shall discuss these two transfer functions sepa 
rately; first, the one related to the transmitted wave 
train, and then the one related to the reflected wave 
train.

Because there is a duality between convolution car 
ried out on a time series and multiplication carried out 
on the Fourier transform of the time series, the 
Fourier transform of the transfer function contains the 
same information about a rock unit as the correspond 
ing transfer function itself. In some instances, the 
Fourier amplitude spectrum of the transfer function of 
the rock may show its diagnostic properties better than 
the time-domain representation. In the transform func 
tion analysis to follow, we have made considerable use 
of the Fourier transform or frequency-domain method.

DOWNGOING WAVES

Let the input D^t) be a downgoing wave at level 
1 and the output D2(t) be a downgoing wave at level 
2, which is deeper than level 1. Taking the Fourier 
transformer of D-tf) and D2(t), we can estimate a trans 
fer function in the frequency domain, that is:

DM

C/w)

where T(w), DI(W), and D2(w) are the Fourier trans 
forms of 7X0, #i(0, and D2(t), respectively.

This spectral ratio will reveal the apparent attenua 
tion, which is the result both of inelastic attenuation 
within the medium, internal reflections, and other 
mechanisms.

Figure IV-16A shows the normalized amplitude 
spectra of the downgoing waves for the Pfister Fee No.

1 well VSP data after downgoing wave-train deconvolu- 
tion. The heavy line represents the spectrum at 825 
ft, and the light line shows the spectrum at 2,625 ft. 
We calculated the Fourier transform of the initial 200 
ms of the downgoing wave.

Figure IV-16.B shows the spectral ratio of the wave 
trains at these same depths. In this figure, the heavy 
line represents the ratio using the initial 200 ms from 
the onset time of the downgoing wave train, and the 
light line indicates the spectral ratio when only the first 
60 ms (from the onset time) of the data is used.

Notice the similarity of the two ratios. This suggests 
that if the time gate of the downgoing wave used in 
calculating the Fourier transform is not long, compared 
with the initial downgoing pulse duration, we can still 
measure a reasonably accurate apparent attenuation.

UPGOING AND DOWNGOING WAVES

We treat the downgoing wave as an input and the 
resultant upgoing, or reflected, wave as an output of 
the linear system. We shall describe two methods: a 
shaping filter approach and the Kalman filter approach.

1. Shaping filter approach. Let D(t) be the down- 
going wave at the i-th well-phone location and U(t) be 
the upgoing wave at the same location. We derive a 
Wiener-shaping filter, 7X0, such that:

D(t)*T(t)=U(t) 

or in the frequency domain,

T(w)=
U(w) 

D(w)

If

then

£(0=8(0,

T(w)=U(w).

This transfer function, 7X0, is the reflection seismo- 
gram that would be generated by a source at the i-th 
location under the assumption that the medium above 
the i-th location is a homogeneous half-space. In other 
words, 2X0 is the transfer function of the lower medium 
below the i-th level.

2. Kalman filter approach. The general principles 
of the Kalman filtering are described in Medith (1969). 
The Kalman filter applications to geophysical process-
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FIGURE IV-16. Pfister Fee No. 1 well, Wyoming. A, Normalized amplitude spectra of downgoing waves using the 
initial 200 ms (millisecond) of the vertical seismic profile at 825 ft and 2,625 ft; B, transfer functions in the frequency 
domain using 60 ms and 200 ms of the initial downgoing waves at 825 and 2,625 ft.

ing are numerous. In the following application of Kal- 
man filtering to estimate a transfer function, we fol 
lowed Mendel and Kormylo (1978).

The main idea in using Kalman filtering to estimate 
the transfer function is to estimate an uncorrelated 
white-noise sequence from the seismogram. This uncor 
related white-noise sequence requirement is satisfied 
reasonably well by the reflection seismogram. In this 
report, we treat the transfer function as an uncorre 
lated white-noise sequence.

To implement the Kalman estimation, we used the 
following steps: (1) Derive a shaping filter with a de 
sired output e~ at8m(WtfO using a downgoing wave, (2) 
apply this shaping filter to the corresponding upgoing 
waves, and (3) apply the Kalman estimation process de 
scribed by Mendel and Kormylo (1978).

Figure IV-17 shows the input used for Kalman filter 
ing. In this figure, trace A shows the reflection coeffi 
cient series computed from the sonic log of the 
Coronado Collins No. W-l well, starting at 990 ft, with 
sampling at intervals of 1 ms. Trace B shows the input

waveform that is taken as exp(-Q.l)t sinlOt. Trace C 
shows the result of convolution of the input wavelet 
with the reflection coefficients. Trace D shows the re 
sult of zero-phase band-pass filtering (10/20-100/125 Hz) 
of trace A. Using this noise-free seismogram (trace C), 
we applied Kalman filtering to estimate the reflection 
coefficients.

Figure IV-18 shows the result of this approach. In 
figure IV-18, trace A represents the estimation of re 
flection coefficients, and trace B shows the result of 
zero-phase band-pass filtering (10/20-100/125 Hz) of the 
trace A. This figure shows that we can estimate the 
reflection coefficients in this noise-free sequence 
exactly.

Figure IV-19 shows the result of the application of 
Kalman filtering to the top trace on figure IV-15. Trace 
A is the estimated transfer function assuming the 
signal-to-random noise ratio is 100, and trace B is the 
estimated transfer function assuming the signal-to-ran 
dom noise ratio is 20. Trace C and trace D are the 
zero-phase band-pass filtering results (10/20-100/125 
Hz) of trace A and trace B, respectively.
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FIGURE IV-17. Noise-free synthetic seismogram used to test the Kalman filter approach to estimating a transfer function from a vertical 
seismic profile. A, Reflectivity series; B, input wavelet; C, convolution product of A and B; D, zero-phase band-pass filtered (10/20-100/125 
Hz) version of A.
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FIGURE IV-18. Result of using the synthetic seismogram shown in figure IV-17 to test the Kalman filter. A, Estimated reflectivity
series; B, zero-phase band-pass filtered (10/20-100/125 Hz) version of A.
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FIGURE IV-19. Estimated transfer function of the top trace of figure IV-15 by Kalman filtering. A, Signal-to-noise ratio is assumed 
to be 100; B, signal-to-noise ratio is assumed to be 20; C, D, zero-phase band-pass filtered (10/20-100/125 Hz) version of A and 
B, respectively.

This transfer function should be similar to the reflec 
tion coefficients shown on figure IV-17. The obvious 
discrepancy between these two is the amplitude loss 
around 400 ms. We recall that in preparing the input 
for this Kalman filtering operation, we applied multi 
channel velocity filtering, downgoing wave-train decon- 
volution, and a shaping filter. Because none of these 
processes is perfect, we accumulated errors during the 
processing. The input trace to Kalman filtering also 
could have a few multiples in it.

Some of the advantages of using Kalman filtering to 
estimate the transfer functions are, in our opinion, (1) 
it is a time-varying filtering scheme that is easy to im 
plement, (2) there is control over the signal-to-noise 
ratio in estimating transfer functions, and (3) transfer 
functions at time Kkt can be estimated using measure 
ments up to Kht + Lht, where K and L are any integer 
number and t is the sampling interval. When L>1, we 
can estimate a better transfer function when the data 
are noisy.

IMPEDANCE LOG ESTIMATION
In some instances, the ultimate goal of seismic data 

processing is to estimate the impedance of the earth 
as a function of depth; that is, to generate an acoustic 
impedance log from the reflected seismic arrivals. The

impedance log calculation certainly is important in the 
Madison investigation, because impedance seems di 
rectly related to water productivity.

In an ideal situation, the calculation of the impedance 
log is rather straightforward. Due to a host of factors, 
the actual recordings of the reflected waveforms are 
far from ideal. The calculation is a sensitive one and, 
therefore, small measurement errors can cause large 
errors in the impedance calculations.

Impedance calculations from vertical seismic profiles 
are easier to make and are more accurate than those 
from surface reflection data because the seismic source 
is known more accurately and the reflected wave field 
can be measured near the reflecting sequence of inter 
est. We have estimated impedance logs from the Madi 
son VSP data as a feasibility study. If the attempt is 
successful (as it turned out to be), then impedance 
measurement from surface data is reasonable to at 
tempt. If the attempt fails, it strongly suggests that 
a similar attempt using surface recorded data will fail 
also.

Our impedance estimation proceeds as follows:
1. Generate the reflection transfer function.
2. Assume that each prominent "event" (peak or 

trough) in the transfer function corresponds to a change 
in impedance.
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3. Assume a reasonable initial impedance. Calculate 
the change in impedance from the amplitude of each 
prominent event.

4. Add each change to the previous impedance 
value to generate a new value.

Several results of the application of this idea to actual 
Madison data are given elsewhere in this report. In 
figure IV-20, we see one example of applying this tech 
nique to the Coronado Collins No. W-1 well synthetic 
VSP. The bottom trace shows the impedance function 
estimated from the transfer function shown as the mid 
dle trace. The top trace shows the actual impedance. 
Both high-frequency detail and low-frequency trend 
have been lost. But the prominent local impedance vari 
ations clearly are evident.

SUMMARY
Vertical seismic profiles contain a wealth of explora 

tion information about the subsurface. Some of this in 
formation can be used directly to evaluate formations 
penetrated by the drill. Additional information can be 
used in conjunction with surface profiles and greatly

increases the value and interpretability of the surface 
profiles. We have shown that a considerable amount 
of computer processing of digitally recorded VSP data 
is required in order to obtain the full benefit of these 
data.

In this chapter, we presented a sequence of steps 
to computer-process VSP data. The details of the pro 
cessing steps vary according to the specific data set, 
and additional steps could be required to meet particu 
lar processing objectives. In most instances, the follow 
ing key steps were used to understand VSP data and 
to extract valuable information for seismic exploration:

1. Wavelet shaping, using monitor records for the 
detailed study of dynamics and kinematics of 
wavefields.

2. Separation of the upgoing and downgoing waves 
from the recorded total wavefields in order to under 
stand the VSP and to utilize the data.

3. Computation of transfer functions using input 
and output pairs at each recorded depth to better esti 
mate the acoustic properties of rocks.

4. Calculation of acoustic impedance logs from re 
flected wave-train recordings made deep in the earth.
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INTRODUCTION
In this chapter we present the vertical seismic profile 

data area by area. The acquisition required 10 field 
trips to six separate areas.

Several of the field acquisition efforts are described 
in detail in the hope that subsequent workers will profit 
from our experience. We recognize the fact that under 
different circumstances, field methods that were not 
satisfactory to us might yield acceptable results and 
vice versa.

All the computer processing steps referred to are de 
scribed in chapter IV. The results of each individual 
survey will be summarized in chapter VI.

USGS MADISON NO. 1 WELL

STRATIGRAPHY, WELL HISTORY, AND 
AQUIFER PROPERTIES

The U.S. Geological Survey Madison No. 1 well is 
located in NE^SEVk sec. 15, T. 57 N., R. 65 W., of 
Crook County, Wyo. The hole was drilled as a control 
point for regional Paleozoic aquifer studies conducted 
by the Water Resources Division of the U.S. Geological 
Survey. The well spuds in the Lower Cretaceous Inyan 
Kara Group and terminates in Precambrian crystalline 
rocks. The total depth is 4,355 ft. This well contains 
20-in. casing to 331 ft, 13%-in. casing to 1,502 ft, 9%-in. 
casing between 1,393 and 2,333 ft, and 7%-in. open hole 
between 2,333 and 4,341 ft. The casing is well bonded 
to the borehole according to the cement-bond log. A 
generalized lithologic log with labeled formation tops 
is illustrated in figure V-l.

The Madison Group is about 745 ft thick and is 
bounded unconformably by the Ordovician Stony Moun 
tain Formation at the base and by the Pennsylvanian- 
Mississippian lower part of the Minnelusa Formation 
at the top (fig. V-l). About sixty percent of the Madi 
son Group found in this well is dolomite and the remain 
der is composed of limestone and minor amounts of 
anhydrite and shale.

The Red River Formation is about 470 ft thick. It 
rests conformably on the Winnipeg Formation and is 
overlain unconformably by the Stony Mountain Forma 
tion (fig. V-l).

Radioactive tracer and spinner surveys indicate that 
nearly 60 percent of the 520-gal/min water flow from 
the Madison aquifer is from the Red River Formation 
(R. K. Blankennagel, oral, commun., 1977; fig. V-l). 
The shut-in pressure is 48 psi (pounds per spare inch). 
The majority of the Red River Formation water ap 
pears to be contributed by zones of vuggy, fine- to 
medium-grained crystalline dolomite. Water-flow data 
further indicate that 50-65 percent of the water from

the Madison Group is contributed by the Mission Can 
yon Limestone. Producing zones in the Mission Canyon 
Limestone are comprised largely of vuggy crystalline 
dolomite units that we believe have been brecciated ex 
tensively by the post-depositional removal of adjacent 
evaporite beds (chapter II).

For additional data on the USGS Madison No. 1, the 
reader is referred to the report by Blankennagel and 
others (1977).

VERTICAL SEISMIC PROFILE DATA 
ACQUISITION

The USGS Madison No. 1 was profiled on October 
13 and 14, 1976, from 4,100-3,500 ft and on January 
19-27, 1977, from 3,500-382 ft. During the October 
shooting episode, time was at a premium because the 
drilling rig was set up over the hole. Formation testing 
had not been completed; consequently, the possibility 
existed that the well would be plugged back to as far 
as 3,500 ft. The well was profiled from 4,100-3,500 ft 
only, to save rig time but still insure that the entire 
well would be surveyed eventually.

Three source offset distances of 400, 2,600, and 7,800 
ft were used. Twenty shot holes were drilled at the 
7,800-ft offset source location. Ten were spaced evenly 
on an inner circle of 65-ft radius; ten more were spaced 
evenly on a concentric outer circle of 100-ft radius. A 
source monitor detector was placed at the bottom of 
a 310-ft hole located at the center of the circles. Holes 
on the inner circle only were used in October. Ten to 
twenty pounds of explosives were required at the 
7,800-ft offset location in order to record reasonable 
seismic amplitudes in the USGS Madison No. 1. Source 
depths ranged from 160-138 ft.

At the 2,600-ft offset location, 10 holes were spaced 
on a circle of 60-ft radius. A source monitor detector 
was 235 ft deep in a hole at the center of the circle. 
Source depths ranged from 205-154 ft. At the 400-ft 
offset location, 16 holes were drilled on two concentric 
circles of radii 20 and 50 ft. A source monitor detector 
was placed at the bottom of a 265-ft hole at the center 
of the circles. Only the inner circle shot holes were used 
in October. Explosive charge size ranged from 5-2V2 
Ib (pound).

Seismic recording services and shooting services 
were provided by Triangle Geophysical Company, using 
a Texas Instrument D.F.S. IV instantaneous floating 
point recording system. In the January shooting 
episode, surface geophone recording stations were laid 
out on the ground in a line between the well and the 
7,800-ft source location at 200-ft intervals. Surface re 
cording and downhole recording on 24 stations were 
performed; the surface coverage was varied during 
shooting to obtain data from all 40 stations.
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The downhole detector was a three-component unit 
furnished by Amoco Production Company. A spring- 
loaded locking device was provided by Seismic Refer 
ence Service Company of Tulsa, Okla.

During the October shooting episode, first arrivals 
were observed on the field monitor recordings at all 
levels for all source offsets. Events other than first ar 
rivals were difficult or impossible to see. On the first 
pass up the hole, the 400- and 2,600-ft offset sources 
were energized alternately to save rig time. Coordina 
tion among source holes, recording equipment, and 
wire line operator was difficult, in spite of good voice 
radio communication. Much of the shooting was done 
at night, which compounded the coordination problem.

During both the October and the January shooting 
episodes, a great deal of difficulty was encountered in 
controlling the source waveforms. The shotholes fre 
quently plugged back, forcing shots at a variety of 
source depths and, therefore, in a variety of rock 
media. Cap wire frequently "balled up" in the source 
holes, but often this was not detected until an attempt 
was made to shoot the hole subsequently at the original 
depth. Often this problem went completely unnoticed. 
Many of the shothole bridges and plugs were cleared 
on subsequent shots, so subsequent shots were some 
times placed deeper than earlier ones. In addition to 
all these problems, poor light or total darkness made 
work at the shothole uncertain and hazardous.

Because plugging often forced early abandonment of 
the holes, a shothole drill was used to drill new holes 
and to clean out plugged holes during the recording 
operations. The drilling operation often conflicted with 
the shooting operations, causing overall coordination of 
the effort to deteriorate. The drilling-shooting opera 
tion was impeded by water from "hole blow," which 
eventually turned the entire source-hole areas into a 
morass of mud. This mud caused the drill to stick occa 
sionally and greatly impeded the mobility of the 
shothole crew. The temperature was below 0°F during 
the January operation, which caused additional hard 
ship and loss of efficiency on the part of shothole per 
sonnel, particularly when holes blew and sprayed freez 
ing mud about.

As a result of these field difficulties, many shot 
depths were recorded incorrectly. On some occasions, 
the uphole detector was disconnected inadvertently or 
moved to the wrong shothole. For these reasons, the 
uphole times recorded were unreliable.

Many irreducible static errors were recorded. Source 
wavelets varied drastically, both in amplitude and 
shape. Shot-depth information occasionally was lost ir 
retrievably. The explosive source data at the USGS 
Madison No. 1 has been difficult to process and to inter 
pret quantitatively.

At the conclusion of the January shooting episode, 
an additional survey was made using a Bolt LSS-3 sur 
face air gun at the 400-ft offset location. Time con 
straints forced us to record only at this one offset loca 
tion and only from 3,500 ft to the surface. The surface 
air-gun data were lower in frequency and weaker in 
amplitude, but vastly better than the explosives data 
in overall quality. The source waveform was nearly 
identical on successive "shots" and the source location 
remained the same, avoiding static errors. The weak 
signal was compensated for by "shooting" repeatedly 
at each level and summing.

The surface source operation began at about 6:00 
p.m. and was completed about 4:00 a.m. the following 
morning. At about midnight, a heavy blizzard started, 
accompanied by extreme cold (about - 17°F) and heavy 
snow. At about 2:00 a.m., the surface seismic source 
began to freeze up and its output amplitude gradually 
decreased, resulting in extremely weak signal. Even 
so, the source waveform remained nearly constant.

The surface source data proved to be of good quality. 
All the USGS Madison No. 1 data shown in this report 
were acquired by the air gun. The relatively low fre 
quencies obtained were a good trade-off for greatly im 
proved data quality.

In the cased portion of the well, considerable diffi 
culty was encountered in obtaining a lock or clamp to 
the hole. Apparently the spring-loaded locking arm 
exerts insufficient force against the wall of the hole to 
bite into steel casing. Tool slippage with severe "creep 
noise" resulted. A good lock was obtained at casing 
joints and usable data were obtained there. The proce 
dure caused difficulties in processing, however, because 
the casing joints are spaced unevenly, with an average 
spacing of about 31 ft. Uniform sampling spacing is 
highly desirable for velocity filtering.

The three-component Amoco tool failed during the 
last episode and was replaced with a vertical-compo 
nent Triangle Geophysical tool, manufactured by South 
western Industrial Electronics Corporation.

No use has been made yet of the horizontal compo 
nent data or of the long offset data from the USGS 
Madison No. 1 well. The data were of such generally 
poor quality that we have devoted our efforts to the 
much better quality vertical component near offset data 
obtained at the USGS Madison No. 1 and elsewhere.

VERTICAL SEISMIC PROFILE DATA 
PROCESSING

The raw VSP data plots from the 400-ft offset explo 
sive source are shown in figure V-2. Because of the 
recording difficulties mentioned in the previous section,
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FIGURE V-2. Raw vertical seismic profile data recorded at the USGS Madison No. 1 well, Wyoming. An explosive source was used 
with a 440-ft offset.

these data have not been processed extensively or in 
terpreted.

The raw, surface air-gun data are shown in figure 
V-3. The lower frequency of the source is apparent 
when figure V-3 is compared with figure V-2. The pro 
cessing flow sheet for the air-gun data is shown in fig 
ure V-4. The final processing output for interpretation 
purposes includes the total wave field superimposed 
with a five-fold increase in upward-traveling wave-field 
amplitude (fig. V-l).

As an additional aid to interpretation, the time-do 
main transfer function for seismic energy reflected off 
the top of the Madison Group was calculated, and a 
Madison-Red River acoustic impedance log was esti 
mated from this function. The frequency amplitude 
spectrum of the transfer function was estimated also. 
These results are shown on figure V-5. The transfer 
function was obtained as follows:

1. At a level 200 ft above the top of the Madison, 
a three-trace composite of both the upgoing and down-

going wave field was made to enhance signal-to-noise 
ratio.

2. The Kalman technique was used to obtain the 
time-domain transfer function after applying an 18-90 
Hz band-pass filter.

3. The impedance function was then calculated 
using the method described elsewhere in this report 
(chapter IV).

IDENTIFICATION OF THE STRATIGRAPHIC
HORIZONS ON THE VERTICAL

SEISMIC PROFILE

Several major coherent reflected events can be tied 
to the lithologic log. Three such ties are shown in figure 
V-l: The Winnipeg Formation, at 3,500 ft; the top of 
the Madison Group, at about 2,200 ft; and the top of 
the Minnekahta Limestone, at 1,500 ft. The tie for 
these three horizons to the surface seismic profile, run 
across the USGS Madison No. 1 well (Ryder and 
others, 1981), is shown at the top of figure V-l.
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FIGURE V-3. Raw vertical seismic profile data recorded at the USGS Madison No. 1 well, Wyoming. A Bolt LSS-3 surface air gun 
was used for the seismic energy source.

USGS MADISON NO. 2 WELL

STRATIGRAPHY, WELL HISTORY, AND 
AQUIFER PROPERTIES

The USGS Madison No. 2 well, located in 
sec. 18, T. 1 N., R. 54 E. of Custer County, Mont., 
was drilled as a control point for regional Paleozoic 
aquifer studies of the U.S. Geological Survey. The well 
spuds in the Hell Creek Formation of Late Cretaceous 
age and ends in Precambrian crystalline rocks. The 
total depth is 9,394 ft. The hole contains 20-in. casing 
to 407 ft, 13%-in. casing to 4,662 ft, 9%-in. casing from 
4,519 to 6,487 ft, and SVa-in. open hole between 6,487 
and total depth. The casing is well bonded to the 
borehole according to the cement-bond log. A 
generalized lithologic log, with labeled formation tops, 
is shown in figure V-6.

The Madison Group is about 1,185 ft thick and is 
bounded unconformably by the Devonian Jefferson 
Group at the base and the Pennsylvanian-Mississippian 
Amsden Formation at the top (fig. V-6). Limestone, 
dolomite, and anhydrite constitute, respectively, about 
76 percent, 18 percent, and 6 percent of the Madison 
Group at this locality.

The Red River Formation is about 450 ft thick. It 
rests conformably on the Winnipeg Formation and is 
overlain unconformably by the Stony Mountain Forma 
tion (fig. V-6). Here, the Red River Formation is com 
posed of about 30 percent dolomite and 70 percent lime 
stone.

In marked contrast to the USGS Madison No. 1 well, 
this water well only flows about 48 gal/min from the 
Madison and associated aquifers. The wellhead pres 
sure attains 300 psi. A radioactive tracer survey
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FIGURE V-4. Processing flow sheet for the data shown in figure
V-3.

suggested that just more than 50 percent of the total 
flow was coming from the Red River Formation (R. 
K. Blankennagel, written commun., 1977; fig. V-6). An 
obstruction in the hole at 7,875 ft precluded the exact 
location of the water-producing zones in the Red River 
Formation, but most likely they are coincident with the 
low-velocity, vuggy dolomite zones between 8,150- 
8,175 ft and 8,210-^8,242 ft. Of the meager water pro 
duction from the Madison Group, about 70 percent 
originates from the upper part of the Lodgepole Lime 
stone and the middle and lower parts of the Mission 
Canyon Limestone (fig. V-6).

Additional data on the USGS Madison No. 2 can be 
obtained from the report by Brown and others (1978).

VERTICAL SEISMIC PROFILE DATA 
ACQUISITION

The USGS Madison No. 2 was profiled vertically Au 
gust 3-5/1977, from 8,300-2,750 ft. The 8,300- to 3,800- 
ft section was profiled at 25-ft intervals, the 3,800- to 
1,500-ft section at 40-ft intervals, and the 1,500- to 750- 
ft section at 50-ft intervals. A 20- to 25-ft interval was 
desired, but time and money constraints forced us to 
increase the interval in order to complete the survey.

Six auxiliary holes were drilled to a depth of 160 ft, 
offset from the well about 200 ft. Severe hole caving 
was encountered due to the loose gravelly nature of 
the near-surface at this location. Casing was required 
to prevent hole collapse. These holes were intended 
originally for use as source holes for downhole air guns.
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FIGURE V-5. Calculation of the transfer functions of the Madison and associated aquifers from vertical seismic profile data at the 
USGS Madison No. 1 well, Wyoming. A, Amplitude spectrum of the transfer function; B, transfer function; C, estimated acoustic 
impedance log.
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Ni, Niobrara Formation; Gn, Greenhorn Formation; Mr, Mowry Shale; N, Newcastle Sandstone; Ds, silt of Cretaceous 
age (Dakota silt of oil industry usage); I, Inyan Kara Group equivalent; Ms, Morrison Formation; Rd, Rierdon Formation; 
Pi, Piper Formation; Sp, Spearfish Formation; Mk, Minnekahta Limestone; Mn, Minnelusa Formation; M, Madison 
Group; S-D, Silurian and Devonian rocks undifferentiated; R, Red River Formation; W, Winnipeg Formation; Dw, 
Deadwood Formation; PC, Precambrian rock. Velocity is in feet per milliseconds (ft/ms).
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FIGURE V-7. Summed raw vertical seismic profile data from the USGS Madison No. 2 well, Montana.
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Electromechanical difficulties with the air guns, short 
age of high-pressure gas, and time constraints all pre 
cluded using the downhole guns. One of the holes was 
used for the source monitor detector.

A single Bolt LSS-3 land seismic source, located di 
rectly above the buried source monitor detector, was 
used as the energy source. Because there was consider 
able surface attenuation and the well was deep, as 
many as 25 "pops" were recorded on each level. Sub 
sequent summing then yielded good quality recordings. 
The recording operation was interrupted once due to 
a ruptured diaphragm on the LSS-3. Some difficulty 
was encountered occasionally when, after repeated 
shooting, the source gun assembly dug inself into the 
ground so far that the weight of the source gun truck 
could not be brought to bear on the source gun assem 
bly. The source then had to be moved a few feet. Sev 
eral firings of the gun at the new location, to compact 
the soils, were then required to stabilize the source 
waveform. Even so, small changes in source waveform 
could be observed as a result of this relocation.

Severe wind noise was encountered occasionally at 
this location. A mast had been erected over the well 
to facilitate operating the tool. Noise from the swaying 
mast and wind-exposed wireline apparently traveled 
down the wireline and interfered with the recording 
operation. As we shall see in the following section, se 
vere tube noise was recorded. These wave trains were 
by far the largest amplitude events, at depth. Fortu 
nately, the tube-wave arrivals were separated consider 
ably in time from the body waves of interest, at least 
in the lower part of the well. Considerable useful infor 
mation thus was obtained in spite of the high-amplitude 
tube-wave interference.

VERTICAL SEISMIC PROFILE DATA 
PROCESSING

The summed data are shown in figure V-7. The data 
traces have been normalized to the highest amplitude 
event on each trace and then plotted with time-invar 
iant gain. Because the tube noise is confined to the well 
bore, it does not spread spherically. Below 3,700 ft, 
the noise becomes the highest amplitude event higher 
even than the body-wave first arrival from the source. 
Reflected tube waves can be seen also. These modes 
were of such high amplitude that they simply were ex 
cised from the data at this point.

The apparent velocity change at 3,800 ft is a result 
of the modified sampling interval.

A summary of the data processing steps is shown 
in figure V-8. Note that velocity filtering was used 
twice both before and after deconvolution.

DEMULTIPLEXING 

EDIT, SORT, STACKING

FREQUENCY ANALYSIS AND BAND-PASS FILTERING - 
10/15-80/100 Hz

MONITOR PHONE SHAPING FILTER DESIGN AND APPLI 
CATION

MULTICHANNEL VELOCITY FILTERING-First pass

DESIGN AND APPLICATION DOWNGOING WAVE TRAIN 
DECONVOLUTION Deconvolution operator was designed 
at 1300 ft, and band-pass filtering (10/15-80/100 Hz) was 
applied after deconvolution

MULTICHANNEL VELOCITY FILTERING-Second pass

GAIN APPLICATION-T2

CUMULATIVE SUM FOR UPGOING WAVE

MERGE DOWNGOING AND UPGOING WAVES-Downgoing 
+upgoing X 5

ESTIMATION TRANSFER FUNCTION 

INVERSE  Impedance log estimation

FIGURE V-8. Data processing flow sheet for the vertical seismic 
profile from the USGS Madison No. 2 well, Montana.

The processing results are summarized in figure V-6, 
in which the downgoing waves have been combined 
with a five-fold amplification applied to the upgoing 
wave trains. Reflections are clearly apparent here and 
the relationship to the downward-traveling wave trains 
is evident.

A reflection transfer function was calculated for a 
point 150 ft above the top of the Madison. It is shown 
in figure V-9. Because nearly all the signal was be 
tween 24 and 85 Hz, a corresponding band-pass filter 
was used before the transfer function was calculated. 
The transfer function spectrum shown in the figure is 
reliable only within this frequency range.

IDENTIFICATION OF STRATIGRAPHIC
HORIZONS ON THE VERTICAL

SEISMIC PROFILE

In figure V-6, a large number of coherent upward- 
traveling events can be tied to the lithologic log. The 
ties for three such events the Winnipeg Formation 
(W), the top of the Madison Group (M), and the New 
castle Sandstone (N) are indicated in the figure. In 
addition, the ties to a surface profile run across the 
USGS Madison No. 2 well are shown across the top 
of the figure (Balch and others, 1981).
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FIGURE V-9. Calculation of the transfer functions of the Madison and associated aquifers from vertical seismic profile data at the 
USGS Madison No. 2 well, Montana. A, Amplitude of the transfer function; B, time-domain transfer function; C, estimated acoustic 
impedance log.

SAM GARY BELL CREEK MADISON 
NO. 1 WELL

STRATIGRAPHY, WELL HISTORY, AND 
AQUIFER PROPERTIES

The Sam Gary Bell Creek Madison No. 1 is located 
in NWVfcSWtt sec. 27, T. 8 S., R. 54 E. of Powder 
River County, Mont. The well was drilled to supply 
water for secondary-recovery operations in the Bell 
Creek oil field. The well spuds in the Hell Creek For 
mation of Late Cretaceous age and bottoms about 300 
ft into Ordovician Red River Formation. The total 
depth is 8,011 ft. The hole is cased with 13%-in. pipe 
to 164 ft, 8%-in. pipe to 4,393 ft, and 5V£-in. pipe from 
3,759 to 8,000 ft. A bridge plug is located at 7,629 ft. 
The casing is well bonded to the borehole except for 
one gap in the cement at about 4,393 ft. A generalized 
lithologic log, with labeled formation tops, is shown on 
figure V-10.

The Madison Group is about 775 ft thick and is 
bounded unconformably by the Devonian Jefferson 
Group at the base and the Pennsylvanian-Mississippian 
Amsden Formation at the top (fig. V-10). Based on 
data from the adjacent Gulf Boyle No. 1, (sec. 4, T. 
8 S., R. 52 E.), the Red River Formation in the Bell 
Creek field is between 440 and 450 ft thick. Presuma 
bly, the formation rests conformably on the Winnipeg

Formation and is overlain unconformably by the Stony 
Mountain Formation (fig. V-10).

About 250 gal/min of water flow is obtained from a 
perforated and acidized interval between 6,960 and 
7,160 ft in the Mission Canyon Limestone (fig. V-10). 
When pumped, the interval yields about 350 gal/min. 
The shut-in wellhead pressure is 90 psi. The water- 
producing zone corresponds to a low-velocity zone that 
we believe is comprised of collapse-brecciated, vuggy 
crystalline dolomite. The same zone flows more than 
890 gal/min and pumps at more than 1,000 gal/min in 
the adjacent Sam Gary No. 2 Madison water well (sec. 
21, T. 8 S., R. 54 E.). Minimal water flow was recorded 
from the Red River Formation when tested.

VERTICAL SEISMIC PROFILE DATA 
ACQUISITION

The Sam Gary Bell Creek Madison No. 1 well was 
profiled January 23-February 2, 1978, and again in 
June 1978. On both occasions, digital recording ser 
vices, wireline service, and the downhole seismic detec 
tor were provided for under contract by Birdwell Divi 
sion, Seismograph Service Corporation. Four LSS-3 
land air guns were furnished by Bolt Associates Incor 
porated.
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FIGURE V-10. Lithologic and velocity logs of Sam Gary Bell Creek Madison No. 1 well, Montana, tied to the total wave field from 
the vertical seismic profile and the surface seismic profile across well (top of figure). Ds, silt of Cretaceous age (Dakota silt 
of oil industry usage); I, Inyan Kara Group equivalent; Ms, Morrison Formation; S, Sundance Formation; Rd, Rierdon Formation; 
Pi, Piper Formation; Sp, Spearfish Formation; G, Goose Egg Formation; Mk, Minnekahta Formation; Mn, Minnelusa Formation; 
M, Madison Group; S-D, Silurian and Devonian rocks undifferentiated; R, Red River Formation. Velocity is in feet per millisecond 
(ft/ms).
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Severe cold weather, falling snow, blowing snow, and 
occasional moderate winds greatly impeded the January 
operation. The windchill factor was occasionally   40°F, 
and   10°F was quite common. Mechanical equipment 
left at the site overnight rarely could be started up 
the following day. As a result, all moveable equipment 
had to be garaged overnight. The wireline truck could 
not be moved once it was set up over the well, so it 
was left running night and day.

Electric power to the well site was inadequate and 
portable electric generators were required. The 
generators in the wireline truck burned out early in 
the field trip, probably due to the severe cold, and 
could not be repaired.

A lubricator was rigged to control water flow from 
the well, but lubricator seal pressure had to be reduced 
when moving the tool. Water leaking from the lubri 
cator quickly froze and coated the entire wellhead area 
and all equipment near it with ice. This made all well 
head operations slow and hazardous.

The digital recording equipment was mounted in a 
"doghouse" which in turn was mounted on a small 
trailer. The doghouse was heated inadequately and the 
instruments were plagued with a never-ending series 
of component failures, mechanical and electrical. Most 
of these failures were attributable, directly or indi 
rectly, to the severe cold. On one occasion, spare re 
placement equipment had to be shipped to the site from 
Birdwell headquarters in Tulsa, causing a lost day. On 
February 1, the recording instruments totally failed; 
the trip was aborted.

The surface air guns also were plagued with cold- 
weather problems. Bolt Associates had rigged tar 
paulins to cover the units, with gas heaters underneath 
to keep the equipment warm. The heaters were inoper 
able most of the time and Bolt rarely was able to rig 
the heavy tarpaulins properly because the units are rel 
atively large and the wind was blowing frequently. The 
U.S. Geological Survey made arrangements with Gary 
Production Company, operator of the Bell Creek oil 
field, to garage the units at night. However, Bolt still 
was unable to provide adequate air-gun service during 
the day. Moisture, squeezed out of the air during com 
pression, accumulated in valves and restricted air pas 
sages and froze, causing the valves to malfunction. 
Moisture escaping from the air guns during firing froze 
on the exhaust air vents and plugged them. Compres 
sor motors failed occasionally and could not be re 
started without returning the units to the garage. For 
all these reasons, the units had to be connected and 
disconnected to the firing circuitry frequently, and we 
were hampered with broken connections, broken con 
nectors, and snow and ice in plugs and connectors. It

was rarely possible to have more than one of the four 
units operating at one time. The entire operation was 
delayed frequently because not even one unit was oper 
able. These delays sometimes caused the wireline to 
freeze tight at the wellhead causing further delays after 
an air gun was repaired.

Frequent relocations of the source(s) resulted from 
the numerous malfunctions and caused excessive 
waveform changes. Frequent lack of multiple sources 
resulted in extremely weak signal.

Ultimately, Ed Mazies and Associates of Calgary 
provided assistance to Bolt Associates in maintaining 
the air guns. They found that large propane torches 
were helpful in overcoming the moisture freezing prob 
lems.

The extreme cold and long hours in the field affected 
personnel efficiency as well as the equipment. For ex 
ample, much of the equipment repair work could not 
be done with heavy gloves or mittens on. Yet the cold 
weather limited work in the field without gloves to half 
a minute or so. The digital recording crew especially 
was affected adversely because they came to the field 
from Houston without proper cold weather gear  
either for themselves, their equipment, or their 
vehicles.

For all the reasons given, the January data proved 
to be virtually useless; the well had to be reprofiled 
in June. Severe instrument noise as well as huge quan 
tities of instrument-generated noise "spikes," and ex 
tremely weak variable signal all combined to make the 
January data uninterpretable.

The second recording episode, June 12-18, 1978, 
yielded considerably better results. About one day was 
required to rig up, run a caliper log, and make test 
records. The water column in the well was below sur 
face level, so no lubricator was required to contain 
water flow.

Only three surface air guns were operable, but these 
units functioned well and continued to perform well 
during most of the survey. The guns were synchronized 
to an accuracy of 1 ms; the firing delays remained fairly 
constant throughout the survey. We experienced one 
short delay due to drift in gun synchronization. During 
one 4-hr (hour) period, a second gun became inoperable 
and we had to record with a two-gun source.

On June 15th, a severe thunderstorm and hailstorm 
interrupted operations for several hours. The hail was 
baseball-size and caused severe damage to the field 
vehicles.

Because of soft soil, the guns had a tendency to dig 
into the earth and they had to be relocated frequently. 
We finally were required to shovel fill dirt under the 
firing pans to compensate for this soil compaction prob-
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lem. The units caused a moderate amount of surface 
damage in the immediate vicinity of the source location.

VERTICAL SEISMIC PROFILE DATA 
PROCESSING

Figure V-ll shows the stacked VSP data acquired 
at Bell Creek oil field, Montana, in January 1978. This 
is the worst data acquired so far, and we included this 
section for comparison with the data acquired at the 
same location in July 1978 (fig. V-12).

Figure V-12 shows the sorted, edited, stacked air- 
gun data at this same location using better field tech 
nique and better instruments. This data, when com 
pared with that in figure V-ll, clearly shows how field 
technique can improve the quality of data.

Figure V-13 shows the main steps in the processing 
of these data. One important difference in the process 
ing of the Bell Creek data is the additional step called 
shot location shaping filter. If for any reason the source 
waveform changes during the profiling operation, this 
change is observed on the source monitor detector and 
is compensated for in the shot-wavelet correction proce 
dure described in chapter IV. On some occasions at the 
Bell Creek site, a substantial residual difference in 
first-arrival waveform was observed after this correc 
tion was applied. These differences frequently corre 
lated with small changes in air-gun location, probably 
because these changes in the source pattern had a 
slightly different effect on the waveform observed by 
the monitor detector and likewise the downhole detec 
tor. The additional processing step was used to compen 
sate for this difference.

The design philosophy of the shot location shaping 
filter is identical to that of the monitor phone shaping 
filter. Let Sa(£) be the well-phone response at well loca 
tion D from source location A and Sb(t) be the well- 
phone response at the same well-phone location D from 
the source location B. Let the output of the well-phone 
record after monitor-phone shaping filter application be 
Sa(f) and Sb(f), respectively. If these two are quite simi 
lar, we do not have to apply a shot location shaping 
filter. But, if a significant difference between these two 
outputs is detected either in the waveforms or fre 
quency content we can design a filter to minimize this 
difference in the following way.

We design a filter fit) such that: 
Sb(t)*ftt)=Sa(t)

and we apply this filter fit) to all records from the 
source location B.

Figure V-10 shows the total wave field. The upgoing 
waves were multipled five times to balance the 
amplitude of this section.

In obtaining the transfer function and impedance log 
shown in figures V-14, the processing steps were iden 
tical to those used for USGS Madison No. 1 well except 
that a three-trace local vertical sum was done at 120 
ft above the top of the Madison Group and a 20-95 
Hz band-pass filter was applied.

IDENTIFICATION OF STRATIGRAPHIC
HORIZONS ON THE VERTICAL

SEISMIC PROFILE

In figure V-10, a large number of coherent reflec 
tions can be tied to the lithologic log. Two such ties 
are indicated in the figure: the top of the Madison 
Group (M) and the Spearfish Formation (Sp). The tie 
to a surface seismic line, run across the Sam Gary Bell 
Creek Madison No. 1 well, is indicated at the top of 
the figure (Miller and others, 1981).

CORONADO COLLINS NO. W-l WELL

STRATIGRAPHY, WELL HISTORY, AND 
AQUIFER PROPERTIES

The Coronado Collins No. W-l well is located in 
NW1/4NE 1/4 sec. 33, T. 45 N., R. 61 W. of Weston 
County, Wyo. The hole was drilled as a water-supply 
well for secondary recovery operations in the Newcas 
tle oil field. The well spuds in the Upper Cretaceous 
Belle Fourche Shale and terminates near the base of 
the Mississippian Pahasapa Limestone. The total depth 
is 3,600 ft. The hole contains 7-in. casing to 1,031 ft, 
4V£-in. casing to 3,200 ft, and 6V4-in. open hole from 
3,200 ft to total depth. A generalized lithologic log with 
labeled formation tops is illustrated in figure V-15.

The Pahasapa Limestone is between 410 and 440 ft 
thick and is overlain unconformably by the Pennsylva- 
nian-Mississippian lower part of the Minnelusa Forma 
tion (fig. V-15). Probably the Pahasapa Limestone at 
this locality is underlain unconformably by the Dead- 
wood Formation. Two-thirds of the Pahasapa is micritic 
limestone; the remainder is composed of two 60-ft-thick 
zones of vuggy, finely crystalline dolomite.

Water flows from the Pahasapa Limestone at a rate 
of 290 gal/min and the pumping yield approaches 800 
gal/min (Hodson, 1974). The wellhead pressure is 140 
psi. Most of the water probably flows from the two 
60-ft-thick intervals of vuggy dolomite.
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FIGURE V-11. Plot of stacked, edited raw vertical seismic profile data from Sam Gary Bell Creek Madison No. 1 well, Montana,
obtained January 23-February 2, 1978.
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FIGURE V-12. Plot of stacked, edited raw vertical seismic profile data from Sam Gary 
Bell Creek Madison No. 1 well, Montana, obtained June 12-19, 1978.
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DEMULTIPLEXING 

EDIT, SORT, STACKING

MONITOR PHONE SHAPING FILTER DESIGN AND APPLI 
CATION

SHOT LOCATION SHAPING FILTER DESIGN AND APPLI 
CATION-At 5400 ft and 6860 ft

FREQUENCY ANALYSIS AND BAND-PASS FILTERING-2/5- 
80/100 Hz

DYNAMIC TIME CORRECTION 

MULTICHANNEL VELOCITY FILTERING

DESIGN AND APPLICATION DOWNGOING WAVE TRAIN 
DECONVOLUTION  Deconvolution operator was designed 
at 800 ft, and band-pass filtering (8/12-80/100 Hz) was 
applied after deconvolution

GAIN APPLICATION-T2

CUMULATIVE SUM FOR UPGOING WAVE

MERGE DOWNGOING AND UPGOING WAVES -Downgomg 
+upgoing X 5

ESTIMATION TRANSFER FUNCTION 

INVERSE  Impedance log estimation

FIGURE V-13. Processing flow sheet for the Sam Gary Bell Creek 
Madison No. 1 well, Montana.

VERTICAL SEISMIC PROFILE DATA 
ACQUISITION

The vertical seismic profile for the Coronado Collins 
No. W-l was acquired June 25-July 1, 1976. Birdwell 
Division of Seismograph Service Corp. furnished all the 
equipment and personnel for the survey under contract 
to the U.S. Geological Survey. Because of the consider 
able artesian pressure, a lubricator was installed above 
the wellhead to contain water flow. Three separate pro 
files were made, with source offsets of 150 ft, Vz mi, 
and 1 mi. Explosives were used for this survey; they 
included dynamite, nitramon primers, and water prim 
ers.

A fair quality data set was obtained at the 150-ft 
offset hole, using nitramon primers. Some difficulty 
was encountered in getting the relatively light charge 
to a consistent depth of 175 ft. Weights were required 
to get the charge to proper depth and keep them there, 
which proved to be a time-consuming (and thus expen 
sive) procedure. To expedite the operation, four source 
holes were used alternately; this caused considerable 
variation in source waveforms. We also tried alterna 
ting among the three offset distances. This alternation 
gave the shooting crews more time to reload the holes, 
but we were then plagued with coordination problems 
among the shooting crews at the three source locations.
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FIGURE V-14. Calculation of the transfer functions of the Madison and associated aquifers from vertical seismic profile data at the 
Sam Gary Bell Creek Madison No. 1 well, Montana. A, Amplitude spectrum of the transfer function; B, time-domain transfer 
function; C, estimated acoustic impedance log.
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FIGURE V-15. Lithologic and velocity logs of Coronado Collins No. W-1 well, Wyoming, tied to the total seismic wave field from vertical 
seismic profile. Mr, Mowry Shale; N, Newcastle Sandstone; Sk, Skull Creek Shale; I, Inyan Kara Group; Ms, Morrison Formation; 
S, Sundance Formation; Sp, Spearfish Formation; G, Goose Egg Formation; Mk, Minnekahta Limestone; 0, Opeche Shale; Mn, Minnelusa 
Formation; rs, red shale marker of Minnelusa Formation; 1st L, First Leo sandstone (oil industry usage) of Minnelusa Formation; 
P, Pahasapa Limestone. Velocity is in feet per millisecond (ft/ms).
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FIGURE V-16. Edited, static-corrected raw vertical seismic profile data from the Coronado Collins No. W-1 well, Wyoming.

Comparatively large explosive charges were required 
at the longer offset holes. The charges ranged from 10- 
25 Ib. With these larger charges we were plagued with 
hole fatigue. The source waveforms varied drastically 
from shot to shot. Hole blow frequently was severe, 
and the shooting crews soon were wading around in 
a quagmire of mud. The water tamp varied considera 
bly from shot to shot. Retamping the holes expedi- 
tiously was difficult, and on several occasions the holes 
were shot with an inadequate water column. As a re 
sult of all these factors, the data quality from the long 
offset sources were extremely poor and no quantitative 
analysis of these data has been attempted. All sub 
sequent material discussed in this report about the 
Coronado Collins No. W-1 well relates to the near 
offset VSP unless the contrary is stated specifically.

Severe tube-wave noise corrupted the near offset 
data. Considerable ghosting was present. Substantial 
source signature changes (due to changing shotholes), 
varying the source depth, and hole fatigue are appar 
ent. These problems could have been mitigated by 
using a greater offset distance, placing the source at 
the base of the low-velocity layer, and proceeding with 
the operation much more slowly. The latter would have 
precluded any attempt to acquire long offset data.

An uphole survey was run in a near-offset hole, and 
upholetimes were obtained at 10-ft intervals from total 
depth to the surface. These data, combined with good 
data from a buried signature detector, enabled us to 
compensate for many of the defects in the near-offset 
data. A reasonably good interpretation was obtained 
eventually.
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VERTICAL SEISMIC PROFILE DATA 
PROCESSING

Figure V-16 shows the original sorted, time-break- 
corrected, well-phone data from explosive source with 
a spatial sampling interval of 25 ft.

Because the shooting medium is good in this area  
almost homogeneous shale the small explosive charges 
(V4-1 Ib) were adequate for the near-offset source. This 
VSP is the only profile in which explosives were used 
that we processed intensively and included in this re 
port. A processing flow sheet is shown in figure V-17.

The data displayed in this section will show that the 
excellent source monitor information enabled us to do 
a good job of compensating for variations in source 
waveform. A spot time correction, a "static," was nec 
essary for nearly every shot because the shot depth 
varied from 90-200 ft. The tube wave noise in the Col- 
lins data is probably the worst we have ever experi 
enced (fig. V-16). The data in figure V-16 are plotted 
with constant gain. The amplitude of the tube waves 
relative to the first arrival body waves is so great that 
the latter are almost totally obscured. Before we could 
perform any meaningful computer manipulation of 
these data, we had to apply a time-varying amplitude 
adjustment to keep the average amplitude approxi 
mately constant. This process is called digital automatic 
gain control or digital AGC. However, digital AGC was

DEMULTIPLEXING

EDIT, SORT, TIME BREAK CORRECTION

UPHOLE PHONE SHAPING FILTER DESIGN AND APPLICATION

SHOT STATIC CORRECTION

FREQUENCY ANALYSIS AND BAND-PASS FILTERING- 
5/10-85/100 Hz

GAIN APPLICATION  Digital automatic gain control (digital 
AGC)

MULTICHANNEL VELOCITY FILTERING

DESIGN AND APPLICATION DOWNGOING WAVE TRAIN 
DECONVOLUTION Deconvolution operator was designed 
at 1040 ft, and band-pass filtering (15/20-80/100 Hz) was 
applied after deconvolution

CUMULATIVE SUM FOR UPGOING AND DOWNGOING 
WAVES

MERGE DOWNGOING AND UPGOING WAVES-Downgoing 
+upgoing

ESTIMATION TRANSFER FUNCTION 

INVERSE Impedance log estimation

FIGURE V-17. Processing flow sheet for the vertical seismic profile 
data from the Coronado Collins No. W-l well, Wyoming.

not applied in the calculation of the Madison transfer 
function. The total wave field is shown in figure V-15.

In estimating the transfer function for the Madison 
aquifer, we followed the same procedure as with the 
USGS Madison No. 1 well, except that local vertical 
summing was done at 150 ft above the top of the 
Pahasapa Limestone. The result of the transfer func 
tion calculation is shown in figure V-18.

IDENTIFICATION OF THE STRATIGRAPHIC
HORIZONS ON THE VERTICAL

SEISMIC PROFILE

In figure V-15 we observe a large number of major 
coherent upward-traveling events that can be tied to 
the lithologic log. The ties to the Opeche Shale (0) and 
the Pahasapa Limestone (P) are indicated in the figure.

BECHTEL ETSI NO. 0-1 WELL

STRATIGRAPHY, WELL HISTORY, AND 
AQUIFER PROPERTIES

The Bechtel ETSI No. 0-1 is located in NWV4NEV4 
sec. 28, T. 36 N., R. 62 W. of Niobrara County, Wyo. 
The hole was drilled as a possible water-supply well 
for a future Gillette, Wyo., to Little Rock, Ark., coal- 
slurry pipeline. The well spuds in the Tertiary Arikaree 
and White River Formations and terminates in Precam- 
brian crystalline rocks. The total depth is 3,269 ft. The 
well contains 8%-in. casing to 117 ft, 4V2-in. casing to 
2,922 ft, and 6y4-in. open hole from 2,920 ft to total 
depth. The cement bond log indicated that the casing 
is not bonded to the borehole above 800 ft. A 
generalized lithologic log, with formation tops iden 
tified, is shown on figure V-19.

The Pahasapa Limestone is about 270 ft thick and 
is bounded unconformably by the Cambrian Deadwood 
Formation at the base and the Pennsylvanian-Missis- 
sippian lower part of the Minnelusa Formation at the 
top (fig. V-19). Micritic limestone dominates the upper 
one-half of the Pahasapa, whereas partly vuggy, crys 
talline dolomite characterizes the bottom half of the 
unit.

The water level in the Bechtel ETSI No. 0-1 fluc 
tuates between 300 and 400 ft below ground level. On 
April 24-29, 1974, water was pumped at a rate of 57 
gal/min from the Pahasapa-Deadwood interval with a 
drawdown of 88 ft (Anderson and Kelly, 1976). Prior 
to pumping, the well was acidized and swabbed. We 
speculate that most of this water originated from the 
vuggy dolomite units in the lower half of the Pahasapa
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FIGURE V-18. Calculation of the transfer functions of the Madison aquifer from vertical seismic profile data at Coronado Collins No. 
W-l well, Wyoming. A, Amplitude spectra of the transfer function; B, time-domain transfer function; C, estimated acoustic impedance

Limestone. This low-productivity well and the USGS 
Madison No. 2 are considered for the purposes of this 
investigation to be unproductive.

VERTICAL SEISMIC PROFILE DATA 
ACQUISITION

The Bechtel ETSI 0-1 well was profiled three times: 
in March 1975, July 1976, and August 1978. All three 
profiles were made under contract to the Birdwell Divi 
sion, Seismograph Services Corp.

One-pound explosive charges were used in March 
1975. Six shot holes were arranged in a six-arm star 
pattern, 150 ft from the well. Detector spacing in the 
well was 100 ft. The coarse spacing and highly variable 
source waveforms precluded any extensive processing 
of these data.

The profile was repeated in July 1976 using a 25-ft 
detector spacing. Nitramon primers and V4-lb water 
primers were used for the source. The source environ 
ment was kept as uniform as possible. Additional profil 
ing was performed with a source offset of Vz mi and 
1 mi. Larger sources (5-20 Ib) were required at the

longer offset locations. For the long offsets, we encoun 
tered the same problems here that were described for 
the Coronado Collins No. W-l well. No meaningful in 
terpretation of these data has been possible as yet. 
Considerable variability in source waveform and exces 
sive tube noise made processing and interpretation of 
the near-offset data difficult, and we decided to repro- 
file the well.

Three synchronized surface air guns at a mean dis 
tance of 500 ft were used on the August 1978 survey. 
The detector spacing was reduced to 20 ft. Although 
the air-gun signature frequencies were substantially 
lower than those obtained with explosives, the quite 
significant increases in source signature consistency 
proved to be well worth the price paid in loss of high 
frequencies. Extensive computer processing has been 
possible, and a satisfactory tie to the subsequently ob 
tained surface profile data has been made.

VERTICAL SEISMIC PROFILE DATA 
PROCESSING

The original, sorted, raw data from the March 1975 
profile is displayed in figure V-20. Note the rapid,
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FIGURE V-20. Sorted raw vertical seismic profile data obtained March 1975 from the Bechtel ETSI No. 0-1 well, Wyoming.

drastic changes in first arrival waveform with depth. 
This change in the waveform of the first arrival is due 
almost entirely to source waveform changes. Uphole 
and time-break detector data were obtained on this op 
eration, but the uphole recordings were of poor quality. 
The uphole arrival times were erratic, which suggests 
that the shot depths may be in error. Strong tube 
waves are present also. Some of the tube-wave modes 
appear to have an anomalously low speed, which proba 
bly are the result of borehole fluid waves that have 
been reflected at least once by the well detector itself. 
This phenomenon is described by Hardage (1981). Ve 
locity filtering to separate upgoing and downgoing 
waves was not successful. The spatial sampling was too 
coarse and the source waveform too inconsistent.

The raw, near offset data obtained in July 1976 are 
shown in figure V-21. The principal difference between 
these data and those of figure V-20 is the spatial sam 
pling. Some rudimentary processing was attempted on 
these data. The effect of band-pass filtering is shown 
in figure V-22. The top four traces are band-pass fil 
tered (2/4-80/95 Hz) versions of the bottom four. We 
note that the filter was successful in reducing the tube- 
wave amplitude, relative to the first arrival body wave. 
No improvement in data consistency was obtained by 
attempting to shape the source waveform. Our lack of 
success on this well in using the surface detector as 
a monitor of the source waveform is the main reason 
that we used deeply buried detectors for a source moni 
tor in all subsequent profiling operations.
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FIGURE V-21. Sorted raw vertical seismic profile data obtained July 1976 from the Bechtel ETSI No. 0-1 well, Wyoming.

The edited, sorted, and stacked surface air-gun re 
cordings are shown in figure V-23. The source 
waveform consistency is excellent. A buried source 
monitor recording was made, which enabled us to do 
an effective job of source waveform compression. The 
monitor data also corroborated the consistency of the 
source waveform. Extensive processing of these data 
was possible. Figure V-24 shows a processing flow 
sheet for these data.

After comparing figures V-20, V-21, and V-22, we 
conclude:

1. The air-gun data are lower in frequency than are 
the data obtained using explosives.

2. The air-gun data have reduced tube noise 
greatly.

3. The first arrival waveforms change quite slowly 
when air guns are used. The reduction in tube wave 
noise probably is due to the low frequencies involved 
and to greater offset distance. The combined wave

field, with a five-fold amplitude boost in the upgoing 
wave field, is shown in figure V-19.

A reflection transfer function was estimated for the 
Madison aquifer (fig. V-25). Three-level stacks were 
created from the upgoing and downgoing wave fields, 
at a point 120 ft above the Madison. The Kalman filter 
technique was used to generate the time-domain trans 
fer function after the stacked data were filtered, to con 
fine the data to a frequency range of 16-110 Hz. The 
acoustic impedance log was then calculated from this 
transfer function.

IDENTIFICATION OF STRATIGRAPHIC
HORIZONS ON THE VERTICAL

SEISMIC PROFILE

A multiplicity of upward-traveling coherent seismic 
events is shown in figure V-19. These events can be 
tied directly to the lithologic log shown at the right 
of the figure. The ties to the Minnekahta Limestone
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FIGURE V-22. Downhole and surface recordings from 2,275 ft and 2,250 ft, Bechtel ETSI No. 0-1 well, Wyoming. Vertical seismic profile
of July 1976. A, Raw data; B, 4-80 Hz digitally filtered.

(Mk) and the Pahasapa Limestone (P) are indicated on 
the figure. These events also are tied to a surface pro 
file run across the well at the top of figure V-19 (Lee 
and others, 1981).

PFISTER FEE NO. 1 WELL, 
RED BIRD OIL FIELD

STRATIGRAPHY, WELL HISTORY, AND 
AQUIFER PROPERTIES

The Pfister Fee No. 1, also called the Mule Creek 
Oil Company Fee No. 1^1325, is located in NE^SEtt 
sec. 25, T. 38 N., R. 62 W. of Niobrara County, Wyo. 
This well produces oil from the Leo sandstone, an 
economic unit in the middle part of the Minnelusa For 
mation. The well spuds in the Upper Cretaceous Carlile 
Shale and ends about 340 ft into the lower part of the 
Minnelusa Formation of Pennsylvanian-Mississippian 
age. The total depth is 3,780 ft. The well is cased with 
103/4-in. pipe to 199 ft and 71/2-in. pipe from 199 ft to 
total depth. A velocity log suggests that the casing is 
poorly bonded to the borehole wall above 2,200 ft. Oil

is produced from the Leo sandstone at 3,171 ft at a 
rate of 10 bbl/d (barrels per day). When the pumping 
is stopped, the oil rises to a depth of 650 ft in the well 
bore. A generalized lithologic log with labeled forma 
tion tops was projected from the nearby Mule Creek 
Oil Company Raben No. 1-3425 in SWViSEVi sec. 25, 
T. 38 N., R. 62 W. (fig. V-26).

The Pahasapa Limestone was not found in this well, 
but its top is estimated to be about 90 ft below the 
total depth of the well. The thickness of the Pahasapa 
Limestone probably ranges between 270 and 290 ft.

VERTICAL SEISMIC PROFILE 
DATA ACQUISITION

The Pfister Fee No. 1 was profiled twice. First we 
used a downhole air-gun array, and then we used a 
single land air gun. The field work was conducted July 
26-August 1, 1977.

The Pfister Fee No. 1 is a producing oil well. The 
well had to be pulled prior to performing the survey. 
The pull involved partial disassembly of the surface 
pumping equipment and wellhead, removal of all sucker 
rod, tubing, and packers. The crude is sour, and corro-
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FIGURE V-23. Sorted, edited, and stacked raw data from the Bechtel ETSI No. 0-1 well, Wyoming. Air-gun vertical seismic profile
of August 1978.

sion of some of the downhole hardware made this oper 
ation difficult and added considerably to the expense 
of the survey.

In the downhole air-gun profile, four Bolt 5,500 ten 
cubic-inch air guns were placed in source holes spaced 
15 ft apart at a mean distance of 200 ft from the well. 
Source depth was in excess of 100 ft. The guns were 
charged, through a pressure reducer, to about 1,800 
psi with nitrogen bottles.

The downhole air gun experiment was plagued 
throughout with technical-mechanical problems. The in 
dividual guns proved nearly impossible to synchronize. 
Time-break hydrophones were located near the guns 
to monitor firing time. However, either due to indi 
vidual differences in the hydrophones or the guns or 
the source environment, or some combination of these, 
the recorded time-break waveforms varied considera 
bly. This variation made a choice of zero time subjec-
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FIGURE V-24. Processing flow sheet for the Bechtel ETSI No. 0-1 
well, Wyoming. Vertical seismic profile data obtained August 1978.

tive. The time delay was difficult to control, once one 
was decided upon, due to frequent malfunction of the 
time delay controller. The air guns themselves jammed 
frequently, and then they had to be retrieved from the 
holes for repairs. The recovery operation was laborious 
and time consuming. The guns frequently stuck in the 
source holes and had to be fired repeatedly to break 
them loose. The holes were cased with plastic pipe. The 
pipe was ruptured easily if the guns were fired inside 
the pipe. If fired below the pipe, recovery was espe 
cially difficult because the guns frequently "hung up" 
at the bottom of the casing. Adequate presssure on the 
guns could not always be maintained. The standard 
2,500 psi nitrogen bottles soon dropped below 1,800 psi, 
and they had to be replaced with fresh bottles before 
more than 10 percent or so of their contents had been 
used.

Six days were required to profile about 3,000 ft. Data 
quality was poor.

The surface air-gun performance was good by com 
parison. The gun failed once, which caused a delay in 
order to repair a broken diaphragm. Several heavy 
studs holding the diaphragm retainer broke causing ex 
cessive water leakage, but the water level was main 
tained easily by frequent refilling until the profile was 
completed. The studs were replaced between the Pfis- 
ter Fee No. 1 and the USGS Madison No. 2 operation.
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FIGURE V-25. Calculation of the transfer functions of the Madison aquifer from vertical seismic profile data at the Bechtel ETSI No. 
0-1 well, Wyoming. A, Amplitude spectrum; B, time-domain transfer function; C, estimated acoustic impedance log.
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FIGURE V-28. Processing flow sheet for the Pfister Fee No. 1 well, 
Wyoming.

The surface air gun had a tendency to dig itself into 
the ground after repeated firing at one location. For 
this reason, it was moved occasionally and this moving 
caused some problems in processing because the source 
waveform changed slightly after each relocation. The 
problem was mitigated by firing the gun 10-20 times 
after relocating and before recording to compact the 
soil beneath the gun. Significantly, the surface air gun

produced vastly superior data at this well in one-fifth 
the time.

VERTICAL SEISMIC PROFILE DATA 
PROCESSING

Figure V-27 shows the stacked well-phone data pro 
duced by the single surface air-gun source with a spa 
tial sampling interval of 25 ft.

The data processing flow sheet is shown in figure 
V-28.

A time-break correction was made before stacking 
for these data because there was about 4-ms time-break 
variation at a given level.

The total wave field is shown in figure V-26; upgoing 
waves are multiplied four times to balance the overall 
amplitude of this section.

The transfer function computation and calculated im 
pedance log are shown in figure V-29.

IDENTIFICATION OF STRATIGRAPHIC
HORIZONS ON THE VERTICAL

SEISMIC PROFILE

A multiplicity of upward-traveling coherent seismic 
events can be tied to the lithologic log directly from 
figure V-26. Two such ties are indicated in the figure: 
the Sundance Formation (S) and the Minnekahta Lime 
stone (Mk). These two events also are tied to a surface 
profile, run across the well, at the top of figure V-26 
(Lee and others, 1981).
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FIGURE V-29. Calculation of the transfer functions of the Madison aquifer from the vertical seismic profile data at Pfister Fee No. 
1 well, Wyoming. A, Amplitude spectrum of the transfer function; B, time-domain transfer function; C, estimated acoustic impedance 
log.
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INTRODUCTION

The geologic investigation (chapter II) suggests that 
the highly productive zones in the Madison and as 
sociated aquifers range in thickness from 50 to 200 ft 
and may extend laterally for tens of miles (pi. 1). 
Moreover, the zones of higher water productivity have 
a significantly lower interval velocity than do the adja 
cent zones of relatively low productivity (pi. 1), 
suggesting that these zones might be differentiated 
with seismic data. The inverse relation between water 
productivity and interval velocity in the Madison and 
associated aquifers is supported further by the plot of 
core-derived porosity values versus interval velocity 
(fig. 11-2). Zones of low velocity or low acoustic imped 
ance are not always accompanied by high permeability 
and high productivity, but if these zones in the Madison 
and associated aquifers can be located by seismic 
methods, the chances of finding large quantities of 
water are increased significantly. The influence of frac 
turing on aquifer performance at a given location al 
though probably significant is difficult to document 
and thus has not been correlated with seismic data in 
this study.

In this chapter we will see if, and to what extent, 
the seismic response of the Madison and associated 
aquifers can detect increased water productivity as is 
suggested in chapter II. The VSP data are used in two 
ways. First, they measure the seismic response of spe 
cific zones in the Madison and associated aquifers and, 
second, they provide a high-confidence tie between 
lithologic logs from wells with reflected events on seis 
mic lines run across the wells. Madison reflections from 
surface seismic lines across the USGS Madison No. 2 
(Balch and others, 1981) and the Sam Gary Bell Creek 
Madison No. 1 (Miller and others, 1981) will be com 
pared with the downhole recorded Madison reflections 
recorded in the corresponding VSP experiments.

INTERPRETATION OF VERTICAL 
SEISMIC PROFILE DATA

In the section on data processing (chapter IV), we 
discussed the transfer function in considerable detail. 
Our estimates of the seismic response of the Madison 
and associated aquifers and its relation to porosity are 
based on this transfer function concept. We used the 
upgoing and downgoing wave trains (observed near the 
top of the Madison) as input to the Kalman estimation 
process to calculate the transfer functions. These trans 
fer functions embody all the relevant acoustic proper 
ties of the interval under investigation, at least as far 
as normally incident, plane compressional waves are 
concerned. We wish to use these transfer functions to

distinguish porous, productive intervals of Madison and 
associated aquifers from tight, barren intervals. We 
analyzed the transfer functions in the frequency domain 
(using amplitude spectra) and in the time domain (using 
the transfer function itself and also an estimated imped 
ance log derived from the transfer function).

FREQUENCY-DOMAIN 
INTERPRETATION

Figure VI-1 shows the Fourier amplitude spectra of 
the estimated reflection transfer functions for the Madi 
son and associated aquifers in the six wells investi 
gated. The three spectral plots on the bottom (USGS 
Madison No. 1, Sam Gary Bell Creek Madison No. 1, 
and Coronado Collins W-l) are from wells that have 
porous, productive intervals; the three plots at the top 
of the figure (USGS Madison No. 2, Bechtel ETSI No. 
0-1, and Pfister Fee No. 1) are from wells that have 
tight, barren intervals.

A general trend appears in these plots: we see a 
noticeable high-frequency fall off of the transfer func 
tion amplitude when the section is porous. Relatively 
little high-frequency loss takes place when the section 
is tight.

There are a number of possible causes for this ob 
served phenomenon. Intrinsic attenuation, scattering, 
internal reflections, and fluid flow at boundaries (White 
and others, 1976) all could contribute to the loss of 
high-frequency reflections in the porous section. These 
observed frequency effects would be difficult to account 
for quantitatively, mainly because we lack good trans 
mitted wave data in several wells.

We believe that the difference in reflection amplitude 
spectra is significant and reveals porosity, irrespective 
of the physical mechanism involved.

Although the nonporous stratigraphic sections are 
distinguishable from the porous sections on the basis 
of overall "flatness" of their reflection spectra, there 
are substantial individual variations in the spectra with 
in both groups. This variation is to be expected, be 
cause none of the sections are identical and all meas 
ured signals are corrupted by a certain amount of noise. 
Because of the individual differences, the reflection 
spectrum has to be observed over more than two oc 
taves in order to be classified properly. In a surface 
exploration situation, the measurement of the variation 
in reflection amplitude spectra would be pushing the 
state of the art close to the limit.

TIME-DOMAIN INTERPRETATION

As we stated earlier, we believe that water produc 
tion comes from numerous porous zones within the
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FIGURE VI-1. Calculated reflection transfer function amplitude spectra for the Madison and associated aquifers based on six vertical 
seismic profile measurements. The top three spectra are from nonproductive intervals; the bottom three are from productive 
intervals. Note the high-frequency "fall-off' when the interval is water-productive. (See figure 1-1 for location of wells and 
plate 1 for stratigraphic section in well.)

Madison and associated aquifers. When the spectral ap 
proach is used, the entire interval is analyzed as a unit. 
In the time-domain interpretation, we have treated the 
Madison and associated aquifers as a single unit and 
also have attempted to identify the individual porous 
zones. If the individual zones are thick enough, this 
approach has some validity because these zones often 
are identifiable on velocity and (or) density well logs.

There are internal reflections, a variety of lithologic 
sequences, band-limited signal, measurement noise, and 
computer processing "noise" to contend with. There 
fore, to interpret every local variation in estimated 
acoustic impedance as a porosity zone is inappropriate. 
However, we shall see that major porous, productive 
zones do tend to show up on the estimated impedance 
logs. Most of our time-domain interpretations were
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FIGURE VI-2. Estimated reflection transfer functions for the Madison and associated aquifers based on six vertical seismic profile measure 
ments. The top three are from barren wells, the bottom three are from water-productive wells. The location of the Madison and 
associated aquifers in each well is defined by the interval between the arrows. A, Unfiltered version; B, band-pass filtered version 
of part A (12-40 Hz).

made in the northern study area because the interval 
of interest is only of 2(MO ms duration in the southern 
study area.

Figure VI-2A shows the original estimated transfer 
functions from the six wells, and figure VI-2J5 shows 
a band-pass filtered version of the data in figure VI- 
2A. In scaling these six plots, the input (downgoing 
wave amplitude) has been made unity. Therefore, the 
amplitudes of the transfer function plots (relative to 
each other) are meaningful. We can compare reflection 
amplitudes directly.

The reflection amplitudes from the porous, produc 
tive Madison and associated aquifers (USGS Madison 
No. 1, Sam Gary Bell Creek Madison No. 1, and 
Coronado Collins No. W-1) are quite noticeably higher 
than the corresponding amplitudes where the aquifer 
is barren (USGS Madison No. 2 and Bechtel ETSI No. 
0-1). In addition, there are many more "events" on the 
transfer function of the productive Madison and as 
sociated aquifers. These events probably correspond to 
individual porous, productive zones. If water is produc 
ed from isolated zones within the productive Madison
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and associated aquifers, then a reasonable supposition 
is that these zones return additional events or reflec 
tions, and that they also may generate internal, multi 
ple reflections as well. Both these phenomena could ac 
count for the large number of events observed on the 
transfer function associated with the productive sec 
tions. The events to which we refer stand out especially 
well in figure VI-2B, which has been low-pass filtered. 
In this lower frequency range, events subsequent to 
the top of the Madison are absent in the barren USGS 
Madison No. 2 well and are relatively low in amplitude 
in the barren Bechtel ETSI No. 0-1 well.

The Madison was not penetrated in the Pfister Fee 
No. 1 well, but its transfer function definitely puts it 
in the tight, barren class. We predict with considerable 
confidence that the Madison aquifer is nonproductive 
at that location.

The same information can be displayed on a "reflec 
tion strength" plot, using the Hilbert transform (Taner 
and others, 1979). The reflection strength versus time 
plots corresponding to figures VI-2A and VI-2B are 
shown in figures VI-3A and VI-3B. The maximum re 
flected amplitudes from within the Madison and as 
sociated aquifers in the northern study area, based on 
the results shown in figures VI-3A and VI-3.B, are as 
follows:

Largest internal reflection amplitude; 
frequency range, in Hertz(Hz)

Well

10-80 12-40

USGS Madison No. 1 
(productive) ............

USGS Madison No. 2 (barren) . 
Sam Gary Bell Creek Madison

0.14
0.08 

0.13

0.11
0.02 

0.08

This analysis quantifies the correlation between reflec 
tion "strength" and the presence of porosity zones.

Another way to analyze the wave train returned from 
the top of the Madison is to estimate the acoustic 
impedance "log."

If we make several simplifying assumptions about the 
reflection process, we should be able to infer a layered 
sequence of rocks whose thickness, velocity, and den 
sity would produce the observed, reflected wave train. 
This sequence can be represented by a plot of acoustic 
impedance (density times velocity) versus two-way 
travel time (thickness divided by velocity). We call this 
plot an estimated impedance log, because it should cor 
respond to a plot of acoustic impedance versus time 
(converted from depth) obtained from actual well logs 
measuring velocity and density.

The porosity zones that produce water usually can 
be identified on the observed acoustic impedance logs 
as zones of relatively low impedance. So we may be 
able to identify major producing horizons (if any) di 
rectly from the estimated impedance log.

The estimated impedance logs covering the Madison 
and associated aquifers for all six wells are shown in 
figure VI-4. The three tight barren Madison and as 
sociated aquifers are shown at the top, and the three 
productive Madison and associated aquifers are shown 
at the bottom. Known porosity zones are marked with 
a "P." The known zones of porosity correspond well 
with the impedance "low" zones. The correspondence 
is not perfect. Zones less than 10 ms thick are difficult 
to see, but the thicker, more significant porosity zones 
usually can be identified.

In summary, we have two types of time-domain dis 
plays and interpretations. The first type is a calculated 
transfer function and the second is a calculated (esti 
mated) impedance log. Both displays appear to reveal 
productive porosity zones: the impedance logs do this 
directly and the transfer function appears to do this 
indirectly.

These are important results. If reflections measured 
directly at the interface reveal commercial water pro 
ductivity, then possibly commercial water productivity 
can be detected from reflections measured at the 
ground surface. Conversely, if we could not distinguish 
between these two basic types of Madison and as 
sociated aquifers from the downhole measurement, the 
chances of doing this from the surface would be remote.

INTERPRETATION OF SURFACE 
PROFILE DATA

The seismic responses shown thus far are based on 
measurements made at or near the top of the Madison 
Group at depths of 3,000-8,000 ft. Let us now turn our 
attention to reflections from the Madison and associated 
aquifers made at the ground surface. We have run sur 
face seismic profiles across five of the six wells that 
were investigated with vertical seismic profiles.

The reflections from the Madison and associated 
aquifers must be identified with a high level of confi 
dence on the surface profile, which we have done by 
using the vertical seismic profile to tie the lithologic 
and well logs to the surface profile at each well location. 
Figure V-10 shows an example of how this identifica 
tion is made. The center part of the figure is a proc 
essed vertical seismic profile from the Sam Gary Bell 
Creek Madison No. 1 well, Bell Creek field, Montana. 
Each horizontal trace represents the processed seis 
mometer recording as a function of time at a given
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FIGURE VI-3. Reflection strength plots of the six reflection transfer functions shown in figure VI-2. The location of the Madison and 
associated aquifers in each well is defined by the interval between the arrows. A, Unfiltered; B, with 12^10 Hz filter. Note the 
substantially greater reflection strength for the water-productive zones (lower three plots).

depth in the well. A lithologic log and a velocity log 
are shown on the left-hand side of the plot. A part of 
a surface seismic line, recorded near the top of the well, 
is plotted across the top of the figure. The first seismic 
events observable on the vertical seismic profile are the 
first arrivals from the source. The coherent events that 
appear to slant to the right in the figure represent re 
flections from various rock interfaces. The depth of ori 
gin of these reflections can be determined by tracking 
the events down to the level at which the reflection 
merges with the first arrival. The depth of origin of 
an event on the surface seismic profile can be deter 
mined by correlating the event to the top of the vertical

seismic profile, and then tracking it down to its level 
of origin as just described. In this manner we have 
identified the reflection from the top of the Madison 
as the event just preceding the 1.5-s mark on the sur 
face data plots.

The entire 15-mi surface seismic profile that runs 
across the Sam Gary Bell Creek Madison No. 1 well 
is shown in figure VI-5. The top part of the vertical 
seismic profile is spliced into the section at the appro 
priate place. The reflection from the top of the Madison 
already has been identified on the vertical seismic pro 
file by tracking to level of origin. We can now extend 
this well tie to the rest of the cross section by horizon-
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FIGURE VI-4. Estimated acoustic-impedance log plots for the Madison and associated aquifers derived from vertical seismic 
profile data from the six wells under study. The location of the Madison and associated aquifers in each well is defined 
by the interval between the arrows. Location of known porosity zones, P, are indicated by solid bars.
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tal correlation. The Madison top is indicated with an 
"M" in this figure. At the Sam Gary Bell Creek Madi 
son No. 1 well, the Madison aquifer flows at 250 gal/ 
min, and the nearby Sam Gary Bell Creek Madison No. 
2 well flows at about 900 gal/min.

Figure VI-6 shows a similar surface seismic profile 
and vertical seismic profile that runs across the USGS 
Madison No. 2 well about 30 mi northeast of the Bell 
Creek field. The Madison top is indicated with an "M." 
The Madison and associated aquifers are essentially 
tight, dry, and barren at the USGS Madison No. 2.

The transfer functions indicated that interbed reflec 
tions should appear where porous, water-productive 
zones occur in the Madison and associated aquifers (fig. 
VI-2). In comparing figure VI-5 with figure VI-6, we 
do indeed see an additional reflection below the top of 
the Madison event in figure VI-5, presumably from an 
interbed.

This result strongly suggests that commercially sig 
nificant aquifers may be detected by surface reflections. 
The surface profile is relatively low frequency (peaked 
at about 30 Hz). We believe that the interbed reflec 
tions, owing to porous zones in Madison and associated 
aquifers, would be enhanced considerably if higher fre 
quencies had been used.

CONCLUSIONS
We have described part of our stratigraphic seismic 

investigation of the Madison and associated aquifers in 
the eastern Powder River Basin of Wyoming and Mon 
tana. We used vertical seismic profiles to measure cer 
tain acoustic properties of the stratigraphic interval. 
We developed new field techniques and new processing 
procedures to determine acoustic differences between 
porous-productive and tight-barren end members of the 
Madison and associated aquifers.

We have measured the acoustic properties of the 
Madison and associated aquifers in six wells. We have 
observed the following:

1. A fall-off of high-frequency reflections when the 
section is productive relative to nonproductive sections,

2. A substantial increase in the amplitude and 
number of reflections from the section when it is pro 
ductive relative to the nonproductive sections, and

3. That calculated impedance "logs" based on seis 
mic reflections from the interval tend to reveal zones 
of low impedance that correspond to known zones of 
productivity.

To identify porosity zones from surface reflection 
data is considerably more difficult because the reflec 
tions are corrupted by their trip to the surface, the 
reflections are lower in frequency and narrower in fre 
quency band width due to earth attenuation, and con 
siderable uncertainty exists about the input, or down 
ward-traveling, seismic waveform. Nevertheless, in the 
two surface seismic examples described here, a signifi 
cant additional interbed reflection can be observed 
where the Madison and associated aquifers are commer 
cially water productive.

In the northern study area, we conclude that porous- 
productive Madison and associated aquifers can be dif 
ferentiated from tight-nonproductive ones on the basis 
of acoustic differences as observed from reflected wave 
trains in the exploration seismic frequency range. The 
transfer function amplitudes derived from the VSP data 
suggest that similar results, although more subtle, 
might be obtainable with surface seismic profiles in the 
southern study area. However, the absence of a surface 
seismic profile over a porous, productive Madison 
aquifer in the southern study area precludes us from 
providing supporting evidence.
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