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CHAPTER 6
INFLUENCE OF SALT DISSOLUTION ON SHALLOW NIOBRARA GAS
PRODUCTION, EASTERN COLORADO

INTRODUCTION

This chapter discusses the dlstrlbutlon of Permian sélt
and its relatlonshlp to the location of shallow Niobrara gas
fields in eastern Colorado. The study area (Figure 6-1)
covers a 2500 sg mi (7400 sq km) area of Yuma and eastern
Wasﬁington Counties, Colorado.

Figure 6-1 shows the distribution of oil and gas fields
which are productive from the Niobrara Formation on the
eastern flank of the northern Denver basin. 0il and
thermally-derived gas are produced from the Niobrara in the
deeper part of the basin (stippled area) where the Niobrara
and adjacent rocks are thermally mature (>0.5% R,
calculated on the basis of log resistivities; Smagala et
al., 1984). Gas and condensate are produced from the
Niobrara in Wattenberg field, a basin-centeréd gas
accumulation, whereas oil and associated gas are produced in
the Silo field area of southeéstern Wyoming.

The shallow gas producing area of eastern Colorado and
adjacent parts of northwestern Kansas and sbuthwestern
Nebraska is situated east of the area where the self-
sourcing Niobrara is thermally mature. In these areas,
biogenic gas has accumulated on highly faulted anticlines

within in a porous chalk zone at the top of the Niobrara
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Figure 6-1. Location of o0il and gas fields in the northern
Denver basin which are productive from the Niobrara
Formation.
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Formation (Upper Cretaceoﬁé). This chapter focuses on a
salt dissolution origin for éhallow, gas-productive
anticlines in eastern Colorado. Chapter 7 focuses on Eckley
field, which has the highest cumulative production of all

shallow Niobrara fields.
SHALLOW NIOBRARA GAS PLAY
Development of Play

Shallow gas in the Niobrara was first produced in the
area which would eventually become the Beecher Island field
in southeastern Yuma County, Colorado (Figure 6-2). 1In
1919, Midfields Gas Company, formed by local rancher H.F.
Strangways, drilled a cable-tool well in Sec.14, T2S, R43W,
which was completed for a reported 2000 MCFGPD flow (Barb,
1946; Lockridge and Pollastro, 1988). Gas from this and
subsequent wells was used on the Strangeways ranch.

In 1936, a 5592-ft (1704-m) dry hole wés drilled to fhe
Precambrian in Sec. 21, T2S, R43W. This well was drilled
on an anticline which &as identified from reflection-
seismic data (Lockridge, 1977). BAnother deep test of the
structure, drilled to the Precambrian during 1952 in Sec. 8,
T2S, R43W, was unsuccessful.

In 1972, Mountain Petroleum completed five gas wells

from the Niobrara at Beecher Island field to establish the
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first commercial production in this area. Favorable gas
prices and improved stimulation and completion techniques
sparked a flurry of drilling activity in the area during the
late 1970s and early 1980s (Lockridge and Pollastro, 1988),
resulting in the development of numerous gas fields in
eastern Colorado whose distribution is showﬁ on Figure 6-2..

Seismic-based exploratory drilling during the 1950s and
1960s in Yuma County and adjacent areas concentrated on
deeper objectives. Deep targets included the Cretaceous D
and J Sandstones (in response to the discovery of several
oil and gas fields in the D-J fairway to the west and-
northwest) and subsalt Paleozoic reservoirs (following the
discovery of oil at Sleepy Hollow field to the east).

The shallow Niobrara was overlooked as a commercial pay
during the wave of drilling in the 1950 and 1960s. This was
due to a number of factors, including a weak or nonexistent
gas market, lack of gas pipelines, low reservoir pressures,
~and low in-situ permeability. Moreover, low resistivity
readings on electrical logs recorded across the Nlobrara pay
zone, due to the high porosity of the chalk along w1th high
water saturations, .contributed to the failure of operators
to recognize the gas zone. Lockridge and Pollastro (1988)
noted that resistivities as low as 3-5 ohm-m can result in
gas production. In fact, Niobrara production was not
established in the DeNova field area of Washington Ceunty

until 1977, 21 years after the discovery of oil from the
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deeﬁer J Sandstone had prompted the drilling of numerous
Lower Cretaceous tests on seismic highs in the_immediate
area (Davis, 1982).

Through 1993, the Niobrara has produced over 139 BCFG
in Yuma County (Figgre 6-2). Cumulative production, in
BCFG, is shown for each field in Yuma County which has

produced over 1 BCFG. Beecher Island field has produced

‘nearly 24 BCFG from 1972 through 1993. 1In northern Yuma

County, Eckley field, with a cumulative production of over
33 BCFG, is the largest field in terms of cumulative
production and per-well yield.' Eckley field is part of tﬁe
Waverly complex which includes 0Old ﬁaldy, Waverly, Wages;:

and Rock Creek fields (Jeffréy, 1982). Cumulative

production (through 1993) at ﬁhe Waverly complex is in

excess of 77 BCFG.

Niobrara Stratigraphy

The Upper Cretaceous Niobrara Formation (Coniécian,
Santonian, and Campanian; Kauffman, 1977) is situated
between the overlying Sharon Springs Member of the‘Pierre
Shale and the underlying Carlile Shale (Figure 6-3), and is
about 500 to 600 £t (150 to 180 m) thick in Yuma County.
The Niobrara is divided into two members, the lower Fort

Hays Member and the upper Smoky Hill Member.
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Figure 6-3. Representative well log across Upper Cretaceous
Niobrara Formation showing gas-productive “Beecher Island
zone' ' (Lockridge, 1977) at top of Smoky Hill Member. Well
log is from J-W Operating Kitzmiller 2, NWNW Sec.4, T3N,
R45W, Eckley field.
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In eastern Colorado and'adjacent areas the Fort Hays
Member is comprised of about 60 ft (20 m) of chalk and shaly
chalk with interbedded chalky shale. The Smoky Hill Member,

about 400 to 500 £t (120 to 150 m) thick, consists of gray

to white chalky shale with locally massiﬁe chalk beds

(Lockridge and Scholle, 1978). Gas is produced from a
porous chalk interval at the top of the Smoky Hill Mémber,
informally named the "Beecher Island zone" (Lockridge,

1877) .
Niobrara Resexvoir

The Beecher Island zone averages 30 ft (10 m) in

thickness across eastern Colorado. In Yuma Couhty and

‘adjoining areas, the reservoir is a porous chalk. Porosity

ranges from 45 percent at a depth of 900 ft (275 m) at
Goodland field in northwestern Kansas to 30 t6_35 percent at
a depth of about 2800 ft (850 m) at several fields in
western Yuma County.

Lockridge and Scholle (1978) demonstrated that the.
porosity of the Niobrara reservoir‘is dependent on burial
depth. Gas production in the eastern Denver basin is from a
reservoir characterized by high microporosity and low
permeability that requires stimulation, usuélly by a foam-
fracture treatment (Lockridge and Scholle, 1978; Brown et

al., 1982; Lockridge and Pollastro, 1988). In contrast, oil




263

and thermally-generated gas preduction from the Niobrara in
the deeper part of the basin is dependent on fracture
porosity, due to the extreme reduction of matrix porosity by
chemical compaction (Lockridge and Scholle, 1978; Pollastro
and Martinez, 1985; Pollastro and Scholle, 1986; Sonnenberg
and Weimer, 1993} Svoboda, 1995). Unless the Niobrara is
overpressured or fractured, a burial depth of 3000 to 4000
ft (1000 to 1200 m) represents a lower economic depth limit
on shallow gas production (Lockridge and Scholle, 1578).

The chalk reservoir is comprised of coccospheres,
coccolith plates, and rabdolith plates (Scholle, 1977) .
Primary pore space, which occurs within and between the
planktonlc skeletal plates, has been only slightly reduced
by cementation and compaction at the shallow depths of the
eastern Denver basin (Lockridge and Scholle, 1978).

Due to the extremely small grain size (2 to 10
microns), permeability of the Beecher Island zone is low
(less than 1 md), requiring fracture stimulation to achieve
commercial production (Lockridge and Pollastro, 1988).

Brown et al. (1982) cited a well in Beecher Island field

- which had a pre-stimulation drill stem test rate of 5.6

MCFGPD which, following foam-fracture treatment, tested at
an initial potential of 721 MCFGPD.

Because of the low permeability, complete segregation
of gas and connate water has not occurred. Rather than a

well-defined gas-water contact, commercial production is
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from a gas-water transition zone whose gas saturation
increases with structural position (Jeffrey, 1982). This
transition zone can be as much as several hundred feet thick

(Brown et al., 1982).
Source of Gas

Dry gas produced from the Niobrara at shallow de@ths is
composed almost entirely of methane with minor amounts of |
nitrogen and carbon dioxide and has a:heating value of 965
to 1035 BTU/SCF (Lockridge and Pollastro,»1988). Isotopic
analyses indicate that the gas is isotopically lighf, witﬁ

83C values ranging from -65 ppt at a depth of about 1100 ft

(330.m) to -55 ppt at 2700 ft (840 m)(Rice; 1984).
Rice"(1984) concluded that the chémically~dfy and
isotopically light gases are of biogenic origin. Gas was
generated at shalldw-depﬁhs.by microorganisms in a low-
temperature, anaerobic environment (Ricé and Claypool, 1981)
and organic-rich laminae within the chalk served as an
indigenous immature source rock for gas. Rice (1984,1986)
discounted a deeper, thermally mature source for the gas,
due to the low permeability of the chalk which would have

inhibited long-range migration from the west.
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Niobrara Structuzre

Structure on top of the Niobrara (Figure 6-4) reveals
that the Yuma County area lies along the southeastern flank
of the Denver basin. Structure contours are derived
primarily from Lockridge and Pollastro (1988) and Lockridge
and Scholle (1978) . Contours have been modified from
Cockerham (1982) in the Vernon field area and from mapping
by the author in the Eckley field area.

Regional dip is to the northwest at less than one
degree. Because of the northwesterly dip, depth to the top
of the gas-productive Niobrara chalk ranges from about 1800
ft (550 m) at Bonny field in southeastern Yuma County to
about 2800 ft (éSO m) in the northwest part of the Waverly
complex in northern Yuma County.

Niobrara gas fields produce from faulted anticlines,
whose locations are indicated by broadening of contours or
closure at this regional scale and whose relief locally
exceeds 200 feet (60 m). Gas-productive structures have no
apparent regional lineation (Lockridge and Pollastro, 1988).
More detailed structurél interpretations across shallow
Niobrara fields include those by Lockridge (1977), Lockridge
and Scholle (1978), Tremain (1980, cited in Brown et al.,
1982), and Lockridge and Pollastro (1988) for Beecher Island

field; Cockerham (1982) across Vermon field; Jeffrey (1982)
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Figure 6-4. Regional structure on top of Niobrara
Formation. Contour intexval 100 ft (30 m). Structure
contours are from Lockridge and Pollastxo (1988), Lockridge
and Scholle (1978), Cockerham (1972), and from mapping by
the author. Cross section A-A’ is shown on Figure 6-20.
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across the Waverly complex, which includes Waverly, Rock
Creek, Wages, 014 Baldy, and Eckley fields; Smagala (1981),
Davis (1982), and Lockridge and Pollastro (1988) for DeNova
and surrounding fields; and Jamison (1982) for Goodland
field in northwestern Kansas. |

Producing structures are cut by numerous listric faults
which Lockridge and Pollastro (1988) interpreted to be early
compactional features. Smagala (1981) showed that structure
at the level of the Niobrara is more complex than that at
the level of the underlying D Sandstone and attributed thisg
to an increase in faulting due to the brittle nature of the
Niobrara reservoir. Tremain (1980) interpreted faulting to

be related to deep basement structures.
DEEP STRUCTURE

Structure at the subsalt level (Figure 6-5), drawn on
the top-of the Wolﬁcampian Chase Group, which occurs about
1800 tolépoo ft (550 to 600 m) below the Niobrara, also
feVeals aihorthwesterly dip of leés than one degree across
the shallow Niobrara producing afea. Deep-well control is
shown as solid circles. Although this interpretation is
based on far less subsurface control than the shallow
Niobrara structure (Figure 6-4), no deep structural closures
are apparent in areas where the Niobrara is productive. In

fact, a subsalt strﬁctural high occurs outside of the
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producing area, just to the east of Bonny field, in T4S,

R42W, and a subsalt structural low is present below Beecher

'Island field in T2S, R43W. The only subsalt structural high

in an area of Niobrara production which can be drawn based
on existing deep control occurs to the northeast of Beecher
Island field, centered in T1S, R45-46W and T1N, R45-46W,
below Yodel and Duke fields. No subsalt closure is evident
in the Eckley field area, T3-4N, R45W, where over 200 ft (60
m) of closure exists at the Niobrara level.

Structural discordance between the Niébrara and the
subsalt Wolfcampian suggests significant variability in
stratigraphic thickness between the two horizons. The
discussion that follows demonstrates that the extreme
variability'in thickness and occurrence of Permian salts,
caused by post-Niobrara dissolution and resultant collapse,
is responsible for much of the structural discordance and
the formation of gas-productive faulted anticlines at the

Niobrara level.
PERMIAN SALT INTERVAL

Of the 13 Permian salt zones identified in the northern
Denver basin subsurface {(Chapter 3),vseven have been
identified in Yuma and eastern Washington Counties. These
include salt 4 (Guadalupian) and salts 5, 6, 7, 8, 9. and 10

(21l within the upper Leonardian Nippewalla Group). With



270

‘the exception of salt 4 {which'occurs in a.limited area of
eastern Washington County), Guadalupian sélts, if originally
present in this area, have been removed by near-surface
dissolution during the Jurassic. Lower Leonardian and upper
Wolfcampian salt (salts 11, 12, and 135 apparently did not
.accumulateiin-this part of the basin. |

Figure 6-6 shows a repreéentative well log recorded
across the salt;bearing interval in the shallow Niobrara
gas-producing area of Yuma County. Salt 5, which occurs
between‘the upper and lower Blaine Anhydrite beds, salt 7,
which occurs between a shale marker below the lower Blaine
Anhydrite and the top of the Flower-pot Shale, and salt ib,
which occurs below the Stone Corral Anhydrite, were
encountered in this well.

” Stratigraphic positions of salts which have.beén
idéntified elsewhere in the Denver basin but are absent in
this well, including salts 4, 6, 8, 9, li, 12, and 13, are
’ shown. Triassic rocks as well as most of the Guadalupian
Series, including the interval whiéh includes salts 1’.2f
and 3, have been removed by pre-Late Jurassic erosion this
far east in the basin. In addiﬁion to salts 5, 7, and 10,
other salts which have been identified on well logs drilled
in Yuma County include salt 6, which occurs between the base
of the lower Blaine Anhydrite and a thin shale marker, salt
8, which occurs at thé base 6f the Fiower-pot Shale,' |

immediately above the Flower-pot Anhydrite, and salt 9,
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which occurs immediately below the Flower-pot Anhydrite.-
Except for salt 4, all salts identified in this area are of
Leonardian age, which includes strata from the top of the

upper Blaine Anhydrite to the the base of the Sumner Group.
SALT IN THE BEECHER ISLAND FIELD AREA

Structure on top of the Beecher Island zone across the
Vernon, Beecher Island, and Bonny fields in southeastern
Yuma County (Figure 6-7) reveals significant departure from
regional northwesterly dip. Contours are from Lockridge .and
Pollastro (1988) for Beecher Island and Bonny fields andﬁare
modified from Cockerham (1982) for Vernon field. Gas

production. at all three fields is from faulted anticlines

‘with over 200 ft (60 m) of relief. Locations of Permiaﬁ or

deeper tests are shown by circled wells.

An isopéch of the Lednardian Series (Figure 6-8), which
includes all of the salts which have been identified in this
area, reflects the discontinuous nature of salts. Salts are
present in the area of isopach maxima below Beecher Island
and Vernon fielas and just off the west margin of thé map,
in the Mildred field area of T2S, R46W. In the Bonny field
area, a spéculated isopach maximum of about the same scale
as the Beecher Island-Vernon anomaly is based on an increase
in intervai-thickness toward the field in surrounding wells

and on structural relief of the gas-productive anticline at
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Figure 6-7. Structure on top of Beecher Island zZone .across
Vernon, Beecher Island, and Bonny fields. Contour interval
100 ft (60 m). Contours are from Lockridge and Pollastro
(1988) for Beecher Island and Bonny fields and modified from
Cockerham (1982) for Vernon field. Base map from Mapco
Diversified, Inc., reproduced with permission.
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Bonny field. Isopach minima to the northwest of Vernon
field , to the northeast and southeast of Beecher Island
field, and to the east of Bonny field reflect the absence of
Permian salts in these areas.

Figure 6-9 is a stratigraphic'cross section showing the
salt zones which are present Eelow Niobrara production at
Vernon and Beecher Island fields. Available deep control
indicates that salt 7 is present below both fields and that
salt 9 is present only in the Beecher Island field area.
Thickness of th¢ Leonardian interval -encountered in wells on
this cross section ranges from 334 ft (102 m) in well 2078
northwest of Vernon field, where salt is absent, to 594 ft
(181 m) in well 2089 under Beecher Island field, where about
125 ft (40 m) of salt 7 and and about 50 ft (15 m) of salt 9
are present. Although the Sumner Group, Stone Corral
Anhydrite, and Salt Plain Formation are slightly thicker in
well 2089 at Beecher Island field, most of the 260-ft (79-m)
difference in Leonardian interval thickness can be explained
by the combined salt thickness of 175 ft (53 m) under
Beecher island field. This is slightly less than the
structuxa; relief across the field at the Niobrara level.
The lack of positivé structure below the fields at fhe
subsalt level (Figure 6-5) supports the argument that most
of the structural relief responsible for entrapment of gas
at these fields is rootless, not basement-involved as

intefpreted by Tremain (1980).
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THICKNESS VARIATION IN LEONARDIAN STRATA

An isopach of the Leonardian Series across the Niobrara
gas producing area of eastern Colorado (Figure 6-10) reveals
that extreme variability in Leonardian thickness is not
restricted to the area of Vernon, Beecher Island, and Bonny
fields in southeastern Yuma County. Isopach maxima are
present at Mildred field in T2S, R46W, at Pony Express field
in T1S, R47-48W, at Yodel field in T1S, R46W, in the Denova
field and surrounding areas of T2S, R49-50W, and in the
Waverly complex area in the northcentral part of Yuma
County. Thickness of Leonardian strata exceeds 500 £t (150
m) at each of these gas fields.

At Mildred field (Figure 6-11), T2S, R46W, the
Leonardian encountered in well 2035 is 527 ft (161 m) thick,
due to the presence of 40 ft (12 m) of salt 5, 120 £t (37 m)
of salt 7, and 15 ft (5 m) of salt 10. The lLeonardian thins
to 370 £t (113 m) to the west in well 2032, and to 331 ft
(101 m) to the north in well 2088, where salt is absent in
both wells. Rapid lateral thickness change in the
Leonardian interval, interpreted as evidence of salt
dissolution, is demonstrated on the western side of the
cross section, where salt 7, which is 45 ft (14 m) thick in
well 2033, is absent in well 2032, less than one mile to the

east.
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Figure 6-10. Isopach of the Leonardian Series in the .
shallow Niobrara gas producing area of eastern Coloxado.
Contour interval 50 £t (15 m).
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Leonardian thickness variability at Pony Express and
Yodel North fields is shown on Figure 6-12. Salts 6 and 7
(25 and 80 ft or 8 and 24 m thick respectively), are present
at Pony Express field, where the Leonardian is 501 £t (153
m) thick in well 2040. Just to the northeast, in well 2043,
both salts are absent and the Leonardian thins to 426 ft
(130 m) . Salt 7 is again present at Yodel North field, TisS,
R46W, where 130 ft (40 m) of‘sélt results in a Leonardian
thickness of 504 £t (154 m) in well 2045. The Leonardian
thins to less than 400 ft (122 m) to the east of Yodel North
field, including the area of well 2046, where it is only 349
ft (106 m)‘thick and salt is absent. .

| Variability in the thickness of the Leonardian Series
in the northerﬁ part of Yuma County is shown on Figure 6-13,
a cross section of the 0ld Baldy and Eckley.fields along the
eastern margin of the Waverly cdmplex. The Leonardian thins

from 519 ft'(158 m) in well 2058, where‘llo ft (24 m) of

" salt 7 and 40 ft (12 m) of salt 10 were encountered below

0l1ld Baldy field, to 420 £t (128 m) in well 2057, a dry hole

just east of the field in which salt 7 is absent. At Eckley
field, in well 2075, the Leonardian is 516 £t (157 m) thick
where 110 ft (34 m) of salt 7 and 45 ft (16 m) of salt 10
are present. About 10 ft (3}m) of salt 8, situated at the
bése of the Flower-pot Shale, were encounﬁered in well 2075
and adjacent deep tests at Eckiey field. To the southeast

of Eckley field and the Waverly complex, both salts are
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absent in well 2053, where the Leonardian Series is only 297
ft (91 m) thick. Thinning of Leonardian strata by about 200
ft (60 m) to the southeast of Eckley field (well 2053),
interpreted to be caused by dissolution of salt, is about
the same as the Niobrara-level structural relief along the

southeast margin of Eckley field.
DISTRIBUTION OF SALTS

Salts 4, 5, 6, 7, 8, 9, and 10 have been identified on
well logs of deep tests drilled in the shallow Niobrara gas
producing area of Yuma County and adjacent areas. Isopach
maps of individual salts reveal the relationship between
salt occurrence and the location of Niobrara gas fields.

Salt 10 (Fiéure 6-14), which occurs below the Stone
Corral Anhydrite, is over 50 ft (15 m) thick, but is present
only in the northern and western parts of the area. Rapid
thinning of the salt to the southeast suggests that the
present salt margin may represent a northwesterly-retreating
dissolution edge and that salt 10 may have original;y been
present to the southeast; A 15 ft- (5 m-) thick outiier of
salt 10 at Mildred field may represent a remnant of salt
which has been removed in surrounding wells. ‘Abrupt
thinning of salt 10 to tﬁe east and southeast of the Waverly
Complex, the western part of Schramm field, and the DeNova

field may contribute to counterregional dip which is
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Figure 6-14.
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responsible for commercial gas accumulation in these areas
(Figure 6-4).

Salt 9 (Figure 6-15), which occurs below the Flower-pot
Anhydrite, has been identified in this area only in an
outlier below Beecher Island field, where it exceeds 50 ft
(15 m) in thickness, and in eastern Washington County. An
outlier of salt 9 is inferred in the Bonny field area on the
basis of structural relief across the gas-productive
anticline.

Salt 8 (Figure 6-16), which does not exceed 15 ft (5 m)
in thickness, is situated at the base of the Flower-pot
Shale, and has been identified only in 4 closely spaced
wells in the Eckley field area. This salt has not been
recognized on well logs elsewhere in the Denver basin beyond
this isolated occurrence.

Salt 7 (Figure 6-17), which is situated between a thin
shale bed at the base of the lower Blaine Anhydrite and the
top of the Flower-pot Shale, is the thickest salt zone
identified in the shallow Niobrara producing area and the
Denver basin. The salt is over 100 ft (30 m) thick in the
Waverly complex_area, and at Yodel, Pony Express, and
Mildred fields. At Vernon and Beecher Island fields, 125 ft
(38 m) of salt 7 was identified on well logs. An outlier of
salt 7 is inferred at Bonny field, whereithe structural
relief at the level of the Niobrafa (over 200 ft or 60 m) is

approximately equivalent to that at Beecher Island field.
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Abrupt thinning of the salt to the east at the Waverly
complex, at Yodel and Pony Express fields, and at Beecher
Island field, interpreted to be caused by salt dissolution,
results in counterregional dip which forms gas-productive
structural traps in these areas (Figures 6-4 and 6-7). It
is likely that a similar situation exists to the southeast
of Mildred, Vernon, and Bonny fields, where existing deep
subsurface control is too sparse to confirm the presence of
salt.

Because of its thickness, its complex eastern margin,
and abrupt thinning along its margin, salt 7 appears to
exert the most influence on Niobrara structure, enhancing
closure across gas-productive anticlines which results in
increésed gas saturation at the top of the gas-water.
transition éone. ‘

Salt 6 (Figure 6-18), which is found below the lower
Blaine Anhydrite, is generally about 10 ft (3 m).thick to
the northwest, except at Pony Express field, where 25 ft (8
m) were encountered, and in an area of southcentral Yuma
County.

Salt 5 (Figure 6-19), situated between the upper and

lower Blaine Anhydrite beds, is present in eastern

Washington County, and in what is interpreted as a
dissolution remnant at Mildred field, where it is 40 ft (12
m) thick. The eastern limit of salts of Guadalupian and

late Leonardian age, including that of salt 5, is regionally
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Figure 6-19.

Salt 5 isopach.
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controlled by erosion or near-surface dissolution below a
pre-Late Jurassic unconformity (Chapters 3 and 8). This
isolated occurrence of salt 5 at Mildred field is in an area
where the overlying Opeche shale has been partially
truncated below the unconformity. Apparently, near-surface
removél of salt was incomplete in this isolated area.

Salt 5 contributes 40 ft (12 m) of structurai relief to the
gas-productive Mildred anticline, which is also influenced
by salts 10 and 7 (Figures 6-11, 6-14 and 6-17).

Salt 4, situated above the upper Blaine Anhydrite, is
limited in this area to one well in the DeNova field area:
(Figure 6-19). |

Figure 6-20, a north-south structural cross section
through Yuma County from Waverly.field to Bonny field, a
distance of about 70 mi (110 km), demonstrates the regional
relationship between Permian salts and gas-productive
anticlines at the level of the Niobrara Formatiom. - Salts 7
and 10‘are present below Niobrara production at Waverly anq
Old-Baldy fields (wells 2087 and 2058); The syncline which
separates 0ld Baldy and Eckley fields, in which well 2057
was drilled, is caused by dissolution of salt 7 and
resultant collapse of overlying strata. Both salts 5 and 10
are present below Eckley field (well 2075), along with a
ﬁhin salt 8. Counterregional (southeast) dip at the south
limit of Eckley field is caused by the abrupt thinning of

salts 7, 8, and 10 due to dissolution.
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Figure 6-20. Regional structural cross section  from Wavexrly
complex southeast to Bonny field, showing relationship of
Niobrara structure to Permian salt dissolution remnants.
Line of cross section shown on Figure 6-4.
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Eckley field has the highest-cumulative production of

all shallow Niobrara gas fields in eastern Colorado (33

. BCFG) as well as the highest per-well production in the

Waverly complex (over 358,000 MCFG/well compared with an
average of 215,000 MCFG/well for.all‘wells in 9 fields in
the Waverly Complex and adjacent areas). Its high
structural position along the southeastern (regionally

updip) limit of produétioﬁ in this area places it at an

elevation in the upper part of the gas-water transition

zone, which enhances gas saturation and results in higher-
vield wells. .

South of Eckley field, no salt is present in well 2053,
and only regionai northwest dip is present ét the level of
the Niobrara north and south of well 2053, suggesting that
this is an area which may be entirely devoid of salt due to

removal by dissolution.

Salt 7 is present below Vernon field in well 2038

(Figure 6-20). Synclines which flank Vernon fiéld are

interpreted to be formed by dissoluﬁion of salt 7 and
collapse of overlying'stiata (including the Niobrara).

Salts are present at Beecher Iéland field (well 2089), but
are absent in a syncline (well 2065) which separates the
field from Bonny Field to the south. Although no deep tests

have been dfilled’in Bonny field, the presence of salts 7

-and 9 at depth is inferred on the basis of Niobrara

étructural relief (about 200 ft or 60 m), which is
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equivalent to the relief at Beecher Island field and
approximates the combined thickness of salts 7 and 9 (175 ft
or 53 m). No salt was encountered in well 2062, drilled in
a syncline to the south of the Bonny structure.

Coincidence of high-relief gas-productive anticlines
with the occurrence of thick salt at depth indicates that
much of the removal of salt post-dated the deposition of
Niobrara Chalk. Estimated pre-collapse position of the
Niobrara is shown on Figure 6-20 as a dashed line. Collapse
synclines, interpreted to be caused by post-Niobrara salt

removal, are present between Niobrara gas fields.
SALT DISSOLUTION MODEL

Eastward-directed groundwater flow within the Lyons
Sandstone regional aquifer, in response to Laramide (Late
Cretaceous - Eocene) uplift along the Front Range, ié
diécussed in Chapter 4 as a probable mechanism for removal
of salt in the Sidney trough area Sf western Nebraska.
Location of a linear, northeast-trending salt dissolution
depression, which coincides with a regional Cretaceous-level
syncline (Sidney trough), is controlled by the Lyons
Sandstone/evaporite facies change. Eastward gra%ity—driven
groundwater flow supplied relatively fresh water to the

Leonardian salt interval at its abrupt facies change to

sandstone (Figures 4-23, 4-28, and 4-29). Salts 9 and 10
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were dissolvéd at the facies change. Collapse of overlying
strata produced fractures through which cross-formational
flow occﬁrred. Younger salts were dissolved, enhancing
Cretaceous-level structural relief across the regional
depression. Incomplete removal of salt in areas marginal>to
the Sidney trough éreated salt-cored anticlines which
produce oil and gas from the D and J Sandstones.

Post-Laramide removal of salt in the western Nebraska
part of the D-J fairway was concentrated in areas where

thick Lyons Sandstone abruptly pinches out to the east

(updip) into thick Leonardian salt. A similar situation

exists in the Yuma County, Colorado, area (Figure 6-21) and
may explain‘the removal of salt below éhallow Niobrara gas
fields.

The Lyons (Cedar Hills): Sandstone ié stratigraphically
equivalent to salt 9 in Yuma County. Salt 10 (associaﬁed
with the Stone Corral Formation) occurs at a stratigrapﬁic
position which is lower than the Lyons - Cedar Hills in Yuma
County and adjacent aieas. |

Evidence as to the source of fluids responsible for
salt dissolution includes recognition of incomplete |
dissolution of mﬁltiple salt beds. Two simplified
situations may exist. In the first case, localized removal
of an upper salt without disturbance of deeper salt (s) may
indicate a shallow source of water or a source of water

which is situated between the overlying (dissolved) salt and
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the underlying (preserved) salt. A second possibiiity
eXists,_wherein localized removal of a lower salt without
disturbance of upper salt may indicate a deep source of
water, or, as above, a .source of Qater between the upper and
lower salts. In western Nebraska, presence of deeper salt
below the Sidney trough collapse area (Figures 4-18 and 4-
19) is taken as evidence that fluids were not introduced
from a deep (subsalt) source, and that the likely source was
the Lyons, situated within the salt interval.

- Examination of the 0ld Baldy - Eckiey field cross

section (Figure 6-13) reveals that salts 7 and salt 10 are

present below both fields. However, in the syncline which

separates the two fields, drilled by well 2057, salt 10 is
présent; but salt 7 is absent. This suggests a source of
watexr responsib}e for the localized removal of salt from
either above salt 7 or between salt 7 and salt 10. A likely
formation to introduce fluids into this area is the Lyons-
Cedar Hills Sandstone.

Salt 5, 7, and 10 remain as outliers below Mildred
field (Figure 6-11). Removal of all three salts in marginal
areas is complete. As a result, inferences as to the -source
of dissolving fluids are not possibie. A similar situation
exists at Pony Express and Yodel fields (Figure 6-12) .

Although removal of salts 7 and 9 aﬁ Vernon and Beecher
Island fields (Figure 6-8) is incomplete, theré is no

consistent pattern. At the center of Beecher Island field
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(well 2089), both salts are Dresent. Just to the east of
the Beécher Island structure (well 2079), salt 9 is present,
but salt 7 has been removed. At Vernon field, salt 7 is
present, but salt 9 is absent. This compléx salt pattern
suggests that several factors may have contributed to
localized removal of salts, including multiple stages of
dissolution, localization of vertical fractures, and
heterogeneity of regional aquifer(s) which introduced the
dissolving fluids.

Additional evidence as to the flow of water from salts
involves formation water salinity anomalies. Several
factors can influence formation water salinity, including
chemistry of connate water and concentration and dilution
effects due to compaction of fine-grained sediments.
Salinity anomalies observed in formations above the salt
interval in areas of salt dissolution may reflect upward
movement of salt solution-derived brines, and may help to
explain basin hydrodynamics responsible for dissolution.

Formation water salinity in the D and J Sandstones of
western Nebraska is higher‘in areas where salt removal post-
dated deposition of the reservoirs (Chapter 4). High-
salinity formation water within Cretaceous reservoirs may be
due to upward migration of salt solution-derived brines.
Because there have been very few wells drilled. deeper than

the Niobrara in Yuma County, and because no D or J Sandstone
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pfoduction exists in this area, no formation water.salinity
data are available.

Thickness of the Lyons—cédar Hills Sandstone (Figure 6-
22) ranges from less than 10 ft (3 m) to about 130 ft (40 m)
in Yﬁma'County. Sandstone is thinmest in a north-south-
trending area just east of Beecher Island and Bonny fields.
Sandstone is also thin in the Waverly complex area.

Salt 9 and the top of the Lyéns—Cedar Hills Sandstone
occupy the same stratigraphic position (between the Flower-
pot Anhydrite and the Salt Plain Formation).' Regional
isopach patterns (Chapter 8) reveal that there is a general
inverse relatiohship between sandstone thickness and
thickness of salt 9 across the basin. |

The Lyons-Cedar Hills, which accumulated in eolian and

- shallow water environments (Sonnenberg and Weimer, 1981), is

thicker in areas along and immediately adjacent to
paleohighs associated with tﬁe Transcontinental;arch to the
northwest of Yuma County, and on the Yuma high of Sonnenberg
and Weimer (1981). The Yuma high may be related to Maughan
and Perry's (1986) northeast-trending Canon City lineament
(Figure 2-3). Finer-grained sediments, including those of
the Salt Plain qumation, along with salts accumulated in
adjacent evéporite basins. .

In Yuma County, a likely area in which thick salt 9 may

have originally precipitated is a north-south-trending area

in the southeastern part of the county, just east of Beecher
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Island and Bonny fields, whére the Lyons-Cedar Hillsiis less
than 25 ft (8 m) thick. However, salt 9 is present'on well
logs of only 3 deep tests in in the Beecher Island field
area (Figure 6-9), suggesting that substantial removal of
sait 9 may have occurred in this area.

Another possible area in which Lyons-Cedar Hills
deposition may have influenced salt accumulation is in the
area of the Waverly complex extending to the southeast in
the northern part of the county, where sandstone is less
than 25 £t (8 m) thick. Although salt 9 has not been
identified in this area, salt 8 was encountered in deep
tests drilled in the Eckiey field at the southeéstern limit

of the WaVerly complex (Figures 6-13 and 6-16). This is the

'only place within the Denver basin study area where salt 8

has been identified. It is possible that salt 8 (and
perhaps salt'S) originally extended over a larger part of
this paleolow. |

Assuming that the Lyons-Cedar Hills Sandstone was a
major source of salt-dissolving groundwater, the following
discussion offers an explanation for dissolution-induced
collapse responsible for the general distribution of
Niocbrara gas fields in Yuma County, particulariy those whose
structural closure appears to be related to the presence of
salts 9 and 7, the two thickest salts encountered in this

area.
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With the onset of Laramide orogeny, uplift along the
Front Range to the west raised the Lyons to a structural
position well above that of the sandstone on the eastern
flank of the basin. 1In calculated flow models foﬁ the Lyons
Sandstone, Lee and Bethke (1994) used a elevation difference
of about 6500 ft (2000 m) between the Front Range and the
eastern margin of the basin. With erosion, the present
elevation of the Lyons outcrop along the Front Range is
about 5500 ft (1700 m) above sea level, about 6500 ft (2000
m) higher than its elevation of about 1000 ft (300 m) below
sea level in northwestern Yuma County and about 5200 ft
(1600 m) higher than its elevation of about 300 £t (100 m)
above sea level in southeastern Yuma County.

Laramide uplift and tilting of the western flank of the
basin initiated eastward-directed topographically-driven
flow within the Lyons aquifer due to hydrauiic gradient and
to recharge at high-elevation cutcrops (Lee and Bethke,
1994). Flow would have been directed within thick,
permeable Lyons conduits in two areas on the basin's eastern
flank (Figure 6-21): the D-J fairway of western Nebraska,
and 2) the Yuma County area.

Laramide—inducéd eastward flow within the Lyons-Cedar
Hills aquifer is shown on Figure 6-23. In Yuma County,
regional eastward flow would have been restricted by
thickness and permeability variations related to facies

change from porous sandstone to salt 9. Aas a result of
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LYONS-CEDAR HILLS

GROUNDWATER FLOW

within Lyons-Cedar Hills regional aquifer in Yuma County.

Interpreted Laramide-induced groundwater flow




305

reduced thickness and permeability -of the aquifer, gravity-
driven groundwater would flow vertically from the Lyons-
Cedar Hills through fractures into adjacent strata.

Areas in which sandstone thickness and permeability are
reduced (Figure 6-23) are spatially related the iocation of
many of the larger Niobrara gas fields. These include the
Waverly complex and Beecher Island and Bonny fields, where
dissolution of thick salt 7 has affected the relief of gas-
productive anticlines. Upward-directed flow of groundwater
from thé Lyoné-Cedar Hills presumably caused incomplete
~dissolution of salt 7 (and possibly other salts) initially
along a trend of reduced Lyons thickness and permeability
(estimated on Figure 6-23 as areas of less than 50 ft (15 m)
of sandstone). Continued incomplete removal of salt
occurred away from sites of initia; dissolution, resulting
‘in solution collapse and a distribution of Niobrara gés
fields that generally follows the 50-ft (15-m) Lyons-Cedar
Hills isopach.

Depositional and podst-depositional controls on the
occurrence of Permian salts and their influence on the
distribution of Niobrara gas fields are depicted on Figure
6-24, a simplified model across Yuma County. Salts 10 and 9
accumulated in evaporite basins whose configurations were
influenced by subtle basement movement (Figure 6-24a).
Eolian and shallow-water sands (Lyons-Cedar Hills Saﬁdstone)

accumulated on and adjacent to subtle palechighs. Original
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distributioﬁ of late Leonardian salts, including salt 7 and
possibly salts 6 and 5, was influenced less by subtle
tectonics. Precipitation of Guadalupian salts, including
salts 4, 3, 2, and 1, this far southeast is speculative.

Pre-Late Jurassic erosion and near-surface dissolutiop
removed salts 6 and 5 (and, possibly, younger salts) to the
east (Figure 6-24b). Permian salts and related strata were
buried by at least 4000 £t (1200 m) of sediment (Figure 6-
24c¢c), represented by shales and sandstones of the Uppér
Jurassic Morrison Formation,'Lower Cretaceous marine shales
and nonmarine sandstones (including the D and J Sandstones),
and thick sequences of Upper Cretaceous marine limestones
and shales (including the Niobrara Formation and Pierre
Shale). .

Laramide (Late Cretaceous - Eocene) uplift along the
Front Range caused eastward-directed gravity-driven:
groundwater flow through the Lyons-Cedar Hills regional
aquifer (Figure 6-24d). Salt 9, where present, was
dissolved along the regional facies change. Reduction in
sandstone permeability dué to thinning and facies change,
coupled with salt 9 dissolution-induced fracturing éf
overlying strata, allowed for upwelling of groundwater and
dissolution of overlying salt(s), including thick salt 7.
Fractures, formed by continued collapse, acted as conduits
for further introduction of water and continued salt

removal. Collapse of overlying strata, including the
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Niobrara Formation, resulted in the formation of salt—coréd

faulted anticlines on which biogenic gas accumulated.

EXPLORATION IMPLICATIONS

The above discuésion supports the hypotheses that post-
Niobrara dissolution of Permian salts caused collapse of
overlying strata and that Cretaceous-level structure in Yuma
County and adjacent areas is rootless. Because dissolutibn
was incomplete, isolated salt-cored structural highs exist
on which Niobrara gas production occurs.

On.a regional scale, one of the more significant
relationships between Niobrara production and Permian salt-
bearing strata is the occurrence of Leonardian isopach
maxima (Figure 6-10) in areas of Niobrara gas production.
Where salt has been locally preserved, Leonardian strata are
over 500 ft (150 m) thick. These include the Waverly,
Yodel,  Pony Express, Mildred, Vernon, and Beecher Island
field areas. Combined cumulative production from these
fields exceeds 110 BCFG, nearly 80 percent of the Niobrara
production total for Yuma County.

Until the early 1970s, the Niobrara wés overlooked as a
commercial source of gas, due to its iow permeability and
low resistivity on well logs. Prior to the first commercial
discovery and development of Niobrara gas at Béecher Island

field in 1972, 50 Paleozoic tests had been drilled in Yuma
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County and six deep tests had been drilled in townships 49W
and 50W in Washington County. Since 1972, only 14 additional
Paleozoic tests were drilled in Yuma County.

Figure 6-25 is an isopach of the Leonardian Series
which was contoured using only pre-1972 deep well control.
This map was prepared to determine if sufficient data were
available prior to commerical development at Beecher Island
field to identify prospective Niobrara trends based on the
location of Leonardian 'isopach maxima.

Only minor changes from the interpretation shown on
Figure 6-10 (which is based on all currently available deep
control) result from excluding post-1972 control. Isopach
maxima are still present in areas which would later prove to
be gas-productive, including the Waverly complex and
adjoining areas, Yodel field, Pony Express field, Mildred
field, Vernon field, and Beecher Island field.

This relationship between thickness of salt-bearing
Permian strata and Niobrara gas production should exist in
other areas of the Denver basin, including areas of
established production from the D and J Sandstoﬁes as well
as relatively underexplored parts of the basin. Chapter 9
discusses additional areas of the Denver basin which have
been structurally influenced by dissolution of Permian salt
and are potentially favorable for exploration for salt

dissolution-influenced Niobrara gas accumulations.
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SUMMARY AND CONCLUSIONS

This chapter focused on the influence of Permian salt
dissolution on the distribution of shallow Niobrara gas
fields in Yuma County and eastern Washington County,
Colorado. Subsurface analysis of the distribution and
thickness of Permian salts and the Lyons-Cedar Hills
Sandstone relative to the occurrence of Niobrara gas

accumulations leads to the following conclusions:

1. Of 13 salt zones of Guadalupian, Leonardian, and
late Wolfcampian age identified in a Denver basin subsurface
study, 7 zones héve been identified in the shallow Niobrara
gas area of eaétern Colorado. With the exception of one
Guadalupian salt (salt 4), salts are within the Nippewalla
Group (Leonardian) and include salts 5, 6, 7, 8, 9, and 10.

‘ 2; Yéuﬁger, Guadalupian-age salts (salts 1,2, and 3)
are absent in this part of the Denver basin. If originally
present, these younger salts (as well as Triassic rocks)
have been removed by erosion or near-surface dissolution
below a pre-Late Juréssic unconformity. Distribution of
salts 5 and 6, which occur only in the western part of the
Yuma County study area, was likely affected by pre-Late
Jurassic truncation.

3. Thick salts occur below Nicbrara production. No

‘significant Niobrara production exists in areas where salt



312

is absent. Structural relief on faulted, gas-productive
anticlines is related to thickness changes in the Leonérdian
Series, which are caused by incomplete post-Niobrara
dissolution of salt.

4. Significant dissolution took place in response to
Laramide (Late Cretaceous-Eocene) orogeny. Although fluids
may have been introduced through fractures associated with
Laramide faulting, a more likely source of.water is the
Lyons-Cedar Hills Sandstone. Eastward gravity-driven flow
of water within the Lyons-Cedar Hills, a regional aqﬁifer,
occurred in response to hydraulic gradienﬁ and recharge .
along the Front Range uplift. |

5. Due to regional permeability reduction, groundwater
may have been forced out of the Lyons-Cedar Hills Sandstone,
migrating to the salt interval. Introduction of water
caused incomplete salt dissolution and collapse of overlying
strata, enhancing fracturing which exposed younger salts,
including thick salt 7, to Lyons-cédar Hills groundwater;
This resulted in further collapse of overlying strata.

6. Thickness of salts which have been subjected to
dissolution may be important ih controlling the amount of
gas trapped within the Niobrara. Where thick salts are

preserved, structural relief is greater, the gas-water

- transition zone is thicker, and gas saturation is higher at.

the crests of the faulted anticlines.
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7. Sufficient deep well control existed prior to
commerical development of the Niobrara play ip the éarly
1970s to identify general potentially favorable areas for
Niobrara exploration. Subsurface mépping of salt-related
Permian thickness trends, including a Leonardian isopach and
isopachs of individual salts, reveals that isopach maxima
are associated with gas accumulations in the overlying
Niobrara Formation. A similar relationship may exist in
other parts of the Denver basin where salts have been
subjected to dissolution and where Niobrara chalk is of
sufficient thickness, porosity, and gas saturation to have
commercial poﬁential. Potentially favorable tfénds outside
of the main Niobrara shallow gas area are discussed in

Chapter 9.
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CHAPTER 7 .
ECKLEY NIOBRARA GAS FIELD, YUMA COUNTY, COLORADO

INTRODUCTION

Eckley field, 1ocaﬁed in north-central Yuma County
(Figure 7-1), has produced more gas than any other shallow
Niobrara gas field in eastern Colorado. Discovered in 1978,
the field has produced over 33 BCFG through 1993. Gas
production is from porous chalk in the "Beecher Island zone"
(Lockridge, 1977) at the top of the Smoky Hill Member of the
Upper Cretacous Nicbrara Fofmation.

Regional relationships between dissolution of Permian
salt and the distribution of shallow Niobrara gas fields'in
eastern Colorado are discussed in Chapter 6 of this report.
Collapse of overlying strata, including the Nicbrara, inp
response to salt dissolution is considered to be the primary
factor contributing to structural relief across faulted
anticlines in which gas has accumulated. This chapter deals
specifiéally with the influence of Permian salts on trap
formation and Niobéara gas production at Eckley field.
Reflection seismic data are used to support a salt

dissolution origin for the gas-productive structure at

Eckley field.
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Figure 7-1. Location of Eckley field, in northern paxrt of
Yuma County, Colorado.
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DEVELOPMENT OF ECKLEY FIELD

Eckley field is one of five gas fields which comprise
the Waverly complex (Figure 7-2). Eckley field, along with
0ld Baldy, Waverly, Wages, and Rock Creek fields, was
- designated as part ef the complex by the Colorado 0il and
Gas Conservation Commission for well-spacing purposes
(Jeffrey, 1982). The five fields which comprise the Waverly
complex have produced in excess of 77 BCFG through 1993.
Other Niobrara fields in the immediate area of the Waverly
complex include Phuma,.Buffalo Grass, Whisper, Shout, and
Buckboard fields (Figure 7-2), whose combined cumulative
| prodﬁction through 1993 totals nearly 8 BCFG. Thus, ten.
'fields'in the immediate area of the Waverly complex account

for over 85 BCFG of the 133 BCFG produced in Yuma County.

The Paleozoic potential ef the area which would become
the Waverly complex was originelly evaluated by a number of
seismic-based deep tests drilled in the 19503'ahd early
1970s. Following commercial development of the Niobrara
Formation at Beecher Island field in the early 1870s, log
analysis in the Waverly area indicated potential for
Niobrara production (Lockridge and Pollastro, 1988).

The disco&ery well for the Waverly Complex was drilled
in 1977 in SWSE Sec. 31, T4N, R46W, to a total depth of 3040
ft (927 m). Following foam-fracture treatment, the well was

completed for an initial potential of 744 MCFGPD from
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perforations between 2688 and 2698 ft (8l§‘and 822 m)
(Jeffrey, 1982).' In 1993, over 330 wells produced gas in
the Waverly complex. Additional wells are presently being
completed as a result of downspacing and offset drilling.
Eckley field comprises the southeast portion of the
Waverly complex (Figure 7-2),.and covers parts of T3N, R45-
46W and T4N, R45-46W. Although the discovery well for
Eckley field was drilled in NWSW Sec. 16, T3N, R45W (Figure
7-3), development in the immediate area is limited. Most
gas production occurs a few miies to the north in the part ‘
- of the field which adjoins Waverly field tb the west and 01ld
Baldy field to the north. 1In 1993, 93 wells produced '
i,7i4,557 MCFG, for a cumulative production since 1978 of
53,295,522 MCFG (33 BCFG).A Of all eastern Colqrado‘shallow
Niobrara gas fields, Eckley ranks highest not only in
cumulative production, but also in averége cumﬁlative

production per well (358,016 MCFG/well).
NIOBRARA STRATIGRAPHY

The Upper Cretaceoﬁs Niobrara Formation'is situated
between the overlying Sharon Springs Member of the Pierre
Shale and the underlying Carlile Shale (Figure 6-3), and is
500 to 600 ft (150 to 200 m) thick in northern Yuma County.
The Niobrara is divided into‘two members, the lower Fort -

Hays Member and the upper Smoky Hill Member.
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- The Fort.Hays Member.is comprised of about 60 ft (20 m)
of chalk and shaly chalk with interbedded chalky shale. The
Sméky Hill Member, about 420 to 520 £t (130 to 160 m) thick,
consists of gray to white chalky shale with locally massive
chalk beds (Lockridge and Scholle, 1978). As with all
shallow Niobrafa fields in eastern Colorado, the pay zone at
Eckley field is a porous chalk at the top of the Smoky Hili
Member, informally named the Beecher island zone (Lockridge,

1977) .
BEECHER ISLAND ZONE RESERVOIR

The Beecher Island zone at Eckley field averages over
30 ft (10 mf in thickness. . Porosity of the chalk, which is
dependent on burial depth (Lockridge and Scholle;_l978),
ranges from 45 percent at a depth of 900 ft (275 m) at
Goodland field in northwestern Kansas ﬁo 30 to 35 percént at
a depth of about 280b ft (850 m)'in the .area of the Waverly
complex. Although the Beecher Island zone is a high-
porosity reservoir, permeability is extremely low (less than
1 md; Lockridge and Scholle, 1978). Due to the low
permeability, a gas-water transition zone exists; wherein
water saturations approaching 100 percent occur at low
structural positions, and gas saturation increases with

structural elevation within localized traps.
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Because there is little variation in reservoir porosity
and thickness across a given area, volume of gas-in-place is
primarily a function of gas'saturation, which is dependent
on the position of the well on the structure. (Several other
factors, including size and success of foam-fracture
treatment, density and orientation of natural fractures, and

well spacing, also contribute to per-well yield.)
NIOBRARA STRUCTURE

Structure on top of the Beecher Island zone (Figure 7-
4) shows that an anticline with four-way closure is present
at Eckley field. The crest of the producing structure,
where the top of the pay zone exceeds an elevation of 1400
ft (425 m) above sea level, is centered around Sec. 5, T3N,
R45W and Sec. 32, T4N, R45W. This places the field at a
structural position which is about 100 ft (30 m) higher than
the highest parts of 0ld Baldy and Waverly fields, located
to the north and west, or regionally downdip of Eckley
field.

Structural lows which have no apparent lineation
(Figure 7-4) separate the main producing area of Eckley
field from the structural crest at 0ld Baldy field to the
north. Structural depressions are also present to the east,
southeast, and south of the Eckley field high, or regionally

updip to the field. Structural relief between the crest of
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323

the Eckley structure and the structural lows maréinal to the
field is about 200 £t (60 m).

The Eckley structure is highly faulted and the pay zone
is thin or absent in some wellsldue to faulting. Inasmuch
as detailed mapping of faults is beyond the scope of this
study, faults are not shown on Figure 7-4. However,
Jeffrey's (1982) structural interpretation across the
Waverly complex included several northeast-trending faults
at Eékley field. Although his map was based on far less
control than is presently available, Jeffrey noted that
faulting in the Niobrara occurred in about 10 percent of the
wells, with displacements of 40 to 150 ft (10 to 45 m), and
suggested that faulting is probably much ﬁore prevalent than
well control identifies.

Jeffrey (1982) did not recognize faulting below the
base of the Smoky Hill Member and interpreted the‘faulting
to be listric, having occurred shortly after deposition of
the Niobrara. He noted, however, that some of the faults
can be recognized at the top of the the Pierre Shale
(Cretaceous-Tertiary boundary in this area), and that
although not infallible, Pierre Shale structure can be used
as an exploration tool.

Lockridge and Pollastro (1988) attributed modification
of producing structures in the Niobrara play to listric
féulting, with listric-normal faults flattening into bedding

plane faults within the Niobrara or underlying shales. The
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authors considered the faults to’be early compactional
features. Lisﬁric faulfing in the Niobrara hés also been
discussed in Lockridge and Scholle, 1978); Brown et al
(1982), Cockerham (1982); and Davis (1982).

Figure 7-5 depicts how listric faulting may modify
structure at the level of the Niobrara. Vertical movement,
due to basement faulting or, in the case of the diagram
(Figure 7-5), salt dissolution collapse has a greater effect

on the brittle Niobrara chalk than on the underlying D and J

Avsandstones. Listric-faulted blocks of Niobrara slump toward

the collapse area. Well A would encounter a faulted

' Niobrara section, with no evidence of faulting at the level

of deeper strata, even though the offset which prompted the
listric faulting affects strata at depth.

Figure 7-6, a north-south structural cross section
through Eckley field, shows the relationship between”
structural position in the field and gas in the Beecher
Island zone. The Beecher Island zone is 34 to 38 ft (ilito
iZ-m) thick at the field. Gas effect, indicated bylneutron-
density cross-over, is present on logs from four wells on
the cross section. Vélues in parentheses within the gas zone

represent the maximum deep resistivity recorded through the

chalk. Readings as low as 3 to 5 ohm-m indicate the

likelihood of gas production; resistivities over 5 ohm-m

result in water-free gas production (Lockridge and

" Pollastro, 1988). The dry hole at the north end of the ~
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cross section, which exhibited neutron-density cross-over
and 5 ohm-m resistivity across the Beecher Island zone,
could likely have been completed as a gas well.

Resistivity values in excess of 10 ohm-m were recorded
across the Beecher Island zone on the crest of the Eckley
structure, where the reservoir lies at an elevation of over
1400 £t (425 m) above sea level (Figure 7-6). To the north,
resistivity decreases to 8 ohm-m in a well which encountered
the chalk at +1314 ft (+401 m) and to 7 ohm-m at +1197 £t
(+365 m) in a well which indicated gas eéffect on the
neutron-density log, but was completed as a dry hole.
Immediately south of the main producing area of the field,
the elevation of the Reecher Island zone drops about 190 ft
(58 m) in a dfy hole located in Se;. 9, T3N, R45W. Although
the chalk was encountered at an elevation which is over 20
ft (6 m) higher to the well on the north end of the cross
section, no gas effect is observed and a maximum resistivity

of only 2 ohm-m occurs across the chalk.

RELATIONSHIP OF RESISTIVITY TO STRUCTURE

Figure 7-7 shows the relationship of structure to
formation resistivity indicated'on the Eckley field
structural cross section (Figure 7-6) . The Niobrara
resexvolr at Ecklgy field is highly faulted, due to the

brittle nature of the chalk. The Pierre shale serves as top
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Figure 7-7. Diagram used to explain relationship between
gas saturation (as indicated by formation resistivity) and

structural position along southern margin of main Eckley
producing area. :
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seal and fault seal. Gas saturation, which is indicated by
high resistivity and neutron-density crossover, increases
with structural position within each fault trap.‘ Gas
saturation, indicated by size of stippling, is highest near
the structural crest or highest part of the fault block
(well B). Although the northernmost well (well A) was
completed as a dry hole, a resistivity reading of 7 ohmtm
indicates that it encountered the gas-water transition zone.
The southernmost well (well C), with a resistivity of 2 ohm-
m, is low to the gas-water transition zone in the next trap
to the south, despite being structurally high to well A.

The relationship between structure and gas saturation
is evident on Figure 7-8, an isoresistivity map across
Eckley field. Data used in the interpretation are maximum
deep resistivity values recorded across the Beecher Island
zone. Because resistivity logs are influenced less by mud-
filtrate invasion than neutron-dehsity logs (Lockridge and
Pollastro, 1978), they provide a more accurate estimate of
gas saturation. Hann (1981) conducted a detailed analysis
of the interfelationships between Niobrara gas reservoirs
and well-log properties.

Maximum deep-resistivity of the Beecher Island zone
(Figure 7-8) generally increases with structural position at
Eckley field. Highest resistivity readings, in excess of 10
ohm-m, were recorded in the area of Secs. 4 and 5, T3N, R45W

and Secs. 32 and 33, T4N, R4W, where the Beecher Island zone
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Eckley field. Data are maximum deep resistivity values

recorded across gas-productive chalk reservoir. Contour .
interval 2 ohm-m. Values greater than 10 ohm-m are shown in
shaded area. '
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is present aﬁJan ele&ation greater than 1400 ft (425 m)
above sea level (Figure 7-4) and in the part of 0ld Baldy
field, centered around Sec. 18, T4N, R45W, where the
reservoir occurs higher than 1300 ft (400 m) above sea
level. A large area of high resistivity situated in the
general area of Sec. 31, T4N, R45W is associated with a
northwest-trending anticline which joins the Eckley field

structural high with the Waverly field to the west.

DEEP STRUCTURE

Reflection seismic surveys were recorded across the

general area of the Eckley field in the 1950s, as part of a

flurry of exploratory activity following the dicovery of oil

in the Nebraska panhandle at Gurley field in 1949. Drilling

of seismically-defined structures in Yuma County during the
1950s and 1960s, which focused on the D and J sandstones as

well as deeper Paleozoic objectives, overlooked the Niobrara

as a potentially commercial objective. The Niobrara was not

developed as an economic gas resource in this area until the
1970s, with the development of Beecher island field to the
south. Lockridge aﬁd Pollastro (1988) noted that most
Niobrar; fields in this area coincide with seismically-
defined structural highs identified by surveys conducted in

the 1950s. Althouéh deep exploratory activity in the
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Waverly area was unsuccessful, numerous deep tests allow for
study of the salt interval and deep (subsalt) structure.

Figure 7-9, a structural interprgtation drawn on top of
the subsalt Chase Group .- (Permian, Wolfcampian) reveals
regional dip of less than one degree to the northwest. Deep
well control in the Waverly complex area averages about one
well per township. Despite a concentration of deep control
points in the Eckley field area, there is no deviation from
the homoclinal structural pattern which exists elsewhere in
the general area of the Waverly complex.

Seven deep wells have been drilled in the area shown on

detailed Eckley field maps (outlined area‘on Figure 7-9).

Structural elevation on top of the Chase Group within this
detailed area ranges from about 460 ft (140 m).below sea
level in Sec. 5,‘T2N, R44W, to about 750 ft (230 m) below
sea level at 0l1d Baldy field in Sec. 11, T4N, R46W. Along
the éoutheastern edge of the main Eckley producing area, the
Chase Group is at an elevation of about 650 £t (200 m) below
sea level. .Thus, there is about loofft (30 m) of regional
structural relief between Eckley field and 0ld Baldy field

at the subsalt level.

PERMIAN SALTS

Stratigraphic position of Permian salts which occur

about 1500 to 2000 ft (500 to 600 m) below the Niobrara in
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the Eckley field areé'is shown on Figure 6-13. Three salt
zones have been identified on well logs. Sélt 7, which
ranges from 0 to 140 ft (40 m) in thickness, occurs between
the lower Blaine Anhydrite and the Flower-pot Shale. Salt
8, ranging from 0 to‘15 ft (5 m) in thickness, is situated
at the base of the Flower-pot Shale, just above the Flower-
pot Anhydrite! Sait 10, which ranges in thickness frém 0 to
50 ft (15 m), occurs just below the Stone Corral Anhydrite.
All salts which have been identified in the Eckley field
area’ are within the Nippewalla Grdup (Leonardian) .

Thickness of the Leonardian Series is directly related
to the presence of salt (Figﬁre 6-13). The Leonardiﬁn is
519 ft (158 m) thick in a well 2058, drilled in 1959 in the
area which would later be developed as 0ld Baldy field.

Salts 7 and 10 are present in this well. At Eckley field,

" salts 7, 8, and 10 were encountered in well 2075, drilled in

1972, in which Leonardian strata total 516 ft (157 m).

Between Eckley and 0ld Baldy fields, the Leonardian is 420

£t (128 m) thick in well 2057, drilled in 1951, which

encountered salt 10, but no salt 7 or 8. To the southeast
of Eckley field, in well 2053, d:illed in 1956, no salt was
encountered, and the Leonardian is only 297 £t (90 m) thick.
Deep-well cbntrol indicates a Leonardian isopach
maximum in the general area of the Waverly complex (Figure
7-10). The line of cross section shown is for Figure 6-13.

The Leonardian exceeds 450 ft (140 m) in thickness where




‘uotrsstwrad

YaTM posn ‘- oug ‘PoTFTsIaAaTqg ododey woxy dew oseqg °*sjiseon
OT0Z09Ted 9]10USpP STTOM POTOXITD (W GT) 23F 0S Teaxrsjurt
ANO3UO)  °*SOTISS URTPIARUODT 99Ul Jo yoedosT *oT-£ °InbTI

H ot Y { g IR0Y IS 'S

335

(- =" ? L 1T T/
_—2 —JNR YL ..ﬂﬂ-: BARKERAR L-n- \ \umu. M )\% ¢T+ N«p@
> + pe . \, ¥ o
NQN m * . “h“':, d \ of* V y J f#“ #n. X
' = . ¥
(34 \m \ — 5 \ /n..l_ * \ Qﬂ%@%b&vd & % &ﬂ.o
3 ;l .l. %
) mﬁ k- rﬁw W&ﬂ b¢\¢ Mﬂ? W . * L il
4 - M - o
oors ) m / \ GO«. B s \.a\ * el | wonisrs
— + \ 3 K L h_. + # Md.m ¥ oa *mo: *ono. & B*M " \
- ol 0|0 (4 ! v
[ A X e T A T T
. i IRNAY % ke SEENAREE
= ) g r o oo 3 AT IS o—r
N AV RN Sy M Sr e D >N KN
7% | 3 N SIS S g A1PADMEAT A | o | ™ 3
/m “// L ) »ﬁu & g _.° % &ah e ._.w.«\ ¢ ey Qv
E 0z els L4l | T
= : ADiD e e N ki B E ¥
L] B PIbg PIOHY*% Bfve, g Lo wl |
" |==ﬁ-= WERBHANY 1 -M = ¥ .ﬂq.e ; .mw\ mv‘a:. n* - i .
- & - .oﬂkw« ﬁg " — 1 |
_D _ et \ Oy 4+ _1¢ - ’ iy
5eve Oxg ¥ / \\ O JF k F¥l ¢ 4
o N uﬂ\ O swtag % ¥ * e & %
b'wl 1 \ \‘ k.3 Wxﬁ. N . wv " ) + o +H
:v: // oyt d 4.-: *am & &§$ \m vior o.vo.h
. A oot 2
AEEARY N ANy N
. 0082 / * o..e: : YA A

Mpbd MGKY  MOVY  MIbY | MBbY




o i

336

salts 7 and 10 are present. To the‘east and northeast,
where salt 10 only is present, the Leonardian is less than

450 £t (140 m) thick. To the southeast, where no salt is

present, Leonardian strata are less than 300 ft (90 m)

thick.
Salt-influenced Leonardian isopach maxima and their

relationship to Niobrara gas accumulations are discussed on

‘a subregional scale in Chapter 6 of this report. The

discussion which follows includes an analysis of seismic
data and focuses on the influence of Permian salt
dissolution on the formation of the gas-productive structure

at Eckley field.
ECKLEY FIELD SEISMIC STUDY
Eckley Seismic Line

A reflection seismic line (Figure 7-11), which was shoﬁ
across the area which would later be developed as Eckley
field, was provided by KN Production Company, Lakewood,
Colorado. Permission to use and publish the seismic section
was obtained from KN Production Company and from Mesa
Petroleum Company, Dallas, Texas, which holds the license
for the seismic data. The line is a north-south prdfile
across the Eckley £field area;Ahowever the specific location

of traverse is kept confidential in this report. The
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- points along the line were renumbered from 1 at the south

the synthetic seismogram were derived from the closest
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seismic data, acquired in 1972, were shot using dynamite as
an energy source. The seismic profile is a 6-fold common
depth point (CDP) display.

”.A 5-mi- (8-km-) long section of the seismic line was
analyzed in the present study. | A 3.7-mi (5.9-km) part of

the line is shown on Figure 7-11. For this study, shot

end of the line to 31 at the north end. Several strong
reflectors are apparent, including one at 0.7 sec. two-way
time. Another strong reflector at about 1.2 sec. is

believed to be related to the basement.
Synthetic Seismogram

In order to relate seismic reflection events to !
subsurface stratigraphy in the Eckley area, a synthetic

seismogram was generated. Acoustic data used as input for

available sonic log. The sonic log was recorded in well
2058, the S8.D. Johnson Pyle 1, NWSW Sec. 18,‘T4N, R45W,
drilled in 1959 in the area which would later be developed
as Old Baldy field. Well 2058 is located about 2 mi (3 km)
from the northern end of the seismic line. A section of the
sonic log through the Permian salt interval (Figure 7-12)
shoﬁs fhat 110 ft 634 m) of salt 7‘and 45 ft (14 m) of salt

10 were encountered in well 2058. A strong velocity
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contrast occurs between the Opeéhe Shale and the.underlying
high-velocity Blaine Anhydrite.. A siﬁilar strong velocity
contrast occurs between shales énd siltstones of the Sumner
Group and the anhydrite which is preéent at the top of the
Chase Group. Inasmuch as the Leonardian Series comprises

the interval between the top of the Blaine and the base of

" the Sumner, it is anticipated that these velocity contrasts

mighﬁ relate to persistent reflectors on the seismic line.
A section of the sonic log from well 2058 acfoss the

Niobrara (Figure 7-13) shows an increase in interval transit

time (or a decrease in interval velocity) across the Sharon

Springs Member of the Pierre Shale and at the top of the,ﬁ
Niobrara, across the Beecher Island zone."Iﬁterval velocity
across thé Beecher Island zone ié affected by gas saturation
(Claussen, 1981; Lockridge and Pollastro, 1988),.which can
also affect seismic amplitude. at the Niobrara level. Rather
than using the top of the Niobrara as a seismic correlation
point, interpreters of Denver basin seismic data commonly
use a strong reflection related to the Fort Hays Member as a
more reliable seismic‘pick. High—velocity‘limestone'of the
Fort Hays océurs between low-velocity calcareous shales of
the Smoky Hill Member and the low-velocity Carlile Shale
(Figure 7-13). |

A synthetic séismogram frdm well 2058 (Figure 7-14)
shows strong reflection events associated with the Fort Hays

as well as the Blaine Anhydrite and Chase Anhydrite. As no

{
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density log was recorded in this well, the impedance plot is
based on sonic log data only. Interval transit times used
as input for the synthetic seismogram are from the depth
interval from 440 ft (134 m) at the base of surface casing
to 5612 ft (1710 m), the total depth of the well.

Figure 7-15 compares synthetic seismogram traces from
well 2058 to a portion of the seisﬁic line in the area of
shotpoints which were assigned numbers 18 and 19 in this
study. A strong trough at about 0.76 sec. on the synthetic
seismogram, which is related to velocity contrasts at the
level of the Fort Hays Member, correlates with a trough at
about 0.65 sec. on the seismic line. A strong peak’aﬁ about
0.97 sec. on the synthetic seismogram, which is associated
with the Blaine Anhydrite, correlates with a reflector at
about 0.87 sec. on the seismic line. The reflector
associated with the Chase Anhydrite, at about 1.04 sec. on
the synthetic seismogram, correlates with a strong peak at

about 0.93 sec. on the seismic line'segment. A strong

reflector at about 1.15 sec. on the seismic line, believed

to be related to the basement, is not represented on the
synthetic seismogram, because well 2058 was drilled and

logged only to the Pennsylvanian.
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Interpreted Seismic Line

A part of the seismic line, interpreted on the basis of
correlations with the synthetic seismogram, is shown on
Figure 7-16. Locations of nearby shallow Niobrara wells and
deep tests are shown. A positive structural feature is
apparent across Eckley field at the level of all reflectors,
includiﬁg those related to the Niobrara, Fort Hays, Blaine,
Chase, and basement. A decrease in travel time between the
Blaine and Chase reflectors can be observed away from the
crest of the structure at the ends of the seismic profile.

Isochron "thinning" of the Blaine-to-Chase interval and
its relationship to structure is shown on a detailed part of
the seismic profile at the south end of Eckley field (Figure
7-17). In the Eckley field area, where Blaine-Chase travel
time is greater, two peaks are present between the Blaine
and Chase reflectors. A single peak is present between the
ﬁwo reflectors in areas marginal to the Eckley structure.
Two-way travel time across the Blaine - Chase interval
varies by 28 msec, rangihg from a maximum of 73 msec at shdt
point 18 (under Eckley field) to a minimum of 45 ﬁsec at
shot points 10, 11, and 12 (in the structural low marginal

to the field).
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Salt Dissolution Model

" Figure 7-18a shows a simple 4-layer.salt dissolution
depth model. Removal of salt by dissolution marginal to the
outlier (layer 3) took place during deposition of layer 1.
The model uses the following assumptions: |

1. Additional thickness of layér 1 (collapse £ill) in
areas marginal to the salt outlier = thickness of

salt = d,.

2. Thickness and velocity of layer 2 (d4,, v,) are
constant across the model.

3. Velocity of layer 1 (v,) is constant across the

model, and is lower than the velocity of salt
(v3) .

The presence of the salt outlier (layer 3) causes an

dincrease in travel time between layers 2 and 4 in the center
of the model. Two-way travel time across the salt outlier

can be expressed as

€, = -2-9‘;3
Vs
This time intérval'will be represented on seismic data as an
isochron thick between two reflectors which are related to
étrata immediately above and_below the salt.

,The:presende of salt will also cause.a velocity anomaly
at the level of subsalt reflectors, due to lateral
variaﬁions in thickness of collépse fill and salt and tﬁe
contrast in their wvelocities (v, and v;). Two-way travel

time to layer 4 (subsalt reflector) varies, depending on
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whether salt is encountered. If salt is present, two-way
travel time to the subsalt reflector (boundary between
layers 3 and 4) can be expressed as

tsalt = 2—d1 -+ 2—d2 + -2—d3
Vi Vs V3

If salt is absent, two-way travel time to the subsalt

reflector (boundary between layers 2 and 4) can be expressed

as '
tnosalt: = gi-d-'-lig:‘l + 2_d.2
Vi V2

Difference in two-way travel time to the subsalt reflector,

Atsu.bsalt = Baar = Cposaic
or, '
Atsu.bsalt = .2_d..1 + 2_@2 + .2__4.3 - M]_""__ds)_ + &2
v, Vs V3 v, Vs,

= 2d, + 24, + 2d, - 24, - 2d, - 24,

Vi Vs Vs Vi vy Vs
= 2@3 - ——2d3
oV, vy

Because the thickness and velociﬁy of layer 2 (d,, Vv,) are
assumed tolbe constant across the model, layer 2 does not
contribuﬁe to the subsalt velocity~anomaly. As a result,
the model can be simplified (Figure 7-18b).

If the velocity of the salt is higher than that of the

collapse f£ill (v, > V,), then At_,.,. is a negative value,

reflecting a velocity pullup below the salt outlier. The

amount of pullup is a function of salt (and collapse £ill)
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thickness (d;) and the contrast between salt velocity (v,)

and collapse fill velocity (v;).
Eckley Field Model

A simple depth model which depicts a salt dissolution
origin for the Eckley field structure is shown on Figure 7-
19a. The model includes a residual salt outlier situated
between the Blaine Anhydrite and the Chase Group. Thickness
of salt is 195 ft (59 m), and is based on the maximum
aggregate thickness of salts- 7, 8, and 10 encountered ‘'in
wells at Eckley field. Average velocity across the salt
interval, estimated from the sonic'log from well 2058, is
14,300 ft/sec.‘ |

Structural relief of about 190-200 ft (60 m) along the
southern margin of the field (wherxe salt is presumed to be
absent) occurs at the Niobrara level (Figures 7-4 and 7-6)
as well as at the level of strata which lie just below the
base of surface casing on well logs, near the boundary
between Cretaceous and Tertiary strata. Thus, salt
solution-collapse (and infilling of the collapse area)
presumably occurred during the Tertiary, and possibly as
late as the Quaternary. Velocity of the shallow Cenozoic
collapse f£ill (which cannot be determined because it lies
behind surface casing) would be low relative to that of the

salt. Velocity of the Upper Cretaceous Pierre Shale
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averages about'7000 ft/sec immediately below the base of
surface casing in well 2058. Shallow, low-velocity strata
include Tertiary sandstones and gravels, with velocities
lower than 7000 ft/sec. 1In addition, Pleistocene dune sands
blanket the surface in the Eckley area. Velocity of dune
sands in this area may be as low as 3500 ft/sec (Richard
Lockhart, Liockhart Geophysical, personal communication) .
Efﬁects of these uppermost'layers, however, have likely been
removed by static corrections, during processing of seismic
data. Although the velocity of the presumed collapse fill
(v,) cannot be determined, it is likely to be 7000 ft/sec or
less. Thickness of the collapsé £ill is assumed to be equal
to the thickness of the salt (d, = 195 ft). Bécause salt
disscolution is presumed to have taken place during
deposition of shallow (Cenozoic) strata (layer 1), thickness
and velocity of layer 2 (Mesozoic strata) (4,, v,) are
constant across the model.

Simplified seismic response to the depth model (Figure
is shown on Figure 7-19b. A 195-ft (59-m) thick salt
outlier (with an average velocity of 14,300 ft/sec) results
in a predicted increase in Blaine - Chase travel time of 27
msec. This agrees favorably with the 28-msec increase in
Blaine - Chase travel time observed between shot points 12
and 17 on Figure 7-17.

‘The contrast between high-velocity salt and low-

velocity near-surface sediments causes a velocity pullup in
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the area of the salt outlier. If near-surface low-velocity
sediments compensate for the_salt in collapse areas, a false
structure occurs at the level of reflectors below the salt
outlier, because travel time through ;he high-velocity salt
is shorter than travel time through younger, low-velocity
sediments.

The amount of subsalt velocity pullup cannét be
predicted, because the near-surface (Cenozoic) collapse-fill
interval velocity (v,) is unknown. If v, = 7000 ft/sec, é
subsalt velocity pullup of 29 msec is expected; if v, = 6000

ft/sec, a subsalt velocity of 38 msec is expected.

Analysis of Seismic Data

Two-way travel times to reflectors associated with the
Fort Hays, Blaine, and Chase along the Eckley seismic
profile are plotted on Figure 7-20. Plots include data from
shot points along a 5-mi (8-km) portion of the seismic line.
A positive feature at Eckley field is apparent at the level

of all three reflectors. A seismic low occurs at shot point

.12, just south of the field. Seismic highs are present at

shot points 17 and 26.
Travel time to the reflector associated with the Fort
Hays varies by 63 msec, and ranges from 643 msec at shot

point 17, at the crest of the Eckley field structure, to 706

‘msec at shot point 12, one mile south in a structural

e TN e
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depression which separates the main producing area of the
field from the area of discovery and initial development.
Variation in travel time to the reflector associated with
the Blaine Anhydrite is 61 msec, ranging from 863 msec ét
shot point 17 to 924 msec at shot point 12. Travel time to
the reflector associated with tﬁe Chase Anhydrite‘varies by
34 msec, and ranges from 1150 msec at shot point 17 to 1184
msec at shot point 12.

Well control-based structural profiles at the Niobraré
(Beecher.Island zone) and Chase levels are compared to
seismic travel time profiles on Figure 7-21. The Beecher
Island zone structural profile is plotted in feet above sea
level and is derived from the Beecher Island zone structural
interpretation (Figure 7-4); which is based on well control.
The Chase structural profile is derived from the the subsélt
structural interpretation (Figure 7-9), which is based on
déep well control only. |

‘The Beecher Island zone elevation profile parallels the
Fort Hays time profile, except at thevnorth end of Eckley
field, where a liétric fault is interpreted to explain the:
discordance between the upper and lower members of the
Niobrara. Comparison of the Beecher Island zone and Chase
elevation profiles reveals significant structural
discordance between suprasalt and subsalt strata.

Two-way travel time difference between the Blaine and

Chase reflectors (Figure 7-22), which is interpreted to
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represent the approximate interval travel time through the
Leonardian salt interwval, ranges frgm a maximum of 73 msec
at shot points 18 and 19 to a minimum of 45 msec at shot
points 10, 11, and 12. Assuming thét all variation in
Leonardian interval travel time is due to variation in salt
thickness, the minimum of 45 msec is interpreted to reflect
the complete absence of salt. Leonardian isochron values
which plot above the 45-msec. liﬁe are interpreted to
indicate presence of salt.

Values of as high as 73 msec (28 msec greater ‘than the
45 msec no-salt "baseline") occur at shot points 18 and 19,
én the crest of the Eckley field, where salts 7, 8, and 10
were encountered in deep tests. Salt is interpreted to be
thin or absent just to the south at shot points 10, 11, and
12. Salt may be present farther to the south, near the area
of the Eckley field discovery well. At the north end of the
plot, values of 53 to 55 msec (8 to 10 msec greater than the
45 msec "baseline") are interpreted to be due to the
presence of about 50 £t (15 m) of salt 10 only, which was
encountered nearby in well 2057, located between Eckley and
0ld Baldy fields.

Thinning of the Leonardian isochron by 28 msec south of
Eckley field compares favorably with a 27-nisec value
predicted by the simple salt outlier model (Figure 7-19).

This supports the hypothesis that salt dissolution is
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responsible for Niobrara-level structural relief, which
controls the accumulation of gas at Eckley field.

The model (Figure 7-19) also indicated that a 195-ft
(59-m) thick salt outlier would ééuse a subsalt velocity

pullup ranging from 29 msec (using a Cenozoic collapse £ill

velocity (v, ) of 7000 ft/sec) to 38 msec'(using a va.of 6000

ft/sec). A 34-msec pullup occurs at the level of the Chase

reflector (Figures 7-20 and 7-22) between shot point 12

(where salt is interpreted to be absent) and shot point 17
(where well cbntrol indicates that thick'salt is present).
This 34—msec pullup is within the 29 to 38 msec range
predicted above. Assuming that the subsalt (Chase-level)

pullup is due entirely to the contrast in velocity of salt

(v;) and collapse £ill (v,), and is not due in part to

subsalt fault offset, the 34-msec pullup indicates an
average collapse fill velocity (v,) of 6400 ft/sec. This
appears to be a reasonable value for Tertiary strata whiéh
lie behind surface casing.

A key assumptibn/in the above discussion is that the
subsalt velocity anomaly is due only_to the thickness of the
salt outlier (d,) and the velocity contrast between shallow
collapse fill (v,) and salt (v,), and that no lateral
variation in thickness or velocity occurs in the interval
between collapse f£ill and salt. This assumption likely
represents an oversimplification of the subsurface geology

in the Eckley field area. Some lateral variation in travel
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time can be observed between the Fort Hays and Blaine
refiectors. Variation may be due to subtle syndepositional
basement fault movement, or listric faulting of Upper
Cretaceous strata. Nevertheless, it appears that much of
the deep velocity pullup which occurs below Eckley field can
be attributed to the presence of a relatively high-velocity

salt outlier.
Deep Exploration Implications

Salt-related velocity pullups at the level of deep

reflectors can result in false Paleozoic-level structures in

the Denver basin. Most of the nearly 70 Paleozoic tests
drilled in Yuma County are in areas which would later be
developed as shallow Niobrara gas fields. Although 6000 BO
were produced from the Pennsylvanian at Laird field in T2N,
R42W, no commercial Paleozoic production exists in the area.
Subsalt velocity pullups on seismic data likely encouraged
the drilling of numerous deep exploratory failures in Yuma
County and adjacent areas of the Denver basin.
Identification of Permian-level seismic isochron variations
(caused by localized variations in salt thickness and
diétribution) is critical to accurate interpretation of

deeper Paleozoic structure.
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DISTRIBUTION OF LEONARDIAN SALT

Thickness and occurrence of Leonardian salts at Eckléy
field (Figure 7-23) are interpreted on the basis of deep
well data, seismic data, and Niobrara structure (Figure 7-
4). 8Salts 7, 8, and 10 are present inlan area centered
around Secs. 32 and 33, T4N, R45W. This area coincides with
the crest of the Eckley structure and with Leonardian
(Blaine-Chase) seismic isochron maxima. Salts 7 and 10 are
interpreted to be present in an area centered around Sec.
18, T4N, R45W, coincident with a structural high at 01ld
 Baldy field. Only salt 10 is present to the northeast of .
. Eckley field.‘ Salt is interpreted to be completely absent
in the area immediately to the east and south of'the main
Eckley producing area, between Eckley and 0ld Baldy fields,
and to the east of 01ld Baldy field. Presence of salt in the
area of the Eckley field discovery is inferred on the basis
of an increase in travel time between reflectors associated
with the Blaine and Chase anhydrites at the south end of the
seismic line.

A Leonérdian isopach (Figure 7-24), based on seismic
data and Niobrara structure as well és deepvwell control,
likely represents a more accuraté interpretation than the
Leonardian isopach which is based on well control alone
(Figure 7-10). The Leonardian is less than 400 ft (122 m)

thick where salt is presumed to be absent. Where salt 10
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Figure 7-24. Interpreted Leonardian isopach in Eckley field
area. Interpretation is based on deep well control,
Niocbrara structure, and seismic data.
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only is present, the Leonardian is between 400 and 450 ft
(122 and 137 ‘m) thick and is over 450 ft (137 m) thick where

salts 7 and 10 are both present.
CUMULATIVE GAS PRODUCTION

Cumulative gas production through 1993 is plottéd on
Figure 7-25. Values are shown as cumulative production per
80 acres, the approved well spacing in the field.
Cumulative production is divided into 4 categories: (1) less
than ZQQ,OQO MCFG per 80 acres, (2) 200,000 to 400,000 MCFG
per 80 acres; (3) 400,000 to 600,000 MCFG per 80 acres; and
(4) greater than 600,000 MCFG per 80 acres. In some areas,
such as SE Sec. 6, T3N, R45W and Sec. 36; T4N, R46W,
production cannot be shown on an 80-acre basis, because
production is reported on a lease basis rather than a per-
well basis. Orientation of 80-acre areas (north-south vs.
east-west) does not necessarily correspond to actual spacing
units ("standup vs. laydown 80s"). Production was not
- plotted to the north at 0ld Baldy field because many of
these wells do not have a sufficiently long production
history to make meaningful comparisons with Eckley field.

A comparison of the distribution of high-yield wells
(Figure 7-25) to Beecher Island zone‘structure (Figure 7-4)
reveals that gas production is not related entirely to

structural position. Many of the highest-yield wells,
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including those located in NWSW Sec. 3, T3N, R45W; NWSE and
NESE Sec. 6, T3N, R45W; SW Sec. 30, T4N, R45W; and NW Sec.
31, T4N, R45W, are not situated on the highest part of the
Eckley structure. These wells are located in areas above
-interpreted salt edges (Figure 7-23), particularly that of
thick salt 7. |
Although gas saturation (as inferred by isoresistivity
contours on Figure 7-8) can be related to structure, actual
gas production is presumably a functioh of additiomnal
factors. Becauée foam-fracture treatment is necessary for
economic production, geologic factors which contribute to
the success of fracture treatment, such as localized natural
fractures, should affect total gas production. Presumably,
enhanced fracturing due to normal and listric faulting along
collapse areas exerts a stronger control on well yield than
structural position and gas saturatiom. If this is true,
then salt-solution edges exert a significant infiuence on
economics at Eckley field and elsewhere in the shallow

Niobrara play.
SUMMARY AND CONCLUSIONS

This chapter focused on Eckley field, the largest field
in the shallow Niobrara gas play of eastern Colorado.
Subsurface analysis of well data from Niobrara wells, along

with deep well data and seismic data across the field,
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result in a number of interpretations which relate the
occurrence of Permian salt to the formation of a faulted,
gas-productive anticline. The following conclusions result

from a subsurface study of Eckley field:

1. The main producing areé of Eckley field is situated
at the southeastern end of the Waverly complex. Eckley "
field, which has produced more gas than any other shallow
"Niobrara field, also has the highest per-well yield. High
per-well production is believed to be due the regionally
updip position of the field relative to other fields in the
Waverly complex. h

2. The main producing structure is a highly—faulted
anticline with about 200 (60 m) of relief. Structural
depressions separate the main produéing area at-Eckley field
from the area of field discovery and initial development to
.vthe é@uth, and from 0ld Baldy field to the north.

3. Resistivity of the Beecher Island zone-reéervoir,
which is a function of gas saturation within a gas-water
: tranéition zone of over 200 ft (60 m), increases with
structural positionl

' 4. Structural discordance between a faulted antidline

at the level of the Upper Cretaceous gas reservoir and

homoclinal structure at the level of the subsalt Chase Group

(Permian, Wolfcampian) is directly related to the presence
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of Leonardi;n salts, whose distribution is influenced by
dissolution.

5. As with many other~shallow Niobrara gas fields in
eastern Colorado, a Leonardian isopach maximum (due to the
presence of thick, residual salt) is present in the Eckley
field and Waverly complex areas.

6. Seismic data and modelling support a salt
dissolution 6rigin for the.Eckley field structure. Abrupt
thinning of the Leonardian interval, interpreted_to be due
to salt dissolution, occurs at the updip limit of the main
Eckley producing area.

7. Velocity pullup at the level of subsalt reflectors
may be observed on a seismic profile across Eckley field.
Pullup is probably due primarily to the lateral velocity
contrast between residual Permian salt (below the field) and
shallow, low-velocity Cenozoic collapse-£fill (marginal to
the £ield). False structurés at the Paleozoic level have
likely contributed to a number of éarly seismic-based deep
exploratory failures in this area prior to the development
of the shallow Niobrara gas resource.

8. Although gas saturation (indicated by deep
resistivity) within the Beecher Island zone is generally
related to structural position, cumulative production
appears to be controlled by a number of additional factors.

Several of the highesq—yield wells are located where natural
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fracturing may be enhanced, presumably induced in part by

faulting in response to salt dissolution.
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CHAPTER 8 .
REGIONAL DISTRIBUTION AND CONTROLS ON SALT OCCURRENCE
The objectives of this chapter are to present a series
of regional-scéle isopach maps of salts and related strata
and to discuss syn- and post-depositional controls on salt
distribution. Subregional structural-stratigraphic studies
of Permian evaporite-bearing rocks and overlying strata in
western Nebraska and eastern Colorado (Chapters 4 and 6 Qf
this report) show that the distribution and thickness of
individﬁal salt beds are controlled by: 1) the configuration
of the evaporite basins during precipitatiom; 2) trunéation
or near-surface dissolution below a pre-Late Jurassic
unconformity; and 3) subsurface dissolution which occurred
at various times since the Jurassic. This chapter expands
on thgse studies to discuss the distribution of salt and

controls on its occurrence across the regional study area.
WOLFCAMPIAN SALT AND RELATED STRATA
Salt 13
Salt 13 (Figure 8-1), situated at the top of the Chase
Grbup (upper Wolfcampian), is present in the Nebraska

panhandle and northeastern Colorado. The salt is up to 30

ft (9 m) thick in parts of Banner, Morrill, and Cheyenne
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Counties, Nebraska, and Logan County, Colorado. Salt is
absent in a narrow northeast-trending area of Cheyenne and
Garden Counties, Nebraska.

To the north of the study area, in the Alliance basin
area, salt is present at the level of salt 13 as well as
lower in the Wolfcampian (Maughan, 1966; Rascoe and Baars,
1972). This is an area which was interpreted by Garfield et
al.‘11988) as a restricted backramp, in which halite
accumulated. The backramp was separated from a more open-
marine setting to the southeast by a northeast-trending
paleopositive feature related to basement faulting along the
Transcontinental arch. This linear paleohigh area was .
termed the "Morrill County high" (MacLachlan and Bieber,
1963). Based on isopach studies of Wolfcampian and "upper
Permian" rocks (which roughly equate to the combined
Leonardian/Guadalupian of this study), Sonnenberg and
Weimer (1981) interpreted two parallel, northeast-trending
positive areas, the Morrill County high and the "Wattenberg
high" to the southeast (Figure 2-4). The two paleohighs
were separated by their "Cheyenne County low." Sonnenberg
and Weimer attributed areas of thinning to convergence over
uplifted basement blocks. The relative abundance of deep
subsurface control available now allows for the recognition
that, rather than convergence, thinning.of Pefmian strata,

particularly those of Leonardian and Guadalupian age, is
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largely due to pre-Late Jurassic truncation and subsequent
salt dissolution.

Although salt 13 is absent in the area of the
paleohigh, it occurs in a narrow northwest-trending area in
Garden County,'Nebraska, which appears to have linked the
Sterling basin (extreme northeastern limit of‘Rall and
Loeffler's (1994) "Denver embayment") to the Alliance -

evaporite basin. This apparent transverse sag across the

Transcontinental arch is termed the "Garden County lown"

(Oldham, 1996).
Isopach maps of stratigraphic units associated with

salt 13 were prepared, in an effort to provide support for -

*non—deposition (associated with the paleohigh) rather than

- subsequent dissolution as an explanation for the no-salt

area centered around Cheyénne County. An isopach‘map of the
uppermost evaporite bed in the Wolfcampian Chase Group
(Figure 8-2), termed the "W-1" evaporite in this.sfudy
(Figure 3-2), reveals thickﬁess variation of the uppermost.
Chase anhydrite (or salt 13 where halite is present). A
northeast-trending isopach minimum in the southern Nebraska
panhandie'corresponds to the area.where salt 13 .is absent on
Figure 8-1. As with salt 13, the "w-1v évaporite is thick
to the north, toward the Alliance basin area, and in Deuel
County, Nebraska, and Logan County, Coldrado, just southeast
of the apparent paleochigh. The "W-1" evaporite pinches out

in Kansas and adjacent areas along the southeastern margin
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of the study area, reflecting an‘intertonguing~with upper.
Wolfcampian clastics.

This southeastward facies change from evaporites to
clastics is also reflected on an isopach map of the "W-2"
evaporite (Figure 8-3), an anhydrite which is more than 20
ft (6 m) thick over most of the study area (Figure 3-2).
This anhydrite is less than 10 ft (3 m) thick in the
southeastern corner of the study area, where it intertongues
with clastic rocks (Rascoe and Baars, 1972). ﬁpper
Wolfcampian clastic sediments accumulated in this area as
part of the "Apishipa delta" (Rall and Loeffler,,1994).
‘Rascoe's (1978) regional isopach maps, centered around an;
area to the southeast of the present study area, reflect the
influence of the ancestral Las Animas arch on sedimentation
during the Pennsylvanian and Permian, and its role in . the
‘southeastward facies change within upper Wolféampian strata.

The "W-2" evaporite (Figure 8-3) is thickest (more than
60 ft or 18 m) in the Alliance basin area along the northern
" edge of the study area, and is over Sb ft (16 m) ;hick in
parts of Weld and Morgan Counties, Colorado, at thel
northwestern margin of Rall and Loeffler's (1994) "Denvexr
embayment". Slight thinning of the‘"W-Z" evapopite occurs
along the same northéasterly trend in the Nebréska panhandle
in which isopach minima for thé "W-1" evaporite (Figﬁre 8-2) -
and sélt 13 (Figure 8-1) were observed. Anhydrite in the

nW-2" interval should be less sensitive to dissolution at.
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depth than halite within the "W-1" evaporite interval (salt
13). Thus, areas of "W—Z".evaporite thinning should more |
accurately reflect syndepositional evaporite basin geometry
rather than post—depositional controls (dissolution), which
may influence distribution of the more s&luble halite. This
is supported by more detailed study of salt diétribution in
the Nebraska panhandle (Chapter 4), including Figures 4-16 |
and 4-17. These cross sections in the Sidney trough area
reveal that salt 13 is present in several places where |
overlying salts have been removed by dissolution. If salt
dissolutiqn, rathef than non-deposition, were responsible

for the absence of salt 13 across thé paleohigh, one would"

also expect it to be absent in areas where nearly complete

removal of overlying salts has odcurred.

Present-day distribution of salt 13 (Figure 8-1)
suggests that subtle basement-involved uplift along a local
paleohigh associated with the Transcontinental arch in the

Nebraska panhandle and adjacent areas'may havevlocally

partitioned salt accumulation in latest Wolfcampian time.

Precipitation of salt occurred to the north into the

Alliance basin area and immediately to the south of the
local paleohigh in the newly-formed Sterling basin area of
Deuel County and southéastern Cheyenne County, Nebraska, and

Logan County, Colorado. The two evaporite basins were

-joined across the "Garden County low."
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Localized thinning of the pre-Leonardian Paleozoic
interval, reflected by an isopach of the interval from the
top of the Wolfcampian to the top of Precambrian basement
(Figufé 8-4), occurs in an area centered around Cheyenne
County, Nebraska. Pre-Leonardian thickness patterns have
been influenced by the Transcontinental arch in this area at
times throughout the Paleozoic as well as during Permian
salt accumulation. Thinning of the pre-Leonardian interval
also occurs at the northeastern margin of the study area in
the "Chadron proto-arch" area of Momper, 1963). Pre-
Leonardian isopach maxima are present along the northwestern
margin of the study area in the Alliance basin area and to
the south in the Colorado portion of the study area
(northern limit of the "Denver embayment" of Rall and
Loeffler, 1994).

Further discussion of the influence of the
Transcontinental arch on thickness of Wolfcampian and older
Paleozoic rocks, which is beyond the scope of this study,
can be found in MacLachlan and Bieber (1963), Rascoe (1978),
Wilson (1978), Sonnenberg and Weimer (1981), Billo (1985),

Garfield et al (1988) and Rogers and Longman (1988).
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LOWER LEONARDIAN (SUMNER GROUP) SATTS
Salts 11 and 12

Combined thickness of Sumner Group'salts (salts 11 and
12, Figure 8-5) exceeds 20 ft (6 m) in parts of Deuel,
Morrill, and Garden Counties, Nebraska, and in Logan and
Sedgwick Counties, Colorado, where 40 ft (12 m) of salt was
encountered. Shading on Figure 8-5 in western Sedgwick
County marks an area where Sumner salts aré interpreted to
have originally existed prior to post-Cretaceous subsurface
dissolution. This area cofresponds to a.no-salt area and
related Crétacéous-ievel structural depression (Red Lion
anomaly) discussed in Chapter 2 (Figures 2-14 and 2-15). As
with salt 13, salts 11 and 12 accumulated in the "Garden
County low" between the Sterling and Alliance evaporite

basins.
UPPER LEONARDIAN (NIPPEWALLA GROUP) SALTS AND RELATED STRATA -

Six salt zomnes within the upper Leonardian Nippewalla
Group were identified in the northernm Denver basin
subsurface (Figure 3-2). Distribution of Nippewalla salts

and the Lyons (Cedar Hills) Sandstone is discussed below.



.r-«-«—f:.

o

382

o
R

i
T

© ESCOTTSBLUFF -
. ;

COVresagpien

2065

1)

.
L]
23
-
L)
.
.
.
..

LS
.
.
.
-
3
.
.
.
*
.

-

(J
Puoe snee

MORGAN .

¢ sege =

o was
a o
(YYTY
e . : S
gqoéoooooooooodoo%‘oooopociv R R

SALT 11/12 ISOPACH
Ck25FT |

Figure 8-5. Isopach map of combined thickness of salts 11
and 12, situated within the Lower Leonardian Sumner Group.
Contour interval 25 £t (8 m). Shading on this and
subsequent regional salt isopachs indicate areas where salt
is interpreted to have existed prior to removal by
dissolution. :




i

.
[ TP

Y

el

LR

383

Salt 10

Salt 10, which occurs at the Stone Corral level, is
thickest in Garden, Deuel, and southeastern Cheyenne
Counties, Nebraska, and in parts of Sedgwick and Logan
Counties, Colorado (Figure 8-6). Salt exceeds 100 £t (30 m)

in thickness in these areas, which are directly southeast of

_an abrupt linear facies change from salt to lower Lyons

sandstone. Distribution of thick salt at the Stone Corral
level appears to have been strongly influenced by the
configuration of the Sterling basin, whose northwestern
margin was defined by a northeast-trending paleohigh
associated with the Transcontinental arch, on which eolian
Lyons sand accumulated (Chapter 4 of this report) .
Generally, where salt 10 exceeds 100 ft (30 m) in
thickness (in the "Garden County low" and northwestern
Sterling basin areas) gamma-ray logs reveal the presence of
two highly radiocactive zones within the salt. Log anal&sis
indicates that the source of natural radioactivity recorded
across the two zones is predominantly from potassium, ana
that the potassium is likely contained within sylvite. As
discussed in Chapter 4 of this report, the presence of
sylvite in this area reflects highly evéporative conditions
during salt accumglation as well as post-depositional
conditions which allowed for the preservation of the highiy

soluble salt.
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existed prior to removal by dissolution.
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Areal distribution of highly radiocactive salt zones
(sylvite?) within salt 10 (denoted by solid circles on
Figure 8-6), generally coincides with that of salts 11/12
and 13 in the "Garden County low" and northwest Sterling
basin areas. This distribution suggests that highly
restricted conditions existed during precipitation of these
lowermost salts in the area immediately to the east and
southeast of the nértheast-trending paleohigh.

Salt 10 is also present to the south, in parts of
Phillips, Washington, and Yuma Counties, Colorado, and in
wéstern Perkins and Chase Counties, Nebraska. Distribution
of salt 10 near its southeastern limit in Colorado is
discussed in more detail in Chapter 6. Distribution of salt
10 along its eastern limit in Nebraska ié discussed further
in Chapter 9.

Study of the spatial relationship between Cretaceous-
level structural anomalies aﬁd the eastern limit of salt 10,
including seismic interpretation at Big Springs and Eckley
fields (Chapters 5 and 7), indicates that post-Cfetaceous
dissolutioﬁ.is responsible for the abrupt eastern margin of
the salt. Dissolution has removed salt 10 along its eastern
margin in Garden, Deuel, Keith, Perkins, Chase, and Dundy
Counties, Nebraska, and Yuma County, Colorado, and in a

local area in Sedgwick County, Colorado.
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Lyons - Cedar Hills Sandstone

Inferences as to the original easternmost extent of
salt 10 in the Sterling basin (shaded areas on Figure 8-6)
cannot be made with certainty dué to post-depositional
removal bf dissolution. However, Lyons - Cedar Hills
Sandstone thickness patterns may be used to suggest a
configuration of the Sterling Basin during precipitation of
salt 10. Thickness of the Lyons-Cedar Hills Sandstone
across the study area (Figure 8-7) varies from 0 to over 2OO
ft (60 m). Eolian sand accumulated along a northeast-

trending paleohigh related to the Transcontinental arch.

‘Localized thinning of sand occurred in the Garden County low

area, where the Sterling and‘Alliance evaporite basins
appear to have been joined. Thick sand also accumulated in
the "Yuma high" (Sonnenberg and Weimer, 1981) area, near the
southeasterni¢orner of the study area. The Yuma high may
have been a éaleopositive feature associéted with the
ancestral Las Animas arch, which influenced sedimentation
and deposition throughout the Late Paleozoic (Rascoe,1978).
Regional correlations indicate that the lower Lyons is

stratigraphically equivalent to salt 10 along the

_northwestern margin of the Sterling basin. Generally, thick

Lyons Sandstone is present where salt 10 (and salt 9) is
absent. Conversely, sandstone is generally absent where

salts occur (éhapter 4). Sand accumulated along the




lm»-...m

387

boqoooooooqoo ®

oc0e? ..

ADAMS°
00a o ‘e
'...!b_looooo,oooooooood,,
50 Mi ‘e
R LT
80 KM

LYONS (CEDAR HILLS) SANDSTONE ISOPACH
' CES5OFT

Figure 8-7. Isopach map of the Lyons (Cedar Hills)
Sandstone (upper Leonardian Nippewalla Group) . Contour
interval 50 £t (15 m).

40°



388

Transcontinental arch while red mud and silt of thé Salt
Plain Formation and the halite of salts 10 and 9 accumulated
in the evaporite basin to the southeast.

Little or no sand accumulated in parts of Keith and
Perkins Counties, near theveastern margin of the study area
(figure é—7). This area may have marked the eastern limit

of the Sterling basin. Although the present eastern limit
of salt 10 occurs at an abrupt dissolution edge, the pre-
dissolution limit of salt probabiy extended farther to the
east, including the aréa shaded oanigure 8-6, which
generally corresponds with where sandstone.is less than 50
ft (15 m) thick. The Garden County low area, in which salts
13, 12, 11, 10, and 9 oécur, is marked by thinning of the
-Lyons Sandstone. Thin Lyons Sandstone suggests_that.salts
were present in the Garden County low during Leonardian |
time.

Salt 9

Salt 9, which occurs at the top of the Salt Plain
Formation, just below the "Flower-pot Anhydrite", is greater
than 70 feet (20 m) thick in parts of Morrill and Garden
Counties, Nebraska, and Yuma County, Colorado (Figuré 8-8) .
salt appears to have accumulated in the Alliance.and
Sterling evaporite‘basins and Garden County low, and in a
local area in Yuma County, corresponding to a Lyons- Cedar

Hills Sandstone isopach minimum (Chapter 6). Post-
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Cretaceous aissolution has removed salt in places along its
eastern margin,.as evidenced by solution collapse
structures, as well as along its westernm margin in the
Sidney trough area of Cheyenne and Garden Counties, Nebraska
(Chapter 4). | |

Sandstone thickness (Figure 8-7) is used to suggest:the
original (pre-dissolution) distribution of salt 9 in the
eastern and southeastern parts of the study area. 2an
outlier of thick salt, present in east-central Yuma County,
Colorado below the Beecher Island gas field (Figure 6-15)

occurs in an area of thin sandstone. Niobrara structure

- indicates that salt in this outlier represents a dissolution

. remnant.

As with salt 10, salt 9 may have originally exténded to

" the east into Sedgwick County, Colorado, and eastern Dedel,

and Keith and Perkins Céunties, Nebraska (shaded on Figufe
8-8). This is an area where sandstone thickness is
genefally less than 50 £t (15 m). Likewise, salt 9 may have
originally occurred across a largef area ovKuma and
Washington Countiés, Co1orado, prior to removal by eastward-
directed groundwater flow within £he Lyons-Cedar Hills

Sandstone regional aquifer (Chapters 4 and 6).
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Salt 8

‘Salt 8 has been identified only in an isolated area of .
Yuma County, Colorado (Figure 8-9) where it is 10 to 15 ft
(3 to 4 m) thick. Salt 8 occurs immediately above the
"Flower-pot Anhydrite", at the base of the Flower-pot Shale.
The isolated occurrence of salt 8 along the dissolution
edges of salts 7 and 10 at Eckley field (Chapters 6 and 7)
indicates that it may be a dissolution remnant. However, no
effort is made to determine if this salt was originally

pbresent elsewhere within the study area.
Salt 7

Salt 7 (Figure 8-10), which occurs below the lower
Blaine Anhydrite and just above the Flower-pot Shale, is the
most widespread salt zZone identified in the study area.
Generally SO'to 100 £t (15 to 30 m) thick, the salt extends
from the Alliance basin area south to the southern margin of
the study area, where it is over 125 ft (35 m) thick.
Farther to the southeast, into western Kansas, over 200 ft
(60 m) of salt is present at this stratigraphic position on
cross sections by Rascoe and Baars (1972) and Holdoway

(1978).
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Post—CretaCéous dissolution occurred along the eastérn
ﬁargin of salt 7 in Garden and Deuel Counties, Nebraska, and
Sedgwick County, Colorado (Chapters 2 and 4) and in Yuma
Coﬁnty, Colorado (Chapters 6 and 7). Post-Cretaceous salt
removal also dccurred in the northeast-trending Sidney
trough area of Cheyenne and Garden Counties, Nebraska
(Chapter 4).

Although the present limits of salt 7 are controlled by
subsﬁrface dissolution in response to the Laramide orogeny
(Chapters 4, and 6), its limit méy have been modified
" earlier by near-surface dissolution below the pre-Late
- Jurassic unconformity. The Blaine Anhydrite, which aireééiy
 1overlies salt 7, was partially truncated prior to depositioﬁ
;‘of the Late Jurassic strata (Morrison and Sundance
>Formations)valong the eastern margin of the study area. The
.western margin of the Blaine subcrop generally parallels the
easterﬁ limit of salt 7 (Figure 8-10). This suggests that
pre-Late Jurassic removal of salt occurred dowﬁdip (to the
west) of the Blaine subcrop, perhaps dﬁe to introauction of
meteoric water during lowstands associated with the
formation of the unconformity. Further westward retreat, in
response to the Laramide ofogeny, wés responsible for the
present eastern salt edge.

Inasmuch aslsalt 7 is thickest along its present
southeastern margin, the original'depositional axis may have

been much farther to the east. The estimated extent of the
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evaporite basin in which salt 7 was precipitated is shaded
on Figure 8-10 but that extent may have been farther to the
east of the Biaine subcrop.

Chapter 4 includes a discussion of Jurassic and Early
Cretaceous removal of salt 7 and younger salts in the
western part of the southern Nebraska panhandle. ILocalized
thickening of the Morrison Formation (Upper Jurassic) and
Cheyenne Formation (Lower Cretaceous) occurs where Upper
Leonardian and Guadalupian salts are absent, in an area
centered around southern Kimball County. Removal of salt
may have beén in response to compaction-induced flow of
water from the Lyons Sandstone.

Regional isopachs of Jurassic and Lower Cretaceous (top
of D Sandstone to base of Cretaceous) strata (Figures 8-11
and 8-12) are based on well-log data which are more limited
in number than Paleozoic data. Nevertheless, the two
interpretations reveal possible areas beyond Kimball County
where salt dissolution and resultant collapse provided
additional accommodation spacé for Jurassic and Lower
Cretaceous sediments. A north-south-trending Jurassic
’ isopach maximum (Figure 8-11), extends from Kimball Cbunty
southward into northeastern Weld, western Logan, and western
Washington Counties, Colorado. A Lower Cretaceous isopach
maximum (Figure 8-12) extends southward from Kimball County
into western Logan, eastern Morgan, and southern Washington

Counties, Colorado. Locations of these isopach maxima
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generally coincide with the western margin of salt 7 in i
Colorado and southwestern Nebraska.

The ‘abrupt thinning of the present western limit of
salt 7 in Colorédo (Figure 8-10) suggests that dissolution
took place along that margin. Coincidence of Jurassic and
Lower Cretaceous isopach maxima with the abseﬁce of salt 7
(as well as younger salts) in Kimball County, and the
extension of this spatial relationship to the south into
Colorado, suggesté that the western and southwestern margins
of salt 7 are controlled by dissolution. Salt removal may

have occurred mainly during Jurassic and Early Cretaceous

‘time. If so, salt 7 originally extended west of its presént

"limit.

Localized Jurassic isopach maxima (Figure 8-11) also
occur in eastern Garden and western Arthur Counties, in
northern Perkins County, Nebraska, and in Yuma County,
Colorado, east énd south of the pfesent limit of salt 7.
This suggésts that pre-LaEé Jurassic removal of salt
(including salt 7) may have created topographic lows on the
Jurassic truncation surface, which were later filled with
Jurassic'sediments, However, inasmuch as the Jurassic

System in the study area is bounded by unconformities, more

~detailed study is needed to separate solution collapse-

influenced Jurassic thickness anomalies from those caused by

pre-Jurassic and pre-Cretaceous erosion.
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Perhaps the most significant observation that can be
made regarding the distribution of salt 7 is that, in
contrast to lower salts, it extends across the Nebraska
panhandle. The paleopositive area associated with the
Transcontinental arch, which separated the Sterling and
Alliance basins during accumulation of salts 9, 10, 11, 12,
and 13, appears to have had little or no influence during
precipitation of salt 7. (A narrow northeast-trending no-
salt area in Cheyenne and Garden Counties is due to post-
Laramide dissolution in the Sidney trough area, rather than

non-deposition, and is discussed in Chapter 4.)
Salt 6

Salt 6, which occurs immediately below the lowe; Blaine
Anhydrite, is less than 20 ft (6 m) thick, except in
southeastern Wyoming and in Yuma County, Colorado, where it
is slightly thicker (Figure 8-13). Although not as thick,
its distribution is similar to that of salt 7, except that
it does not extend as far east as salt 7. As with salt'7,
the present eastern limit may be controlled by near;surface
removal associated with a pre-Late Jurassic lowstand.

Except for an area to the south, the eastern limit of salt 6
parallels the western margin of the pre-Late Jurassic

subcrop of the overlying Opeche Shale.
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Post-Laramide dissolution further removed salt along
the easterh margin of éalt 6, and in the Sidney trough area
of Nebraska. Removal of salt during the Jurassic and FEarly
Cretaceous, which took place in Kimball County, Nebréska,
and adjacent areas (Chapter 4), may have also occurred along

the western margin of the salt in Colorado.
Salt 5

Salt 5,.wﬂich occurs between the upper and lower Blaine
anhydrites, is the uppermost Leonardian salt zone identified
in the study area. Where present, it is generally about 40
ft (12 m) thick (Figure 8-14). As with salt 6, the eastern
limit of salt 5 parallels the western margin of the pre-
Jurassic Opeche subcrop, reflecting the influence of the
pre-Late Jurassic unconformity on salt distribution. An
outlier of salt 5 in the Mildred field area of Yuma County,
Colorado (Chapter 6, Figures 6-11 and 6-19) occurs below thé
partially truncated Opeche Shale. This suggests that salt 5
may have originally extended well east of the shaded area on
Figure 8-14.

The abrupt eastern limits of salt 5 in the Sidnéy
trough area of Cheyenne County, Nebraska, and south into
Logan County, Colorado, are due to post-Laramide dissolution- -
(Chapter 4). Incomplete dissolution of salt 5§ during the .

Jurassic and Early Cretaceous occurred in Kimball County,
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Nebraska, as evidenced by salt outliers (Figure 4-8). As
with salts 7 and 6, the western limit of salt 5 in Colorado
may have been influenced by Jurassic and Early Cretaceous

dissolution.
GUADALUPIAN SALTS
Salt 4

Distribution of salt 4 (Figure 8-15), which is situated
-at the base of the Opeche Shale, just above the upper Blaine
Anhydrite, is more limited than that of salt 5. Where
present, salt 4 is generally about 10 ft (3 m) thick in
northwestern Cheyenne, eastern Banner, and eastexrn Scotts
Bluff Counties, and appears to become more widespread in the
Alliance basin area at the northwestern margin of the study
area. In Colorado, salt 4 is présent in parts of Logan,
Morgan, and Washington Counties, where it is generally 20 to
30 ft (6 to 9 m) thick.

The eastern limit of salt 4 generally parallels but is
far removed (50 mi or 80 km) from the western margin of the
pre-Late Jurassic sﬁbcrop of the overlying Opeche Shale
(Figure 8-15). With the exception of an area_in

 southeastern Washington County, Colorado, the:eastern limit

. of salt 4 is west of the eastern limit of salt 5 (Figure 8-
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14), reflecting the stepwisé removal to the west of YOunger

salts below the pre-Late Jurassic unconformity.
Salt 3

Salt 3, which is situated at the top of the Opeche
Shale, just below the Minnekahta Limestone, is over 75 ft
(18 m) thick in the northwestern part of the study area and
is over 50 £t (15 m) thick in a narrow area which inciudes
eastern Banner; northern Kimball, and western Cheyenne
Counties, Nebraska (Figure 8-16). In Colorado, thinner salt
occurs at the salt 3 level in southwestern Logan,
northwestern Washington, and eastern Morgan Counties. A
thin outlier of salt 3 is present in the Silo field area of
Laramie County, Wyoming.

Although the present eastern limit of salt 3 is
partially controlled by post-Laramide removal (Chapter 4),
pre-Late Jurassic removal appears to have played a more
important role. As with salts 7, 6, and 5 (and peihaps to a
more limited degree salt 4), the eastern limit of salt 3
parallels the western margin of the pre-Jurassic subcrop of
an overlying stratigraphic unit. In the case of salt 3,
this is the Minnekahta Limestone.

Removal of salt 3 along its southwestern margin in
Nebraska occurred predominantly during the Jurassic and

Early Cretaceous. This is inferred on the basis of an
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abrupt salt edge and outlier in Kimball County, whose
locations coincide with localized thickening of the Jurassic
Morrison and Lower Cretaceous Cheyenne Formations (Chapter
4) . As may have taken place with salts 7, 6, and 5,
Jurassic and Early Cretaceous removal of salt may have also
occurred to the south along the western margin of salt 3 in
Colorado. |

Where it is more widespread to the northwest, salt 3 is
thicker than salt 7 (75 ft or 23 m in contrast to 50 ft or
15 m). This may suggest that salt 3 may have originally
acéumulated over an area at least as widespread as salt 7,
and that ité more limited present extent is due to
subsequent removal. The estimated minimum original
distributién of salt 3 beyond its present limits is shaded
. on Figure 4-16, and is based on the present limit of salt 7.
Although speculative, it seems reaéonable to assume (based
on the distribution of salt 7) that salt 3 originally was
present even farther east ofrthe pre-Jurassic Minnekahta
subcrop, inasmuch as salt 7 is thickest in this area (Figure
8-10) . | |

Salt 2

Salt 2, situated above the Minnekahta Limestone, at the
base of the Glendo Shale, is over 50 ft (15 m) thick in
parts of Scotts Bluff, Banner, northern Kimball, and

northwestern Cheyenne Counties, Nebraska (Figure 8-17).
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Salt thickness exceeds 75 ft (23 m) in Laramie Cbunty,
Wyoming, and in the Alljiance basin area of Goshen County,
Wyoming, and Sioux County, Nebraska. Salt 2 is also thick
in eastern Morgan_and western Washington Counties, Colorado.
As with underl?ing salts, the eastern margin of salt 2

generally parallels the western margin of the pre-Late

- Jurassic subcrop of an overlyihg stratigraphic unit. 1In the

case of salt 2 this is the Glendo Shale. The eastern salt 2
limit is to the west of that of salt 3, further evidence
thaﬁ’stepwise rémovai of younger salts took place below the
pre-Late Jurassic unconformity.

Abrupt thinning of sait 2 occurs in Kimball County,
Nebraska, and Laramie County, Wyoming. As with salts 3, 5,
6, and possibly 7, this is due to removal of salt during the
Jurassic and Early Cretaceous. dJurassic and Lower
Cretaceocus isopach maxima (Figures 8-11 and 8-12) indicate
that syndepositional removal of salt also took place in
eastern Weld and eastern Morgan Counties, Colorado.

As with salt 3, the inferred original extent of salt 2
covers the area in which salt 7 presently occurs. However,
salt 2 may have extended east of the the western margin of

the Glendo Shale subcrop.
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Salt 1

Salt 1, which is situated between the Forelle Limestone
and the Glendo Shale, is over 50 £t (15 m) thick in parts of
Banfer and northern Kimball Counties, Nebraska, and Laramie
County, Wyoming (Figure 8-18). The salt thickens to over 75
ft (23 m) toward the Alliance basin aree of Scotts Bluff and
Sioux Counties, Nebraska, and Goshen County, Wyoming.

The eastern margin of salt 1 in Nebraska is west of the .
western margin of the pre-Late Jurassic subcrep of the

overlying Ervay Member. Abrupt thinning of salt 1 occurs in

, western Cheyenne County, where the salt margin parallels the

Ervay subcrop, indicating that salt was removed in response.

. to pre-Late Jurassic truncation. The eastern salt 1 limit is

west of the salt 2 limit, reflecting stepwise removal of
younger salts below the unconformity;

| Abrupt thinning of salt 1 occﬁrs in an area of Kimball
County, Nebraska, and Laramie County, Wyoming, which
coincides with removal of salts 2, 3, 5,6, and poesibly f.
As with underlying salts( this is likely»due to femoval of
salt during the Jurassic and Early Cretaceous. |

. Although salt 1 is presenteonly in Nebraska and
Wyeming, it may have originally extended into Colorado.

Jurassic and Lower Cretaceous isopach maxima (Figures. 8-11

‘and 8-12) indicate that syndepositional removal of salt

which occurred in southern Kimbali County may have also
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taken place in eastern Weld, western Logan, and eastern
Morgan Counties, Colorado. Moreover, pre-Late Jurassic
truncation of the Ervay Member in Colorado may have allowed
for introduction of meteoric water during Jurassic lowstands

which dissolved salt 1 downdip (to the west) of its subcrop.
SUMMARY OF CONTROLS ON REGIONAL SALT DISTRIBUTION
Subsurface analyses at the local scale (Chapters 5 and

7), at the subregioﬁal scale (Chapters 4 and 6), and at the

regional scale (this chapter) reveal that the present

distribution of salt in the Denver basin is influenced by a

number of post-depositional controls. In addition to the
cqnfiguration of the evaporite basins during precipitation,
salt distribution is controlled by near-surfacé removal .
related to pre-Late Jurassic truncation, by subsurface
dissolution during the Jurassic and Early Cretaceous, and by
post-Laramide (Late Cretaceous - Early Tertiary or later)

subsurface dissolution.
Basin Configuration
Paleotectonic elements which influenced salt

accumulation are shown on Figure 8-19. Paleotectonic

influence appears to have been greatest during precipitation

of upper Wolfcampian, lower Leonardian, and lowermost upper
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Leonardian salts (salts 13, 11/12, 10, and 9). The Alliance
and Sterling evaporite basins were separated by a positive
element related to the Transcontinental afch. The two
evaporite basins were joined by a transverse sag in the
Garden County area (Garden County low)p The southeastern
margin of the Sterling basin was controlled by a positive
element associated with the ancestral Las Animas arch (Yuma
high). The northeast limit of evaporite deposition may
have been controlled by positive features associated with

the ancestral Chadron.arch.
. ' Pre-lLiate Jurassic Salt Removal

Néar—surface salt removal associated with pre-Late
Jurassic truncation generally occurred along and dowﬁdip
(west) of'north—south-trending oﬁtcrops of Permian salt and
related strata which were exposed during Early Jufassic
lowétands. Outcrop patterns afe reflected by a pre-Late
Jurassic subcrop map (Figure 3-3).- SuccesSivély older units
within the Permian sait-bearing interval are truncéted to
the east. Leonardian strata are partially truncated Qlong
the eastern margin of the study area. Guadalupian strata,
which have been removed entirely along the eastern margin,
are partially truncated along a north-south belt within the

study area. Triassic strata, absent to the east, have been
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partially removed along a north-south belt farther to the
west.

The influence of the pre-Late Jurassic unconformity on
Triassic thickness patterns is shown on Figure 8-20.
Triassic strata, which are over 500 ft (150 m) thick at the
western margin of the study area, systematically thin to the
east due to pre-Late Jurassic truncation. Triassic rocks
are not present in the eastern half of the study area.

Influence of the pre-Late Jurassic unconformity on salt
distribution is evident on Figure 8-21. Eastern limits of
thicker Guadalupian and Upper Leonardian salts (salts 1, 2,
3, 5, and 7) show a pattern of stepwise removal below the
unconformity. Younger salts (salts 1, 2, and 3), which may
have briginally extended much farther east, have been more
strongly affected by truncation or near-surface dissolution.

Jurass1c isopach maxima in Garden and Deuel Countles,
Nebraska and in Yuma County, Colorado (Figure 8-11) may
reflect infill of lows on the unconformity surface created
by removal of thick salt 7. Likewise, a Jurassic isopach
maximum in Morrill County, Nebraska, may be related to
removal of thick salts 3 and 5 in this area. An increase in
Jurassic thickness to the northwest does not coincide with
removal of salt and probably reflects renewed subsidence in

the Alliance basin during the Jurassic.
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Jurassic and Early Cretaceous Salt Removal

Removal of salts 1 through 7 took place iﬁ Kimball
County, Nebraska, and adjacent areas, as discussed earlier
in this chapter and in Chapter 4. Jurassic and Lower |
Cretaceous isopach maxima (Figures 8-11 and 8-12), which
extend southward from Kimball County into Weld, Logan and
Morgan Counties, Colorado, coinciae with the western limits
of salts 2 through 7. This distribution suggests that the

western margins of these salts are controlled largely by

dissolution during the Jurassic and Early Cretaceous.

Compaction-driven westward flow of water within the Lyons
Sandstone may have acted as a source of wéter to dissolve
the salts.

A combined Jurassic-Early Cretaceous isopach mé#imum
(Figure 8-22), which extends southward from Kimball County
into Colorado,.shéws the area of most éomplete dissolution.
Isopach minima in Scotts Bluff, Banner, and Cheyenne
Counties, Nebraska, and in Yuma and Washington Counties,
Colorado, correspond to areas where thick salts are

preserved.
Post-I.aramide Salt Removal

In the course of the present study, structure was

/
mapped at the level of Cretaceous oil and gas reservoirs.
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This includes mapping at the level of the D Sandstone in the
southern Nebraska panﬁandle (Chapter 4), and in the shallow
D Sandstone gas area of Garden and Deuel Counties, NebrsSka,
and Sedgwick and Phillips Counties, Colorado (Chapter 2).

Structure at the Niobrara level in‘Yuma and easternm

Washington Counties, Colorado, was the focus of Chapters 6

and 7. Niobrara structure along the eastern margin of the

study area, in Perkins, Chase, and Dundy Counties, Nebraska,

is discussed in Chapter 9.

Structural mapping‘at the level of Cfetaceous
reservoirs reveals a number of deep structural depressions
in the eastern part of the Denver basin, with structural
rélief of over 100 ft (30 m). Major depressions are shown
on Figure 8-23.' Sérucfural anomalies in Logan and Msrgan
Counties, Coloraao, are taken from published regional maps
(Rocky Modntain Association of Geologists, 1961; Pruit,
1978; Geomap, 1985).

Structure at the.level of the Wolfcampian Chase'Gfoup
QFigures 1-8, 4-3, 6-5 and 7-10) reveals that Cretaceous-
level structural depressions'do not exﬁend to the subsalt

Paleozoic level. Relief across the rootless depressions is

related to post-Cretaceous removal of salts. Removal of

‘salt occurred in response to introduction of relatively

fresh groundwater within the Lyonsg-Cedar Hills aquifer
following Laramide orogeny, and, possibly, along Laramide-

éctivated fault zones.




421

[05° 104°

...... |
| .E ....‘.oo
j Sloux ¢
K ) .
- o* BOX BUTTE
!oooooo’ : :.

e e ¢ o0 a®acane e e senale
s

COTTSBLUFF -

l%l-_

.............

®
]

B ”.“-‘“%ooono'ﬂnbb“

.......... .. : VLMA‘ Ln-‘bx-.x

50 M
80 KM

o ADAMS : é%l :
oo, . :oooo :
oooo-oooooooooooood oCHEYEﬁNE :

° , T .
Pecccsccccscccssicivececece -;

- CRETACEOUS-LEVEL -
STRUCTURAL DEPRESSIONS

Figure 8-23. Significant Cretaceous-level structural lows.

42°

41°

40°



’__,,.._4‘,,

422

Structural depressiéns on Figure 8-23 are believed to
represent areas of relatively recént (Tertiary or later)
salt-solution collapse. These areas generally coincide with
the present limits of one or more salt zones. Chapter 9
relates the spatial relationship of these structural

anomalies to oil and gas production.
Salts 9, 10, 11/12, and 13

Present distribution of salts 9, 10, 11/12, -and 13 is
shown on Figure 8-24, along with the 50-ft (15-m) limit of
thé.Lyons?Cedar'Hills Sandstone. Distribution of thesé
lowermost salts is concentrated in areas adjacent to thick
Lyons Sandstone (northérn Sterling basin, Garden County low,
and southern Alliance basin). | »

Maximum extent of salts 9, 10, 11/12, and 13 (Figure 8-
25) is controlled by the northeast-trending Transcontinental
arch, which separated the Alliance and Sterling evaporite
basins. Thick salté accumulated in the Garden County4low.
Northeaétérn and southeastern limits of the evaporite basiﬁs
were probably controlled by positive features related to the
ancestralychadron and Las Animas arches. Salt 10 may have
extended farther east of its present limit, but wés removed
by pre-Late Jﬁrassic dissolution. Post—Cretacecus removal
toock place just east of the present salt limit, perhaps due

to renewed introduction of water.
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Post-Cretaceous removal of salt also took place at the
facies change between the Lyons Sandstone and salts 9 and 10
in the Sidney trough area of Cheyenne County, Nebraska, and
to the south into Logan and Washington Counties, Colorado.
Salts were also dissolved in the Yuma County area, where
thick Cedar Hills Sandstone pinches out to the east into
salt. An area of no salt in Sedgwick County (Red Lion
anomaly), which is not related to a pinchout of the Lyons
~Sandstone, may be related to a major shear zone which was
mapped by Squires (1986).

Regional Cretaceous-level structural flexure in Deuel
and Garden Counties (associated with Big Springs, McCord-
Richards and related shallow gas fields, chapter 2) is
associated with the northeast limits of salts 9, 10, 11/12,
- 13 (and possibly 7). Possible mechanisms for salt removal
along this trend (including basement faulting and regional
groundwater flow within the Cedar Hills Sandstone and
Jurassic strata) are briefly discussed in Chapter 5.

Cretaceous-level structural lows in the Sidney trough
area of western Nebraska are ascribed to regional
groundwater flow from the Liyons Sandstone along a linear
facies change to salt. 1In contrast, existing deep-well data
do not indicate the presence of an updip facies change from
sandstone at the Lyons (Cedar Hills) level to éalt in the
area of Deuel and Garden Counties, Nebraska, surrounaing Big

Springs field (Figures 4-5 and 4-21). Thus, eastward-
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directed groundwater flow in the Lyons is not a likely cause
for removal of salt at Big Springs.

Three alternate explanations are offerred in Chapter 5
as possible mechanisms for the abrupt disappearance of salt
to the east of Big Springs: (1) introduction of water
through basement-related faults; (2) southwestward-directed
regional groundwater flow within the Cedar Hills Sandstone
from the Chadron arch; and (3) south-directed regional
groundwater flow within Jurassic strata from outcrops .along
the Chadron arch during the Early Tertiary. Regional
groundwater flow within ‘Jurassic strata (3) as a possible
mechanism for salt removal is the subject of the following

discussion.

Jurassic strata (Morrison and possibly Sundance

Formations) presently lie directly below Oligocehe strata

along the crest of the Chadron arch (DeGraw, 1969, 1971;
Swinehart et al., 1985); Pre-Oligocene subcrop limits of
Jurassi¢ rocks (from DeGraw, 1971) are shown on Figure 8-26.
Thus, the basal sandstone member of the Morrison (and
perhaps sandstoné units of the Sundance) were exposed along
the arch in response to Laramide (Late Cretaceous - Eocene)
uplift and erosion. Subaerial exposure (and possible
groundwater recharge) lasted into the Oligocene (H.M.
DeGraw, personal communication).

Downdip groundwater flow to the southwest from recharge

areas on the pre-oligoéene truncation surface along the
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Chadron arch may.have been redirected to the south (Figure
8-26) within thick Jurassic sandstone units (reflected by a
nortﬁ—south—trending Jurassic isopach maximum, Figure 8-11).
Groundwater may have been.introduced to the Leonardian salt
intervai'(Figure 8-27b), which lies directly below the pre-
Late Jurassic unéonformity in this part of the basin
(Figures 3-3 and 4-11) due to partial truncation of

overlying Leonardian strata this far east (Figure 8-27a).

Cross-formational groundwater flow may have taken place

- from Jurassic strata to the Cedar Hills Sandstone, where the

Cedar Hills lies directly below the pre-Late Jurassic

’ ﬁnconformity. Gravity-driven flow within the Cedar Hills‘

may have introduced water which dissolved deeper salts
Figure 8-27b). This may have created fractures, which
allowed groundwater to flow from the Jurassic to the level
of deeper Salts. .Removal of Leonardian salts caused
regional collapse of overlying strata, including Cretaceous
reservoir rocks downdip (west) of the Jurassic isopach
maximum; This north-south regional flexure contributed to
entrapment of gas within the D Sandstone and Niobrara

Formation at Big Springs and nearby fields. Recharge may

. have been restricted with the deposition of relatively

impermeable sediments of the White River and Arikaree Groups

on the pre-Oligocene surface.
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Salts 5, 6, 7, and 8

Salts 5 through 8 (Figure 8-28) extend acroés the
Alliance basin area, across the Transcontinental arch area
of the southern Nebraska panhaﬁdle, and into eastern
Colorado. The eastern limit of salt 6 occurs west of the
salt 7 limit. Likéwise, the eastern limit of salt 5 is west
. of the,sal£:6 limit. By contrast, the western limits of
salts 5, 6, and 7 generally coincide.

Unlike lower salts, precipitation of salts 5 through 7
was not influenced by the Transcontinental arch'(Figure 8-
25) . With'the exception of the'Sidnéy trough area, salt
extends continuously across thé southern Nebraska panhandle.
Salt was removed to the east of the present salt 7 limit in
response to pre-Late Jurassic truncation (Figure 8-29).
Partial pre-Late Jurassic iemoval of salt occurred between
the eastern margin of salt 7 and the eastern margin of salt
5.- |

Jurassic/and Early Cretaceous removal of salts 5, 6,
and 7 tock place along their western margins in Kimball
County, Nebraska, and areas to the south in Colorado and to
the west in WyOﬁing. Post-Cretaceous dissolution further
removéa éalts near their present limits. Removal was

particularly intense in the Sidney trough area and in Yuma

County, Colorado.
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Salts 1, 2, 3, and 4

Guadalupian salts (salts 1 through 4, Figure 8-30) are
present in the Alliance basin area of western Nebraska and
southeastern Wyoming, and, except for salt 1, in parts of
Logan, Morgan, and Washington Counties, Colorado. 1In
Neﬁraska,‘salt 2 generally.extends to the east of the

eastern limit of salt 1. Likewise, salt 3 extends to the

‘east of salt 2. The western limits of salts 1, 2, and 3 in

Wyoming and Nebraska and salts 2, 3, and 4 in Colorado
generally coincide.

Inferred controls on present digtribution of
Guadalupian salts are shown on Figure 8-31. As with salts
5, 6, and 7, the Transcontinental arch does not appear to
have been active during precipitation of salts 1 through 4.
The eastern limit of salt is related to complete removal due
to pre-Late Jurassic truncation. Partial pre-Late Jurassic
removal of salts 1, 2, and possibly 4 occurred between the
eastern margin of salt 3 and the eastern margin of salt 1.
Salt 1 may have originally extended into Colorado.

Jurassic and Early Cretaceous removal of salts 1, 2,
and 3 took place along their southwestern margins in Kimball
County, Nebraska, and Laramie County, Wyoming, whereas salts
2, 3, and 4 were removed to the south in Colorado. ' Post-
Cretaceous dissolution removed salt 3 in the Sidney trough

area of Nebraska and Colorado, and in Morrill County,
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Nebraska. Salt 4 was removed along its margin in eastern

Washington County, Colorado.
Leonardian Thickness

Thickness of the Permian System and its series,
including the Leonardian, has been used by previous workers
(Momper, 1963; MacLachlan and Beiber, 1963; Rascoe and
Baars, 1972; Rascoe, 1978} and Sonnenberg and Weimer, 1981)
to infer the configuration of evaporite basins.. The

discussion above, along with discussions in Chapters 4 and

6, however, demonstrates that post-depositional processes

have significantly influenced the thickness of Leonardian
salts and related strata. Moreover, éubstantially more
subsurface data are presently available in the Denver basin
to construct a more accurate Leonardian isopach (Figure 8-
32) and to refine the'interpretation for thickness
variations.

Leonardian thickness patterns reflect the distribution
and thickneés of salts 5 through 12. In contrast to
interpretations of previous workers, however, thickness of
Leonardian strata is strongly controlled by salt removal.
Isopach mimima in thé.southern Nebraska panhandle area,
previously attributed to convergence on the Morrill County
aﬁd Wattenberg highs, can now be related to removal 6f salt.

Leonardian strata are less than 300 ft (90 m) thick in
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Kimball County and adjacént areas of Wyoming and Colorado,
where salts 5, 6, and 7 were removed during the Jurassic and
Early Cretaceous. Leonardian strata are less than 300 ft
(90 m) thick in the Sidney trough area of Cheyenne County,
Nebraska, in eastern Deuel and Garden Counties, and in
Sedgwick and Yuma Counties, Colorado, where dissolution
primarily occurred after the Laramide orogeny. Leonardian
strata are thickest (greater than 500 ft or 150 m) in the
Sterling basin area of Colorado and Nebraska where thick

salts are preserved.
Guadalupian Thickness
As with the Leonardian, regional variation in thickness

cof Guadalupian strata (Figure 8-33) is related to post-

depositional controls on salt distribution. Guadalupian

- rocks are over 300 ft (90 m) thick along the northwestern

margin of the study area, where salts 1 through 4 are
preserved, and in Morgan and Wéshington Counties, Colorado,
where salts 2, 3, and 4 are present.

Guadalupian strata are generally less than 100 ft (30
m) thick to the east of a nérth-south dashed line which
marks the western limit of partial truncation of the

Guadalupian below the pre-Late Jurassic unconformity.

Guadalupian rocks are absent along the eastern margin of the

study area, where complete pre-Late Jurassic truncation
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occurred.’ In southern Kimball County, Nebraska, and éreas
to the south, Guadalupian strata are about 100 ft (30 m)
thick, where complete removal of salts took place during the
Juraésic and Early Cretaceous.

Although thick Guadalupian salts accumulated in the
Alliance basin area, Guadalupian isopach maxima to the
northwest more likely reflect the preservation of salts 1
through 4 from pre-Late Jurassic and Jurassic and Early
Cretaceous dissolution rather than evaporite basin

subsidence.
Combined Guadalupian and Leonardian Thickness

Combined thickness of Guadalupian and Leonardian strata

(Figure 8-34) also reflects the preservation of thick salts,

rather than patterns of'deposition. .Guadalupian and
Leonardian strata combine for a total thickness of more than
700 £t (210 m) along the northwestern margin of the study
area} where salts 1, 2, 3, 4, 5, 6, 7, 9, 11, and 12 have
been preserved, and in the south-central part of the study
area, where salts 2, 3, 4, 5, 6, 7, 9, and 10 are present.
Total thickness of Leonardian and Guadalupian strata is
less than 400 ft (120 m) along the eastern margin of the
study area, where pre-Late Jurassic truncation removed
Guadalupian st;ata aﬁd:partially removed Leonardian strata,

including salt 7. The interval is also less than 400 ft
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(120 m).thick where Jurassic and Early Cretaceous removal of
Léonardian and Guadalupian salts took place in Kimball
County and adjacent areas, and where post—Cretaéebus salt
dissolution occurred in parté of Cheyenne County, Nebraska,
and Sedgwick and Yuma‘Counties, Colorado.

Isopach minima centered‘around Kimball County (caused
by Jurassic and Early Cretaceous removal of salt) and
Cheyenne County (éaused by poét-Cretaceous removal of salt)
maytcorrespond to Sonnenberg and Wiemer's (1981) Morrill
County and Wattenberg highs. 'Sonnenberg and Weimer
attributed thinning of the Guadalupian/Leonardian interval
in these areas to syndepositional convergence over baseméﬁt-
related paleochighs. Detailed study of individual salt zones
and related stratigraphic units, using substantially more
subsurface data than were available at the time of
Sonnenberg and Weimer's (1981) study, reveals that
Guadalupian and Leonardian thickness patterns are more
strongly affected by post—depoéitional salt removal than by

syndepositional basin configuration.
SUMMARY AND CONCLUSIONS

Subsurface stratigraphic and structural study of
Permian salt-bearing rocks was expanded in this chapter to
include the entire Denver basin study area. Regional

mapping of 13 Permian salt zones and associated related




443

clastic and evaporite strata along with mapping of Mesozoic

stratigraphic intervals leads to the following conclusions:

1. A northeast-trending positive feature associated with
the Transcontinental arch influenced evaporite deposition
during late Wolfcampiaﬁ and early Leonardian time, by
partitioning the Alliance and Sterling evaporite basins. A
transverse sag across the arch (Garden County low) locally

connected the Alliance and Sterling basins.

2. Eolian sand (Lyons Sandstone) accumulated on the arch
while red silts and clays and salt (salts 9 and 10)
accumulated in evaporite basins marginal to the positive
feature. Areal limits of salt were controlled by the

configuration of the evaporite basins.

3. By contrast, evaporite deposition during late Leonardian
and Guadalupian time was more widespread. Salt accumulation
occurred across the area formerly occupied by the
Transcontinental arch. At least five periods of significant
salt accumulétion toock piace , resulting in thick salts 1,

2, 3, 5, and 7.

4. Present eastern limits of upper Leonardian and
Guadalupian salts do not reflect the original eastern extent

of salt accumulation. Erosion and near surface dissolution
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below the pre-Late Jurassic unconformity (due perhaps to
introduction of meteoric water during late Jurassic
lowstands) removed salts to the east. Successively younger

salts were affected more by pre-Late Jurassic removal.

5. Western limits of upper Leonardian and Guadalupian salts
were modified by dissolution during thé Jurassic and Early
Cretagéous. Removal of salt may have been caused by
introduction of water to the salt interval through the Lyons

Sandstone by compaction-induced (centrifugal) flow.

6. Limits of all salts were further modified by post-

Laramide subsurface dissolution. Removal of salt was likely

caused by introduction of water to the salt interval by

regional gravity-driven (centripetal)‘flow within the Lyons
Sandstone, and possibly within Laramide-induced fracture
zZones. Northeastern limits of Leonardian salts may be due
to introduction of groundwater to the salt interval within
Jurassic strata (and possibly thé Cedar Hills Sandstone) by
southwest- and south-directed gravity-driven flow. Recharge
may have ﬁaken place at pre-Oligoceng outcrops of Jurassic

strata along the crest of the Chadron arch.

7. DPost-Laramide salt dissolution is marked by deep

structural anomalies at the levels of Cretaceous reservoirs.
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Regional influence of salt dissolution on oil and gas

entrapment is discussed in Chapter 9.

8. Becauée of the possibility of truncation and subsurface
removal of salt, stratigraphic interpretations which are
based on intervals which include salts must be made with
caution. Interpretations. of salt—bearing strata which
attribute isopach minima to paleohighs and isopach maxima to
subsidence, without consideration to post-depositional
(dissolution) influence on intexrval thickness, may be

erroneous.
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CHAPTER 9
REGIONAL RELATIONSHIPS OF SALT DISTRIBUTION

TO OIL AND GAS PRODUCTION AND POTENTIAL
AND DRILLING PROBLEMS

Regional analysis of the relationships between salt
diétribution and Cretaceoué-level structural and
stratigraphic anomalies (Chapter 8) reveals that subsurface
removal of Permian salt occurred at various times since the
Jurassic. This chapter discusses the relationshib of salt
disfribution to (1) regional oil and gas production and
potential on the eastern flank of the basin and (2) drilling
and completion problems related to the presence of thick

salts and associated hydrated shales.
RELATIONSHIP TO HYDROCARRON ENTRAPMENT

Backgréund work in the northeastern part of the Denver
basin (Cﬁapter 2) reveals a‘relationship between eastern
(regionally updip) limits of Permian salts and the location
of shallow gas production from the D Sandstone at Big
Springs and nearby fields (Figure 9-1). Seismic data are
used to support a salt-dissolution origin for‘the gas-
productive anticline at Big Springs field (Chapter 5).

Subregional-scale study of the southern Nebraska
panhandle area (Chapter.4) reveals a relationship between an

eastern limit of salt and the eastern limit of oil and gas
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production within the D-J fairway. Structural entrapment
of hydrocarbons in the eastern part of.the fairway, just
west of the Sidney trough, is attributed to incomplete post-
reservolir removal of salt. Oil and gas were localized where
D and J Sandstone reservolirs draped over salt-cored
anticlines. Location of ﬁhe Sidnéy trough is attributed to
salt removal along an abrupt facies change from Lyons
Sandstone to Leonardian salt.

Subregional-scale study of the eastern Colorado‘
Niobrara play (Chapter 6) reveals a relationship between
eastern limits of salts and the distribution of shallow
Niobrara gas fields (Figure 9<1). Accumulation of gas igf
the Niobrara is attributed to entrapment on structﬁral highs
situated above salt edges or outliers. ASeismic data are
used to support a salt-dissolution origin for the faultea
anticline at Eckley field (Chapter 7).

The purpose of the first part of this chapter is to
provide an overview of the influence of Permian salt
dissolution on hYdrocarbon production and potehtial on the
eastern flank of the basin. Regional distribution of salt
is analyzed in relation to the location of significant
structural features and to distribution of oil and gas plays

in the‘following sections.
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Structural Depressions

Structural mapping at the level of Cretaceous
reservoirs on the eastern flank of the basin reveals a
number of significant structural depressions, many with over
100 £t (30 m) of relief. Locations of major dépressions
relative to maﬁped salt edges are discussed in Chapter 8
(Figure 8-23). Where available, deep control indicates that
structurai relief does not extend to the subsalt level.
Relief across the rootless depressions is attributed to
post-Cretaceous removal of salts. Salt removal was likely
caused by introduction of fluids by the Lyons-Cedar Hills
regional aquifer following Laramide orogeny or along
Laramide-activated fault zones.

Locations of significant structural depressions are
compared to oil and gas field distribution on Figure 9-2.
Structural lows exist immediately to the east of: (1) the D-
J fairway in Nebraska and Colorado; (2) Big Springs and
nearby fields in the shallow D gas area in the northeastern
par£ of the basin; and (3) Niobrara gas production in Yuma
County, Colorado.

D-J Fairway

The eastern (regionally updip) limit of the D-J fairway
(Figure 9-3) extends southward from Morrill and Cheyenne

Counties, Nebraska, through Logan and Washington Counties,
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Colorado. As was demonstrated in the southern Nebraska
panhandle (Chapter 4), Cretacéous-level structure becomes
increasingly complex along the eastern margin of the fairway
(shaded area).

Clayton and Swetland (1980) geochemically correlated
oil produced from the D and J Sandstones with a Cretaceous
'source-rock interval that includes the Carlile Shale,
Greenhorn Limestone, Graneros Shale (including the Huntsman
Shale), and Mowry Shale. Tainter (1984) concluded that gas
which is prodﬁced‘in the fairwéy did not result from thermal
cracking of oil, but was likely derived from gas-prone
organic material in the J Sandstone - Skull Creek Shale
interval. Thermally mature source rocks (Figure 9-3) are
confined to the axial portion of the basin (Clayton and
Swetland, 1980; Tainterﬁ 1984).

Tainter (1984) related the distribution of production
within the fairway to source rock interval, maturation
history, stratigraphy of carrier and reservoir rocks and
paleostructural evélution of the basin to determine patterns
of hydrocarbon migration. Tainter interpreted regional
migrationvpatterﬁs, using sandstoné isolith maps for the D
and J (both of which act as regional carrier beds and
reservoirs) in conjunction with basin subsidence profiles.
Tainter concluded that the J Sandstone was in contact with
mature source rocks by Middle Eocene time. By the end of

the Tertiary, the D Sandstone was in contact with mature
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source rocks. Eastward-directed migration of hydrocarbons
was concentrated in areas of thicker, more permeable
sandstoﬁe.

Except for more recent regional uplift, the present-day
structural configuration of the basin is essentially the
same as that which existed at the end of the Tertiary.
Tainter (1984) found no régional mechanism (such as regional
facies changes or structural reversal) to prevent eaétward
migration of hydrocarbons past the fairway limit and out of _
the basin. He called upon broad péleostructural highs, -
which were present by Campanian time and which coincide with
pProduction in the fairway, to act as broad regional trapping
areas, preventing further eastward migration.

Subregional study (Chapter 4) reveals that entrapment
in the D and J Sandstones becomes more structurally
controlled in the eastern side of the fairway (Figure 9-3)
and that the eastern limit of production in Nebraska |
coincides with the Sidney trough. Structural complexity in
Cheyenne County was attributedvto incomplete removal of
salt. Location of the Sidney trough was related to
essentially complete removal of salt along the Lyons
Sandstone - salt facies change.

Deep subsurface data are relatively sparse along the

eastern side of the fairway in Colorado, but are sufficient

to observe stratigraphic relationships which are similar to

those in Nebraska. A regional west-to-east facies change
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froﬁ Lyons Sandstone to salt (salts 9 and 10) extends from
the Sidney trough area of Nebraska southwestward into Logan
County, Colorado (Figure 8-4). Salts 9 and 10 accumulated
in the Sterling basin east of this facies change.

Regional eastward-directed groundwater fiow in the
Lyons aquifer to its updip pinchout into salt was discussed
as a mechanism for removal of salt in thé Sidney trough area
(Chapter 4) and in Yuma County (Chapter 6). Removal of salt
may have also beén localized Qhere the Lyons pinches out to
the east between these two areas, in Logan'and Washington
Counties. Déep data are limited in these counties, and the
‘easternbLyons pinchout may be more abrupt‘than shown on
Figure 9-4. Removal of salt in this area may account for
;hekmore complex structure along the eastern part of the
fairway, as is the case in Nebraska.

 Eastern (fegionally updip) limits of selected thick

salt zones (salts 1, 2, 3, 4, 5, 7, and 9) in the general |
area of the D-J fairway are plotted on Figure 9-5. Eastern
limits of thick salts 3, 5, and 7 coincide with the eastern
limit of productioh in Nebraska. Limits of salt in Colorado
are based on sparse data. However, there appears to be a
general relationship between the eastern limit of salts and
the eastern limit of production in the fairway. Eastern'
limits of salts, 2, 3, 4, and 5 are situated within the more
structurally cpmplex part of the fairﬁay. This may indicate

that the eastern margins of the salt beds in Colorado have
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been affected by post-reservoir dissolution, as is the case
in Nebraska. '

Potential for additional salt-dissolution traps exists
north of the present fairway limit (shaded area on Figure 9-
5)., in parts of Scotts Bluff, Morrill, Sioux, and Box Butte
Counties. This is an underexplored part of the basin; much
of this area has a well density of less than three
Cretaceous tests per township. This area is near the
"Scotts Bluff trend" (Silverman, 1988), a group of ten J

Sandstone oil fields. Tainter's (1984)'interpretati0ns

indicate the potential for migration of oil from mature

source rocks into this area along D and J Sandstone
conduits.

A relationship exists between the southeastern edge of
salt 9 across Scotts Bluff County, Nebraska, ‘and the
northeasterly "Scotts Bluff trend". This may be due to
recurrent movement along basement faults which not only
influenced the configuration of the Alliance Rasin during
salt precipitation, but may also have localized fluids
responsible for salt dissolution.

Western limits of selected thick salt zones (salts 1,
2, 3, 5, and 7) generally coincide with areas of the fairway
where stratigraphic trapé predominate at the D and J level.
(Figure 9-6). The area with no salt (shaded), surrounding
the juncture of Wyoming, Nebraska, and Colorado, coincides

with Jurassic (Figure 8-11) and Lower Cretaceous (Figure 8-
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12) isopach maxima. Removal of salt in this area appears to
have been nearly complete prior to deposition of D and J
Sandstones. As a result, salt dissolution has had no
influence on entrapment in this part of the fairway.

Western limits of thick salts (salts 1, 2, 3, 5, and 7)
are also shown in the Silo field area of southwestern
Wyoming (Figure 9-6). Seismic studies in this area (Lewis,
1989; Davis and Lewis, 1990; Coates and Torn, 1993; Svoboda,
1995) identified a southeast-trending salt edge at the
southern limit of Silo field. Most recently, Svéboda (1995)
concluded that salt dissolution is not the primary cause of
fracturing in the Niobrara oil reservoir at Silo field.
Svoboda used isochron evidence to demonstrate that salt
removal took place during Jurassic and Early Cretaceous
time, prior to Niobrara deposition. This is consistent with
the results of the present study which indicate that the
broad area of no salt centered afound the juncture of the

three states resulted from pre-reservoir dissolution.

O Sand Potential in the Fairway

The O Sand represents an'underéxplored Cretaceous
target in the Denver basin, with potential for production
that may be related to the occurrence of Permiaﬁ salt. "O
Sand" is a driller's term for the second well-defined

sandstone encountered in the "™™" - uwQm - uRn - wTr geries of
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Lower Cretaceous sandstone units which lie within the Dakota
Group bélow ﬁhe J Sandstone. Subsurface terminoclogy for
this interval also includes the names Cheyenne Sandstone,
Fall River Formation, Lakota Formation, Plainview-Lytle
Formations, and Cloverly Formation.

Relative to the D and J Sandstones, which are more
prone to stratigraphic entrapment, due to.their variable
reservoir quality, the O Sénd.is a more céntinuous blanket
deposit. In Logan County, Colorado, the O is a very fine-
grained sandstone that is well sorted, highly porous (18
percent), and permeable (150 md) (Goodier, 1963). Because
-of its blanket nature, the concensus among workers ih the |
 basin is that structural closureAis required for
hydrocarbons to be trapped in the 0 Sand.

To date, the O Sand has\produced oil at only a few
scattered fields in Weld, Logan, and Washington Counties,
Colorado, with marginally economic results in most cases.
One¢exception is West Padroni field, located in central
Logan County, where the O Sand has yielded in.excess of 3
MMBO. The O Sand has produced minor amounts of oil from
several néarby fields, including Armstrong, Hamil Ranch,
Shoreline, Walker, and Mount Hope East (Figure 9-7). No O
Sand production has been established in Nebraska.

Part of the the reason for the lack of O Sénd
production can be attributed to the lack of O Sand

penetrations in the basin. Most D and J Sandstone tests are
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Figure 9-7. Location of fields which have produced oil from
Lower Cretaceous O Sand. Numbered fields in ILogan County
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Structurally complex eastern part of D-J fairway is shaded.
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‘drilled only to the Skull Creek Shale, which is situated

above the O Sand. Subsurface information for the O Sand is
generally limited to well logs of Paleozoic tests, which
represent less than two percent of the wells drilled in the
basin.

In contrast to the D and J Sandstones, the O Sand is
not situated stratigraphically w%thin a source rock
intefval. 0il produced from the O at West Padroni field is

very low gravity (16° API) (Goodier, 1963). Source rock

analysis (Clayton, 1989) indicates a Paleozoic source

(Pennsylvanian black shales and marls) for the oil produced

' from the O Sand. Clayton noted that accumulation of

Paleozoic. . oil in the O Sand is probably more limited by

migration -contraints than by the volume of hydrocarbons

~available for primary migration from the source rock.

. The presence of;thick,»laterally continuous Permian
salts (situated between Pennsylvanian éource rocks and the
Lower Cretacoues O Sand) would act to retard vertical
migration of Paleoéoic oii; Thus, fdf Paleozoic oil to
accumulate in the O Sand where it lies above thick,
continﬁous salts, oil would need to migrate vertically
elsewhere, then migrate laterally to tréps at the O Sand
level.

The structurally complek eastern paft of the D-J
fairway (Figure 9-7) represents a potentially favorable

trend for entrapment of Paleozoic oil in the O Sand. Two
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important elements which occur in this area, and which
relate to Permian salt occurrence, include (1) partial
dissolution of salt, which could have removed a major
barrier to vertical migration through Leonardian and
Guadalupian strata and would have created collapse-induced
fractures, and (2) development of sélt-cored closures at the
0 Sand level into which oil would accumulate.

With the exception of one field in Weld County which
primarily produced gas, all other O Sand "fields" are
situated within the more structurally complex eastern margin
~of the fairway (Figure 9-7) Although deep-well data in
Logan and Washington Counties are sparse relative to the
Nebraska panhandle, a few deep wells are available in areas
of O Sand production to determine if salt is present below
the productive structures.

Thick salt (salts 5, 6, and 7) is present in well 1608
at West Padroni field. Likewise, salts 5, é, and 7 were
encountered in wells 1599 and 1606 at Armstrong field to the
north. To the west, saltsls; 6, and 7 were drilled in well
1590 at Mount Hope East field. No deep control exists at
Hamil Ranch, Walker, or Shoreline fields to confirm the
existence of salt. The presence of salt below West Padroni,
Armstrong, and Mount Hope East fields, coupled with the
existence of Cretaceous-level closures, is analogous to the
structurally complex area of Cheyenné County, Nebraska,

discussed in Chapter 4. Although deep data are sparse in
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this pért of Colorado, it appears that the salt-cored
anticlinal trend of Cheyenne County extends southward into
Logan County and perhaps farther south in Colorado.

Thus, the eastern part of the fairway (shaded on Figure
9-7), which prbduces D and J oil from traps and which are
more structurally influenced, may represent the most
favorable area for additional traps at the O Sand level.
This area extends southward from-Cheyehne and Morrill
Counties, Nebraska, thrpugh-LOgan'County, to_Washington
County. -The O Sand should be included as a secondary
objective of Paleozoic tests in this area, paiticularly if

they are located on D- and J-level closures.
Shallow D Gas Area

Eastern limits of thick salts (salts 7, 9, and 10) ére
plotted in thé northeastern part of the basin (Figure 9-8).
Salts 7, 9, and 10 mark the easternmost occurrence of salt
in this part of the basin. Younger salts did not accumulate
or were removed in this area by erosion and near-surface
dissolution prior to Late Jurassic time.

- The D Sandstoné is gas-producﬁive in this area at
McCord-Richards (M-R), Oshkosh (0), Big.Springs (B),
Chappell (C), and Red Lion‘(R) fields. Structural flexure

associated with the eastern limit of thick salt can be




!.WL.

465

105° 104° 103° [Q2°
: ! °:° . r.'.‘.
o é}  Soux ;5 o¥
PLATTE - - .‘? 8
GOSHEN !“““. . toecccccee 420
’.'a . - ...:. ea saq® 9 L =
L | e L GRANT s
1 e® - . :
...!;0 ISCOTTSBLUFF: ;‘ . o ;'
° : o
h ....,d'. - I 1 MORRILL ;:.
: ® e o e e s e and i BMNER 3 \0 .RARTHUR ;
H LARAMIE = SRR A 1:. .....‘.92_
o i : : ' -
° | KIMBALL : CHEYENNE 2
: : slare
[ J . - : :
?ar%l-l-l- -lql-i-(’ll 'i—
. . . :
‘9 . .
L. : R |
. ¢ H LOGAN .
. [ ] - : ) -.
. ¢ WELD : : 3
. P4 :. ----- . e ....: : . E 0 >
. : ° @ eeomcccccnse :ah-~-_4-°" _\ :§
.-t .l . $ Bevemeor "o
: § . . : E . :
-8 . MORGAN . : ] DUNDY
: : . . . - ° - §40°
'oooo: ......... ete e noe cape want ¢ YUMA Ll-:‘klyl
: . :  WASHINGTON | - ° :
e ADAMS . . i e
...'° : - -:.... .
09000000900000000000 . BcHEYENNE :
4 . . -9 .
50 m . ‘._,,,,....:
80 Reccceccceccsccocncccceces -D

"EASTERN SALT LIMITS

WITHIN SHALLO

W D GAS AREA

Figure 9-8. Regional relationship of D Sandstone shallow gas
area to eastern limits of thick salts (salts 7, 9, and 10).
Potential salt-related extensions of this trend are shaded.



el
H N

(« RN

466

mapped in the aiea extending from McCord-Richards to Red
Lion fields (Chapter 2).

Mapped eastern limits of thick salts extend northward
through Garden County into parts of Morrill and Box Butte
Counties, Nebraska. Eastern limits of thick salts 7 and 9
appear £d extend southward from the Red Lion field area of
Westernléedgwick County, through Phillips County, into'Yuma':
County.  Salt 10 is also locally absent east of Red Lion
Field. The easternmost limit of salt 10 extends
southeastward from Big Springs field into Keith, Perkins,
and Chgse Counties, Nebraska. ' .

'Assuming that post-reservoir removal of. salt occurredﬁ
aloﬁg'the eastern margins of these salts in these areas, a
numbér‘of areas (shaded on Figure 9-8) may be favorable for
gas-enﬁrapmént in the D Sandstone. These areas inclﬁde
parts of Phillips County, Colorado, and parté of Keith,
Perkins; and Chase Countieé, Nebraska, southeast of Big
Springs field. Another area of possible salt-influenced
stfucture at the D level extends northwestward from McCord
and Richards fields, through Garden County, into parﬁs of
Morrill and Box Butte Counties. Because this is one of the
most underexplored parts of the basin (some townships have
never been drilled), the potential exists foi additional
accumulations which are analogous in size and origin to Big

Springs.
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Shallow Niobrara Gas Area

To date, most shallow Niobréra gas production occurs in
the Niobrara "fairway" of eastern Colorado in Yuma and
eastern Washington Counties and in adjoining parts of Kansas
(Figure 9;9). However, development of shallow Niobrara gas
reserves is also beginning to focus on other areas of the
basin. Intemnse drilling has taken place in the past few
years to exploit Nibbrara gas at McCourt and nearby fields
in northeastern Cheyenne County, Nebraska. Recently,
drilling at Big Springs field has targeted the Niobrara.
Seven wells were drilled at Big Springs in 1994 and 1995.
Four of these (Figure 9-10) were completed as gas wells.

Because the Niobrara is its own source rock for
biogenic gas (Rice, 1984) and because the chalk reservoir of
the "Beecher Island zone" is homogeneous over wide areas,
the search for commercial Niobrara gas accumulations focuses
on structure. The most favorable area_lies roughly between
the 1000-ft (300 m) and 3500-ft (1000 m) present-depth
contours (Figure 9-9). Lower reservoir pressures east of
the 1000-ft (300-mf depth contour.result in reduced reserve
potential. ﬁest of the 3500-ft (1000-m) depth contour,
reserves are reduced due to loss of porosity and

permeability by compaction.
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Eastern limits of thick salts (salts 1, 2, 3, 4, 5, 7,
9, and 10) are plotted on Figure 9-11, along with the
location of shallow Niobrara gas fields. Production in the

Yuma County area coincides with the eastern limits of salts

5, 7, 9, and 10. Minor shut-in fields are associated with

the eastern limit of salt 10 to the northeast in Nebraska.
(This area is discussed in the followiﬁg section.) Gas '
entrapment at Big Springs field (B) is associated with the
eastern limit of salt 10.

The producing structure at McCourt field (M) is
situated within the more structurally complex eastern part
of the Db-J fairway (shown by diagonal liﬁes in Figure 9—11).

McCourt field lies along the eastern margins of thick salts

' 5 and 7. Denova field (D),‘at the southern limit of the D-J

fairway in Colorado, lies along the eastern limits of salts
4, 5, and 10.

Poteﬁtial exists for additional shallow salt-related’
Niobrara gas accumulations (shaded on Figure 9-11) northeast
of Yuma County,'in Chase and Perkins Counties, Nebraska.
Potential also exists northwest of Big Springs fieldé along
the eastern limits of salts 7, 9, and 10. Niobrara gas mayA
also be localized on closures in the eastern part of the D-J

fairway, between McCourt and DeNova fields.
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Application of Salt Dissolution Studies
to Shallow Exploration
Sub-regional and field-scale studies in this report

demonstrate thatAsignificant oil and gas production in the
Denver basin is associated with regionally updip salt edges.
The eastern limit of the D-J fairway in Nebraska coincides
with an eastern limit of thick Guadalupian and Leonardian
salt. Although deep subsurface data are relatively sparse,
this relationship appears to extend southward along the
-eastern margin of the fairway in Colorado. D Sandstone gas
production (along with recent development of Niobrara gas)
. at Big Sprlngs field and adjacent areas is related to -
- removal of Leonardian salt. The eastern Colorado shallow
. Niobrara gas area represents a regional salt-edge play, .
: associated with removal of Leonardian salt.

| One goai of the research presented in this report was
to determlne if salt dissolution trends could be predicted.
us1ng shallow-subsurface control. Study in the structurally
complex eastern half of the Nebraska panhandle and in the
shallow Niobrara gas area in eastern Colorado confirms that
complex shallow (Cretaceocus reservoir-level) structure
reflects the distribution and thickness of underlying salt.
.Another‘goal of this research, however, has been to
deterﬁine if a dissolution model for salt occurrence can be

used to predict favorable areas for shallow exploration.
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Figure 9-12 illustrates how regional inﬁerpretations of
salt distribution can be used as a predictive tool to more
effectively explore for hydrocarbons at shallow depth in a
hypothetical subsurface setting. In the model, deep
drilling encountered thick salt in wells A and B. salt is
absent in wells C and D. If this is an area (like the
Denver basin) which is prone to salt dissolution, then a
salt dissclution edge or zone should exist between wells B
and C. Assuming that removal of salt took place after
formation of the prospective reservoir (R), a regional
flexure zone should exist at the reservoir 1evel which may
localize hydrocarbon accumulation. Thus, a higher
exploration priority is assigned to area B - C, relative to

areas A - B and C - D.
Southwestern Nebraska Shallow Gas Play

A portion of southwestern Nebraska just east 6f the
Colorado line (Figure 9-13) can be used as an example of how
salt mapping can be used to effectively prioritize areas for
land acquisition and exploration. The area, situated east
and northeast of the eastern Colorado Niobrara gas play,
includes parts of Keith, Perkins, Chase, and Dundy Counties.

Figure 9-14 shows deep-well control which existed in
this area prior to the development of the shallow Niobrara

gas play in eastern Colorado during the early 1970s. Most
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Figure 9-12. Cross section diagram illustrating how a salt
. dissolution model can be used to assign exploration
priorities for shallow plays in a hypothetical basin.
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PRSI

Index map of southwestern Nebraska portion of

Eastern (regionally updip) limit of salt 10
(10) extends northward from Eckley field (E) in eastern

Colorado Niobrara play through Chundy field (C) and an
unnamed field (U) in southwestern Nebraska and Big Springs
field (B) in the Nebraska panhandle.

study area.
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of these wells were drilled during 1961 and 1962, in
response to Paleozoic oil discoveries further east along the
Cambridge arch. Wells which encountéred thick salt 10 -are
shown as solid circles. Wells which did not encounter salt
are shown as open circles.

Applying the strategy for assigning exploration
priority described above, a north-south-trending area of
predicted salt dissolution (equivalent to hypothetical area
B - C on Figure 9-12) can be drawn (Figure 9-14). This
represents a zone where the regional Cretaceocus-level
flexure associated with the salt 10 edge is likely to occur,
and where hydrocarbons may be localized on structural highs
above salt outliers or salients. West of this area, salt 10
ié more likely to be laterally continuous; east of this
area, salt 10 is more likely to be absent.

Mapping of salt 10 using all presently available deep
control reveals that the salt 10 solution edge which is
preseﬁt at Eckley field in Colorado extends to the northeast
into Nebraska (Figure 9-15). The salt 10 margin continues
northward and northwestward toward the southeast corner of
the Nebraska panhandle near Big Springs field, where
Niobrara gas production has been recently established.

Four.stratigraphic cross sections through the salt
interval illustrate the abrupt limit of salt 10. Cross
section A-A' (Figure 9-16) includes well 1654 in Keith

County which encountered 70 £t (20 m) of salt 10 below the
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Stone Corral Anhydrite, as weil as thin salts 11, 12, and
13. Combined salt thickness in well 1654 is comparable to
that present at Big Springs field. No salt is present in
well 2103, the nearest deep test to the east. |

Cross section B-B' (Figure 9-17), located in Perkins
Coﬁnty, includes wells 2096 and 2094, drilled in 1950 and
1951, which encounteréd 60 ft (18 m) of salt 10. Well 2094
is'situated between two shallow Niobrara gas wells drilled
in 1978 and 1982. One well flowed 346vMCFGPD after fracture
stimulation and was shut-in waiting on gas'pipeline
connection. Neither well in this‘unnamed field was
B connected'and both weré plugged and abandoned in the 199&;;

Cross section C-C' (Figure 9-18), locatéd in Chase .
County, includes wells 775 and 779, drilled inAthe 19605.
Well 775 d:illed 60 ft (18 m) of salt 10. Salt is absent in
well 777, located less than 2 mi (3 km) to the northeast:

#Cross section D-D' (Figure 9-19) includes.yell 775 in
Chase‘_‘_; County and wells 1279 and 1275 in Dundy County. Well
775 ehcountered 66 ft (18 m) of salt. No well log is
available for well 1279, howevervsample tops reveal that the
Stone Corral - Chase interval in this well is slightly
thicker than the same interval in well 775. This would
suggest that salt 10 is at least as thick in well 1279 as it
is in well 775 (60 ft or 18 m). Well 1279, drilled in 1957,

is located next to the Chundy field, a shut-in Niobrara gas
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field drilled in 1978 and 1979. Flow xrates of as high as
840 MCFGPD weré reported at Chundy field.

Figure 9-15 shows that the unnamed field in Perkins .
County and Chundy field both lie immediately west of the
mapped salt edge. Production is associated with structural
noses at the Niobrara level (Figure 9-20), which may be
related to salt salients. Both' fields lie within the pre-
19708 exploration priority afea;.based on the presence or
absence of salt 160 which was used to "predict" the
possibility of hydrocarbon accumulation in this part of the
Denver basin. ‘

This part of the Denver basin is currently in a
"chicken and egg" situation that typically exists during'the
early stages of development of a gas play: én'adequaﬁe gas
gathering infrastructure is not yet in piace to encourage
significant exploration'in the area, yet sufficient gas
reserves have not been established to warrant development of
gas gathering'systems..'Nonetheless, this area does serve as
an example of how a salt.dissolution model can be
effectively used to prioritize areas for leasing or seismic
a;quisition in underexplored parts of this or other

geologically comparable basins.
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| SALT—RELATED'DRILLING PROBLEMS

Operators drilling to Paleozoic targets in certain

parts of the Denver basin have encountered serious drilling

and completion problems caused by the presence of Permian
salt. These problems increase drilling and completion
costs, can force the‘abandonment of wells during drilling,

and can adversely affect formation evaluation.
Thick Salt

Drilling through thick salt sections requires the use’;
of a more costly salt-based mud system to minimize washouts
due to dissolution of salt by undersaturated drilling
fluids. Washouts can cause bridging of the hole by collapse

of undercut strata which can result in stuck drill pipe,

- logging tools, or casing. Hole washout also results in

higher borehole volumes, raising the cost of casing cement
jobs} Moreover, salt-based muds cause corrosion of drilling
equipment and posé more of a problem for site cleanup.

| The presence of salt can also force operators to run an
intermédiate string of casing to prevent caving.or to
protect uphole pay zones from formation damage from salt-
based muds. In addition to the cost of the éasiné, this

procedure adds to the completion cost of the well, because
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it requires a larger diameter hole as well as an additional

open-hole logging job.
Bubble-Gum Shale

A more serious salt-related problem involves the so-
called "bubble-gum shale; (Montgomery, 1987; Sahl et al.,
1993). The bubble-gum is an operator's term for reddish-
orange or pink hydrated shale that is encountered between
salt beds in places in the Denver basin. The enclosing
salts act as effective seals, which prevent fine-grained
sediments from dewatering during compaction. The’
undercompacted, relatively overpressured shale "gums up" the
drill bit, causing a dramatic decrease in drill rate. The
shale also exhibits plastic flow into the wellbore, causing
seizing and "twisting off" of the drill string or casing
collapse if sufficiently high mud weights are not
maintained. "Mudding up", however, can lead to invasion of
relatively underpressured subsalt targets, causing lost
circulation (Sahl et al., 1993), formation damage
(Montgomery, 1987), and log e&aluation problems (F.
Pritchett, personal communication).

The potential for encountering the "dreaded"™ (Sahl et
al., 1993) bubble-gum has changed the manner in which |
drilling companies contract their services. Some

contractors bid wells on a daywork basis (rather than a
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turnkey or fixed-price contract basis) inlbubble—gum—prone
areas. In some cases a clause in the contract allows the
contractor to switch from turnkey to daywork if bubble—gﬁm
is encountered (R. Gilmore, personal communication). The
presence of shale can result in drill rates as low as 10 to

15 ft (3 to 4 m) in a 24-hour period.

Problem Areas

Bubble-gum shale has received the most attention in the
Nebraska panhandle, due to a flurry of drilling activity to
subsalt targets in this area during the 1980s and 1990s. (In

Kimball County, Nebraska, alone, 90 of 97 Paleozoic tests

were drilled in the past 10 years.) Bubble-gum shale is a

significant drilling problem in southern Sioux County,
Nebraska (Montgomery, 1987), the:site'of intense deep
exploratory activity'oVer the past ten yearé. Sioux County
is locaﬁed at the northern limit of the study area (S,
Figure 9-21). Another problem area in the southern Nebraska
panhandle is centered around the juncture of Banner,
Morrill, Kimball, and Cheyenne Counties (J, Figure<9-21).-
Several wells in this area have met with disaster, including
a number which were junked and abandoned.

In contrast, salt is largely absent in southern Kimball

County, in the densely drilled Kleinholz - Terrestrial field

area (K), which produces oil from Wolfcampian reservoirs.




—

489

Figure 9-21. Primary areas of reported drilling problems
related to bubble-gum shale in the Nebraska panhandle: S
southern Sioux County; J - juncture of Banner, Morrill,
Kimball, and Cheyenne Counties. The area of Scotts Bluff
and northern Banner Counties is sparsely drilled.
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Here, the shale is dewatered and indurated (Sahl et al.,

1993). Shale-related drilling problems are also less

prevalent under much of central Cheyenne County (), despite

.the presence of thick salts (R. Gilmore, personal

communication) .
Potential Problem Zones

Although one particular shale bed has not been

identified as the bubble-gum, problems appear to be

primaril? related to shale units associated with |
Guadalupian salts. Stratigfaphic positions of shale
intervals which are encased by salt in places withih the
study area are shown on Figure 9-22. Two Goose Egg
Formation (Guadalupian) shale intervals likely pose the
greatest potential for problems:

1. the Glendo Shale, where it lies between salts 1 and
2; and

2. the Opeche Shale, where it lies between salts 3 and 4.
The potential for problems alsoc exists where the
Opeche lies between salt 3 and salt 5, situated
below the upper Blaine Anhydrite.

Two Nippewalla Group (Leonardian) shale intexvals which

lie between thick salt beds, and may present problems
locally include:

3. the Flower-pot Shale, where it lies between salts 7
and 9; and )

4. the Salt Plain Formation, where it lies between salts
9 and 10. ’
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Figure 9-23, a two-well étratigraphic cross section
through part of Kimball County; includes well 1679, drilled
in the Kleinholz field area, and well 1675, drilled in an
~area which is more prone to bubble-gum shale problems. Well
1679 encountered no salt. Thickness of the interval from
the top of the Little Medicine Tongue to the top of the
Flower-pot Anhydrite in well 1279 is 230 ft (70 m). (Some
operators use the names "Da? Creek" and "Stone Corral",
respectively, for these markers in this area.) The Little
. Medicine - Flower-pot Anhydrite interval is 410 ft (125 m)

- thick in.well 1675, which encountered,salts i, 2, 3, 4, and
5. Problems with bubble-gum shale in the vicinity of well
1675 appear to primarily involve the Glendo Shale (between
salts 1 and 2) and the Opeche Shale (between.salt 3 and salt

4 and/or salt 5).
Potential Problem Areas Across the Basin

Figure 9-24 shows areas within the basin in which salt
1 overlies salt 2. These represent areas where the-
potential is more likely to exist for encountering drilling

ﬁr@blems at the level of the Glendo Shale. Based on

available subsurface control, salts 1 and 2 are both present

in southwestern Nebraska, including southern Sioux County,
southern Scott Bluff County, most of Banner County, northern

‘Kimball County, and northeastern Cheyenne County, and in
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2.3
o

L

495

southeastern Wyoming, in northeastern Laramie County and
southern Goshen County.

Figure 9-25 shows areas in which salt 3 overlies salt 4
and/or salt 5. These are potential areas of drilling
problems associated with ﬁhe Opeche Shale. Available
subsurface control indicates that the Opeche may pose a risk
over a wider area than the Glendo. 1In addition to parts of
Sioux, Scotts Bluff, Banner, and northern Kimball Counties,
the Opeche may présent drilling problems in parts of Box
Butte, Morrill, and Cheyenne Counties, Nebraska, as well as
parts of Laramie and Goshen Counties, Wyoming, and Logan,
Morgan, and Washington Counties, Colorado.

Potential problems may also exist where the Flower-pot
Shale is sandwiched between salts 7 and 9 (Figure 9-26).

The potential for undercompaction of the Flower-pot Shale
exists primarily in parts of Sioux, Box Butte, Scotts.Bluff,
Morrill, Garden, Deuel, and Cheyenne Counties, Nebraska, as
well as parts of Logan, Phillips, and Washington Counties,
Colorado. The Salt Plain Formation may present problems
where it lies between both salts 9 and 10 (Figure 9-27), in
essentially the same parts of Garden, Deuel, and Cheyenne
Counties, Nebraska, and Logan, Phillips, and Washington
Counties, Colorado. |

The combined potential foi encountering undercompacted
shale at the Glendo, Opeche, Flower-pot, and Salt Plain

levels is summarized on Figure 9-28. Areas which appear to
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pose the greatest risk include parts of Box Butte, Sioux,

Scotts Bluff, Ranner, Kimball, and Cheyenne Counties,

Nebraska, central Laramie County, Wyoming, and an area
centered around the juncture of Logan, Morgan, and
Washington Counties, Colorado.

In the southern Nebraska panhandle (where most recent
deep drilling activity has taken place), available
subsurface control indicates a relatively léw risk of
encountering bubble-gum shale in two areas: (1) southern
Kimball County (where salt was removed predominantly during
Jurassic and Early Cretaceous time); and (2) central
Cheyenne County (where post-Cretaceous salt removal tookﬂ;h
place in the Sidney trough area).

"It should be noted that, as with most subsurface

interpretations, maps become more complex with the addition

of more data. An example of this is seen in_the Kleinholz -
Terrestrial field area of central Kimball County. The
Kleinholé - Terrestrial area is the most densely dfilled
part of the study area. The higher density‘of deep data
allows for more detailed mapping of salts. This results in
more complex interpretations of salt distribution in this
area (Figures 4-8, 4-9, 9-24, and 9-25). As a result,
Figures 9-24 throuéh 9-28 generally indicate where potential
drilling problems associated with "bubble-gum shale" zones

may (or may not) be encountered, but should not be used to
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negotiate drilling contracts or to design drilling and

completion procedures for specific deep wells in the basin.
SUMMARY

Permian salts have influenced the regional distribution
of o0il and gas plays across much of the northern Denver
basin. The eastern limit- of oil and gas production within
the D-J fairway in Nebraska and Colorado appears to be
related to regional removal of salt along a facies change
from Lyons Sandstone to salt. Structure at the D and J
level is more complex along the eastexrn part. of the fairway,
where partial post-reservoir removal of salt has created
salt-cored anticlines and closures. Here, D- and J-level
traps are strongly influenced by structure. In contrast,
stratigraphic traps predominate in the western part of the
fairway, where pre-reservoir removal of salt took place.

Eastern limits of thick salts are associated with
shallow D Sandstone gas production in the northeastern part
of the basin. Shallow Niobrara gas production is also
associated with the eastern limits of thick salts in eastern
Colorado and adjoining areas.

Potential exists for additional salt-related productive
trends in relatively unexplored parts of the Denver basin.
Potential for salt-related oil and gas entrapment at the D

and J Sandstone levels exists north of the present D-J
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fairway limit in Nebraska. Shallow D gas potential exists
northwest, southeast, and south of the Big Springs area.
Potential salt-related shallow Niobrara gas trends

exist in the northern part of the basin in Nebraska, north

. of the D-J fairway and in  the shallow D gas area. Niobrara

gas potential also exists along a regional salt edge in.
southwestern Nebraska. This area is used an example of how
a dissolﬁtion model for salt occurrence.can be applied to
the prediction of favorable areas for shallow exploration.
The potential exists also for salt-related plays-along
the denselyvdrilled eastern margin of the D-J fairway of
Nebraska and Colorado. Salt-cored anticlines may provide

traps for gas in the Niobrara as well as for oil in the O

- Sand.

The presence of salt in the Guadalupian and Leonardian
interval can present drilling and completion problems in

deep wells. Additional drilling and completion costs can

‘result from salt washouts and flowage related to thick

salts. However, a more serious salt-related problem is the
presence of hydrated shale (bubble-gum shale). Bubble-gum
shale is undercompacted and overpressured because it is
sandwiched between impermeable salt beds.

Most problems related to bubble-gum shale have occurred
in the Nebraska panhandle, due, perhaps; in part to the

amount of deep drilling that has takenlplace in this area.
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Howéver, most reported problems have involved shale
intervals (Glendo and Opeche Shales) which are enclosed by
Guadalupian salts. Maps which show the extent of the
combined occurrence of selected salts can be used to predict
where the risk of encountering bubble-gum shale is high.
Although potentially hydrated shale intervals exist in
Guadalupian and Leonardian strata, the highest risk appears
to be in areas where Guadélupian salts have been preserved.
Regionally, these include the "Alliance basin" area of
Nebraska and Wyoming and a less extensive area in the

Colorado portion of the D-J fairway.



504

CHAPTER 10
SUMMARY AND RECOMMENDATIONS FOR FUTURE STUDIES

SUMMARY

Subsurface stratigraphic ahaiysis of upper Wolfcampian,
Leonardian and Guadalupian stfata reveals a complex pattern
of salt thickness and occurrence across the Denver basin.
Subsurface correlations of persistent carbonate, anhydrite,
and red-shale markers across the basin provide a |
stratigraphic framework with which to identify 13.intervals
thch locally include salt. Guadalupian-age salt occurs at
four stratigraphic levels (salts 1-4), Leonardian salt is
present at eight levels (salts 5-12), and one salt (salt 13)
is identified at the top of the Wolfcampién. |

A consistent stratigraphic nomenclature fof Permian
salt-bearing strata in the Denver basin subsurface has been
.lagking in the past because: 1) the basin is situated along
an indefinite boundary between the Rocky Mountain‘énd Mid-
Continent régions, contributing to complex and overlapping
‘stratigraphic terminology; and (2) until recently, sparse
deep subsurface control had precluded accurate correlations
of individual discontiﬁuous salt'zones.‘ Subsalt Paleozoic
discéveries during the past tén years or so prompted a
flurry of drilling activity. This produced denser, higher¥
qﬁality well-log cpntrol,‘with which tb more accurately

study salts and related strata. In order to reduce
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confusion regarding formation names for salt—béaring rocks
in the Denver basin subsurface, a nomenclature is
recommended that uses Mid-Continent terminology (Nippewalla
and Sumner Groups and associated lower-rank units) for
Leonardian strata and Rocky Mountain terminoclogy (Goose Egg
Formation and associated lower-rank units) for the

Guadalupian.
Controls on Salt Distribution

Present-day regional distribution of individual salts
is due to a number of depositional and post-depositional
influences:

1. Configuration of evaporite basins. Precipitation of

upper Wolfcampian (salt 13) and lower Leonardian salts
(salts 9-12) was influenced by low-relief paleohighs which
bounded the evaporite basins. The Yuma high (ancestral Las
Animas arch) and the ancestral Chadron arch limited the
accumulation of salts 9-13 along the southeastern and
northeastern margins, respectively, of the study area. 2
northeast-trending palechigh associated with the
Transcontinental arch (Morrill County high) partitioned the
Alliance basin in southeastern Wyoming and western Nebraska
from the Sterling basin to the southeast in the eastern
Nebraska panhandle and northeastern Colorado. A transverse

sag across the paleohigh in the eastern part of the Nebraska
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panhandle ("Garden County low") locally connected the two
evaporite basins. Sand (Lyons and Cedar Hills Sandstones)
accumulated in eolian and shallow-water environments
associated with the paleohighs coeval with acéumulation of
red silt aﬁd mud (Salt Plain Formation) and halite (Salts 9
and 10) within the evaporite basins.

By contrast, upper Leonardian and Guadalupian evaporite
distribution was more widespread. Syndepositional thinning
of these salts does not occur across the Transcontinental
arch paleohigh.

2. Pre-Late Jurassic salt removal. Present-day

eastern limits of upper Leonardian and Guadalupian salts ére
strongly influenced by erosion or near-surface_dissolution
below a pre-Late Jurassic truncation surface. Eastern
limits of thick salts parallei pre-Jurassic subcrops of
associated carbonate, anhydrite and red-shéle units.
Leonardian strata are partially femoved, and Guadalupian and
Triassic strata ére absent along the eastern margin of the
study area. Jurassic isopach maxima in these areas may be
due to the creation of additional accommodation space by
pre-Late Jurassic salt solution.collapse.

3. Jurassic and Early Cretaceous Salt Removal. Juiassic

and Lower Cretaceous isopach maxima associated with present
limits of upper Leonardian and Guadalupian salts
(particularly their western limits), indicate Jurassic and

Early Cretaceous removal of salt. Removal of salt may have




fatacomamn = .

.
“a
w

—_—

507

been in response to introduction of water from the Lyons:
Sandstone due to compaction-induced (centrifugal) flow. 2an
extensive area of Jurassic-Early Cretaceous salt removal is
centered around the juncture of Colorado, Nebraska, and
Wyoming.

4. Post-Cretaceous (Laramide-induced) salt removal.

Distribution of all salts was further modified by post-
Cretaceous dissolution, believed to be in response to
Laramide orogeny. Removal of salt was likely caused .
primarily by introduction of water by regional gravity-
driven (centripetal) flow within'the Lyons Sandstone, and
possibly within Laramide-induced fracture zones. Post-
Cretaceous salt removal (indicated by Cretaceous-level
collapse structures) is concentrated in areas Qhere thick
Lyons Sandstone pinches out updip (to the east) into salt
(salts 9 and 10). Removal of salt along the northeastern
part of the study area may be related to Laramide-induced
southward groundwater flow within Jurassic strata from pre-
Oligocene outcrops on the Chadron arch to the salt interval
diréctly below the sub-Jurassic unconformity.

Because truncation, near-surface dissolution, and
dissolﬁtion at depth have modified the original distribution
of salt, stratigraphic intefpretations of the Permian which
are based on present-day thickness of salt-bearing intervals
may not accuratelf reflect the paleotectonic framework

during evaporite accumulation.
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Relationship of Salt Distribution to Hydrocarbon Entrapment

Dissolution of Permian salt has influenced the regional
distribution of 0il and gas plays across much of the eastern
flank of the Denver basin:

1. D-J Fairway. The eastern limit of oil and gas

production within the D-J fairway in Nebraska and Colorado
appears to be related to fegional post-Cretaceous (post-
reservoir) removal of salt.é The eastern margin of the
fairway is spatially related to a regional iyons Sandstone -
salt facies change. Here, D- and J- level traps are
strongly influenced by étructure. Incomplete post-reservoir
salt removal has created-éalt-cored anticlines and closures.
In this more structurally compiex part of the fairway, per-
well reserves are higher due to localizationbof cil on salt-
cored anticlines, stacking of pays, and perhaps fracﬁuring.
High-salinity formation waters in the D and J may reflect
post-reservoir movement of dissolutionAbrines in this area.

The eastern limit of the D-J fairway in Nebraska (and
northernmost Colorado) is marked by the Sidney trough, a
regional northeast-trending depression. Location of the
Sidney trough is spatially related to an abrupt eastward
facies change from thick Lyons Sandstone to thick salt
(salts 9 and 10). Complete dissolution of salts 9 and 10
caused collapse of overlying stréta, prompting the

dissolution of younger salts, which further enhanced the
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structural relief aloné the linear depression. The Sidney

trough likely acted as a regional, salt-related barrier to

oil migrating from mature source rocks in the axial portion
of the basin to the west.

In contrast, stratigraphic traps predominate in the
western part of the fairway, where salts have not been
removed or where salt dissolution pre-dated deposition of D
and J reservoirs.

Potential exists for a northward extension of the D-J
fairway in Nebraska, along the eastern margins of thick
salts. Potential also exists within the existing developed
eastern part of the fairway for salt-related structural
traps at the level of the Upper Cretaceous Niobrara Chalk |
(shallow biogenic gas) and the Lower Cretaceous C Sand
(Paleézoic-sourced'oil).

2. Shallow D Sandstone gas area. Production of shallow

gas from the D Sandstone in the northeastern part of the -
basin is spatially related to the eastern limits of thick
Leconardian salts. Post-reservoir removal of salt created a
north-south regional flexufe through Big Springs and nearby
D gas fields. Single-point seismic data across Big Springs
field support a salt-dissolution origin for the gas-
productive structure.

Potential exists for northward and southward extensions
of the shallow D gas area, along eastern margins of thick

Leonardian salts. Potential also exists along this trend at
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the level of the Niobrara Chalk, as indicated by recent
shallow development of the Niobrara gas reservoir at Big
Springs. .

3. Shallow Niobrara gas area. Distribution of shallow

Niobrara gas fields in eastern Colorado and adjaceﬁt areas
is spatially related to the occurrence of thick Leonardian
salts. Structural relief across faulted, gas-productive
anticlines is reiated to variations in thickness of
Leonardian strata, which are caused by incomplete
dissolution of salt. Post-Niobrara salt dissolution likely
was caused by‘introduction of water from the Lyons (Cedar-
Hills) Sandstone at its updip pinchout into salt, which
occurs below the shallow Niobrara gas'afea. Seismic data
support the presence of a salt-cored anticline at Eckley
field, the highest-yield.shallow Niobrara gas field;
Potential exists for extensioﬁ of the shallow Niobrara
gas trend into adjacent parts §f northeastern Colorado, the
eastern part of the Nebraska panhandle, and southwestern‘
Nebraska. The southwestern Nebraska area was used to
demonstrate the use of a salt dissolution model in

predicting favorable areas for shallow exploration.
Relationship of Salt Distribution to D;illingAProblems

Thick Guadalupian and Leonardian salts can present

drilling and completion problems in deep wells. The most
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serioﬁs problem involves hydrated shale ("bubble-gum" shale)
which is. sandwiched between thick salt beds. Impermeable
salts prevent compaction and dewatering of shales. Although
Leonardian salts locally encase shales of the Salt Plain
Formation and Sumner Groups, most bubble-gum shale problems
are related to the occurrence of Guadalupian salté. The
Glendo Shale (where it occurs between thick salts 1 and 2)
and the Opeche Shale (where it occurs between thick salts 3
and 4 and/or 5) appear to present the most problems.
Regionally, these areas include the Alliance basin area of
Nebraska and Wyoming and a less extensive area in the

Colorado portion of the D-J fairway.
RECOMMENDATIONS FOR FUTURE STUDIES

Study of the Permian salts and related strata should by
no means end here. 1In fact, as with most research, as many
questions are prompted by this study as are answered.  Some
of these questions and suggestions for additional salt-
related research (beyond the scope of this study) which may

provide answers are:

l. Can present-day eastward-directed groundwater flow
within the Lyons Sandstone be confirmed? A cursory look at

Lyons drill-stem test data reveals fluid recoveries that

place the Lyons potentiometric surface at a level well above
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the stratigraphic posiﬁion of the D and J Sandstones. A.
comparisén of the J Sandstone potentiometric surface mapped
by Pruit (1978) and a calculated Lyons potentiometric
surface of Belitz and Bredehoeft (1983) (Figure 4-28)
reveals that the Lyons potentiometric surface lies above
that of the J across the eastern flank of the basin. This
indicates that cross-formational flow of water from the
Lyons to the level of Cretaceous.reservéirs is possible and
may explain high-salinity D and J formation waters in areas
of post-reservoir salt removal aloﬁg the eastern margin of
the D-J fairway.

Pruit's work is based §n data available through the
early 1970s. Since then a tremendous amount of D and J
Sandstone drill—stém tést aafa have beén acquired and the
Lyons has been tested a number of times. A study which uses
Lyons and D and J drill-stem test data to prepare updated
potentiometric interpretations may provide iﬁsight into
subsurface flﬁid flow patterns and their possible

relationships to post-Laramide salt removal and hydrocarbon

migration and entrapment.

2. Can high—salinity’formation water in the D and J
Sandstones be chemically "fingerprinted" to a Permian salt
source, thereby confirming a salt-solution origin for the

brines? Can study of formation water chemistry and its
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possible relationship to salt removal be used to predict
areas of by-passed low-resistivity pays? Further study of

existing formation-water analyses from producing wells and
from drill-stem tests may be useful in confirming a deep,
salt solution-related source for saiinity anocmalies.
Existing data can be supplemented by sampling of produced
water in’active fields. Should a more detailed relationship
between water salinity and post-reservoir salt removal be
determined, interpreted or predicted areas of salt removal
may represent areas where potential pays have been

overlooked, due to anomalously low formation resistivities.

- 3. Has syndepositional salt removal influenced the
distribution of the D and J Sandstone intervals, and thus
migration patterns and reservoir distribution? Regional-

scale stratigraphic analysis reveals that salt has been
removed at various times, including pre-ILate Jurassic,
Jurassic-Early Cretaceous, and post-Cretaceous. Detailed
structural mapping (involving nearly 9000 wells) at the J
Sandstone level in the southern Nebraska panhandle (Chapter
4) revealed that post-reservoir salt removal took place in
the more structurally complex eastern part of the D-J
fairway.

In contrast, structure is relatively simple at the J

Sandstone level in the western part of the fairway, where
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salt removal predated reservoir deposition. Here, areas of
salt coincide with thick sandstones of the Cheyenne
Formation, which lies below the D and J Sandstones. It is
reasonable to assume that, because both pre-reservoir and
post-reservoir salt removal has been interpreted in the
Nebraska panhandle, the peesibility exists for syn-reservoir
salt removal to have occurred. |

A logical area in which to initiate a study of the
possible syndepositional influence of salt removal on the
distribution of the D and J Sandstone intervals is the
southern Nebraska panhandle. This is an area which includes
nearly 9000 Cretaceous tests and neerly 200 Paleozoic -
penetrations and includes over 400 D and J oil and gas

fields. Thus, it represents an ideal area in which to

investigate the possible relationship of salt removal to oil

and gas migration patterns and entrapment within the D and J

in the Denwver basin.

4. Has the presence of thick salts affected the
regional maturation patterns of Cretaceous source rocks?

Salt has a much higher thermal conductivity than sandstone.
Thus, at a constant depth, heat flow to Cretaceous sourCe
rocks which overlie thick salts should be higher than heat

flow to source rocks which occur in areas of pre-source rock

- salt removal (where solution-collapse has resulted in thick

Cheyenne Sandstone). A possible example may be a mature
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source rock (Niobrara) outlier in Banner County, Nebraska
(Figure 6-1). Here, the thermally mature Niobrara (as
mapped by Smagala et al., 1984) overlies thick Guadalupian
and upper Leonardian salts. At an equivalent depth
immediately to the south in Kimball County, the Niobrara is
immature, where Jurassic and Early Cretaceous salt removal
allowed for deposition of thick Cheyenne Formation
Sandstones in the collapse low. |

Detailed geothermal modelling could be used to predict
critical thickness and thermal conductivity contrasts
required for medsurable differences in maturation levels.
If stratigraphic variations associated with salt in the
- Denver basin satisfy these requirements, then a study which
compares thermal maturity data to salt occuirence may
provide insight into regional maturation patterns in the

basin.

5. Can surface structural mapping be related to
Cretaceous-level structure (and inte:prefed salt
distribution) in areas of post-Cretaceous salt removal? . How
recently has sait removal occurred? The Nebraska panhandle

represents an ideal area to study the relationship of
surface structure to Cretaceous-level salt collapse-induced
structure. Diffendal (1980) concluded that his Cenozoic

"Rush Creek-Lisco structural basin® ("R", Figure 4-13) in
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Garden and Morrill Counties is a northern extension of the
Sidney trough, but offerred no cause for the deformation.
Salt is absent in this area, suggesting salt removal as a

mechanism for the folding. Coarse sand and gravel of the

"Quaternary Broadwater Formation descends from a position 160

ft (48 m) above the North Platte Rivei.to a position 80 ft
(24 m) above the river in the'bqsin, suggesting ﬁhét
deformation occurred at least in part within the past few
million years. Moreover, Pliocene drainage diversion was
interpreted in the Rush Creek area by Swinehart et.al.
(1985).

Detailed studies of surface formations across salt-
related flexures in the Sidney trough and Big Springs areas
may coﬁfirm a relationship to salt removal and may help to

establish timing of salt-related deformation.:
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APPENDIX

LIST OF DEEP WELLS

This Appendix includes a listing of deep wells within
and adjoining the study area that were used in a subsurface
analysis of the Permian salt interval. Well numbering
system is unique to this study, and is derived from
listings provided by Petroleum Information Corporation and
the Nebraska 0il and Gas Conservation Commissibn.

All township (TWP) designations are north of the
baseline, except as noted in listings for Adams, Washington
and Yuma Counties, Colorado, and Cheyenne County, Kansas.
All range (RGE) designations are west.

Well listings are sorted as follows:

1. State, according to amount of deep well:-control
(Nebraska, Colorado, Wyoming, then Kansas);

2. County, alphabetically within each state;

3. Township;
4. Range; then
5. Section.
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