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ABSTRACT

Subsurface study of Permian evaporites and related
strata in the Denver basin reveals that the present
distribﬁtion of salt has been influenced by a number of
depositional and post-depoéitional controls. Correlations
across the basin have identified 13 stratigraphic intervals

that, in places, are salt-bearing. Upper Wolfcampian and

- lower Leonardian salts accumulated in paleolows (Alliance

and Sterling evaporite basins and the "Garden County low")
which were bounded by low-relief positive features
associated with the Transcontinental arch, the Ancestral
Chadron arch, and the Ancestral Las Animas arch. Sand

(Lyons-Cedar Hills Sandstone) accumulated in eolian and

‘shallow-water environments along paleochighs coeval with

deposition of red silts and mud (Salt Pléin Formation) and
precipitation of halite (salts 9 and 10) in evaporite
basins. Paleotectonic elements apparently had little
influence on the distribution of younger (upper Leonardian
and Guadalupian) salts.

Salt has been locally removed by dissolution at wvarious
times. .Pre-Late Jurassic truncation partially removed
Leonardian strata and completely removed Guadalupian and
Triassic strata in the eastern part of the basin.. Eastern

limits of Guadalupian and upper Leonardian salts parallel
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pre-Jurassic subcrop belts, reflecting the stepwise removal
of salt by pre-Late Jurassic erosion or near-surface
dissolution. Jurassic and Early Cretaceous removal of upper
Leonardian and Guadalupian salt may be related to
compaction-driven (centrifugal) groundwater flow from the
Lyons Sandstone; Post-Cretaceous (Laramide) dissolution,

- which locally removed salts and influenced Cretaceous-level
structure, i1s probably related to the introduction of
groundwater by gravitderiven (centripetal) flow along a
regional Lyons-salt facies change.

Timing of salt removal has influenced the distribution
and trapping mechanism of oil and gas fields on the eastern
flank of the basin. In the western part of the D-J fairway,
dissolution (and resultant collapse) pre-dated deposition of
D and J Sandstone reservoirs. Here, reservoir-level
structure is relatively simple and stratigraphic traps
predominate. In the eastern part of the D-J fairway and in
the D Sandstone and Niobrara Chalk gas areas, where
dissclution post-dated deposition of Cretaceous resefvoirs,
structure is more complex and structural or structural-
stratigraphic traps predominate.

Discovery of oil in the subsalt Paleozoic section in
1980 sparked an exploration effort in the northern Denver
basin that has greatly increased the amount of subsurface
control with which to examine the stratigraphy of Permian

salt-bearing units. A subsurface nomenclature is proposed
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for the salt-bearing interval in the Denver basin subsurface
which uses Mid-Continent terminology for the Leonardian and

Rocky Mountain terminology for the Guadalupian.
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PREFACE

This report presents the results of a subsurface study
of Permian salts in the Denver basin and the relationship of
salt removal by dissolution to hydrocarbon trap development
at the level of Cretaceous reservoirs. A number of papers
and abstracts published during the course of this study
Present portions of the research.

Overviews of the regional'relationships between salt
dissolution margins and hydrocarbon production across the
basin are summarized in Oldham (1994, 1995, 1996). Regional
stratigraphic correlations of salts and related rocks and a
proposed subsurface nomenclature are presented in Oldham
(1996) . Results of a subregional study within the Nebraska
panhandle, including an interpretation of the origin of the
Sidney trough are presented in Oldham and Smosna (1996a,b)
and Oldham and Smosna (1996b). Part of the Nebraska
panhandle subregional study is presented in Oldham (1996).
Oldham and Smosna (1996¢,d) present results of a subregional
study in the area of the eastern Colorado Niobrara gas play,
including the Eckley gas field study area. Where
applicable, this report supercedes the above-referenced

publications.
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CHAPTER 1
INTRODUCTICN AND OVERVIEW

PURPOSE OF STUDY

The Denver basin (Figure 1-1), also referred to as the
Denver-Julesburg or D-J basin, is the largest basin in the
U.S. Rocky Mountain foreland. Over the past 50 years the .~
basin has yielded significant volumes of oil and natural
gas, predominantly from Cretaceous-agé reservoirs. |
Discovery of oil in Pennsylvaniaﬁ and Lower Permian
reservoirs in the 1980s led to renewed economic interest in

the Paleozoic rocks of the basin subsurface and prompted .ai-

flurry of deep drilling activity and geophysical study over

the past 15 years.

Sandwiched.between'important Cretaceous reservoir rocks
and more recently exploited Paleozoic targets in the Denver
basin subsurface (Figures 1-2, 1-3) is a Permian
(Wolfcampian, LeQnardian, and Guadalupian) evaporite-bearing
interval. This interval is comprised of thin anhydrite beds
and anhydritic carbonates, red shales and siltstones, and
thick salts (predominantly halite). Only one reservoir-
quality unit, the Lyoné (Cédar Hills) Sandstone, océurs
discontinuously within this interval. A o

As a whole, Leonardian and Guadalupian strata show
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little promise as prospective oil and gas reservoirs. Thus,

published studies of Paleozoic rocks in the Denver basin

. subsurface have focused on deeper Wolfcampian and

Pennsylvanian strata, due to their potential as both oil
source rocks and reservoirs, but these studies have
virtually ignored the post-Wolfcampian (Leonardian and
Guadalupian) evaporite-bearing interval.

So, if the Permian salt interval appears to lack oil
and gas potential, and if sait hés never béen exploited as a
mineral resource; why study the salts? Because, study of
the occurrence and distribution of‘thick, discontinuous

salts will aid explorationists, engineers, and drillers who

- are exploring for 6il and gas in rocks above and below the

salt interval in a number of ways, as explained in the

following sectiomns.
Salt-related Traps in Cretaceous Reservoirs

Isqpach mapping of Leonardian and Guadalupian intervals
feveals many localized salt-related thiékness vaiiations
that correspond with hydrocarbon—productive-closed
structural highs at the Cretaceous level. Background work
(Chapter 2) reveals a relationship between salt dissolution
and structural entrapment of 0il and gas at a number of

fields, including several along the shallow Niobrara gas

"trend in eastern Colorado and within the D and J Sandstone




fairway of Colorado and Nebfaska. Study of the distribution
of individual salts, controls on their distribution, and
predicted areas of abrupt thinning is critical to predicting
additional structurally-influenced prbspective trends in -

Cretaceous reservoirs.

Salt-related Velocity Anomalies
at the Level of Subsalt Reflectors

Salt outliers which remain as dissolution remnants can
cause acoﬁstic anomalies on seismic data. Salt can create
false seismic structures at the level of subsalt Permian and
Pennsylvanian reflectors, particularly if salt dissolution
and removal is relatively late, and accommodation space
created by solution collapse is filled with low-velocity
Cenozoic sediments. This situation, which causes an
apparent velocity pullup below the salt, is likely a reason
for many early deep exploratory failures. Study of the
location and timing of salt digsolution features will aid in
structural and stratigraphic interpretation of seismic data
used in the search for additional subsalt o0il accumulations

in Wolfcampian and Pennsylvanian strata.



Salt-related Drilling Problems in.Deep'Tests

.Opefators drilling to Paleozoic targets in certain
parts of the basin have encountered seiious drilling and
completion problems caused by the preseﬁce of salts. The
major problem involves the so—cal}ed "bubble-gum shalen
(Montgomery, 1987; Sahl et al., 1993) which is a driller's
term for hydrated shale sandwiched between salt beds. The
enclosing salts act as effective seals, having'prevented
fine-grained sediments from dewatering during compaction.

The undercompacted, relatively overpressured shales exhibit

'l.

plastic flow into the wellbore, céusing seizing of the d&iil
string and casing collapse if sufficiently high mud weighé
is not maintained.» Increasing mud weight, however, can
result in invasion of deeper prospective reservoirs, éausing
forﬁation damage and log-evaluation problems. Study of the
combined occurrence of salt beds which are interbedded with

shales will aid in the prediction of potential problem

. areas.

Paleogeographic Reconstruction

Original extent of bedded salts was largely controlled
by the configﬁration of restricted basins during evaporite
precipitation. Thus, subsurface mapping of salts and -

related strata will provide insight into the tectonic and




paieogeographic framework of the area during latest
¥

Wolfcampian, Leonardian, and Guadalupian time.

SCOPE OF STUDY

The primary focus of this study is the relationship
between subsurface salt dissolution and the formation of
hydrocarbon traps in Cretéceous—age reservoirs. The study
his a subsurface investigation of a 40,000 sq mi (100,000 sqg
km) portion of the Denver basin which is both hydrocarbon-
productive and salt-bearing. The study area (Figure 1-1)
includes parts of northeastern Colorado, northwestern
Kansas, éouthwestern Nebraska, and southeastern Wyoming.

The investigation includes a number of studies at
different scales across the basin (Figure 1-4). A regional
study covering the northern two-thirds of the basin examines
the Permian evaporite interval to determine the
Stratigraphic position of salt beds, facies relationships
between the salts and associated strata, thickness and areal
distribution of individual salt beds, .depositional and post-
depositional controls on the distribution of salts, and the
relationship of salt removal by dissolution to trap
formation or localization of hydrocarbons within existing
traps. Limits of this regional study area were defined on
the basis of (a) early work by McKee, Oriel, et al.

(1967a,b) who delineated salt-bearing areas across the
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region based onilimited subsurface control (Figure 1-5), and
(b) general limits of oil and gas production across the
basin (Figure 1-6).

Two subregional studies focus on the relationship of
oil and gas entrapment to salt dissolution. One subregional
area, a 3600 sg mi (9200 sqg km) part of the Nebraska
panhandle (NP, Figure 1-4), is examined in detéil to
determine the influence of salt removal on the distribution
of oil and gas fields in this part of the D-J fairway. The
'Big Springs gas field (B) , situated near the eastern margin
of the Nebraska panhandle area, is examined in more detail
using seismic data.

The second subregional study area is a 2900 sg mi (7400
sg km) part of.eastern Colorado (ECNP, Figure 1-4). study
of this area focuses on the relationship of salt dissoluﬁion
to the distribution of gas-productive fgﬁlted anticlines
within the eastern Colorado Niobrara play. A more detailed
study of the Eckley gas field area (E) includes seismic

data.

GEOLOGIC SETTING

The generalized Phanerozoic, history of the Rocky
Mountain foreland, which includes the area now occupied by -
the Denver basin, can be divided into four phases (Gries et

al., 1992):
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1. a relatively stable passive margin setting through
‘most of the Paleozoic and early Mesozoic, interrupted
briefly by a Middle Pennsylvanian tectonic event
which produced the Ancestral Rockies;

2. a foreland basin setting during Jurassic and
Cretaceous time (Western Interior Cretaceous seaway),
formed by the evolution of the westerm North American
craton from a passive margin to an active subduction/
collision margin;

3. breakup of the region into deep intermontaine basins
and uplifts in response to Laramide (Late Cretaceous-
Eocene) orogeny, a period of flat-plate subduction;
and '

4. late Tertiary and Quaternary epeirogenic uplift and
erosion.

Permian salts studied in this report formed in the
phase 1 passive margin setting. Important Cretaceous
reservoir rocks in the basin (D and J Sandstones and

Niobrara Chalk) accumulated in the phase 2 foreland basin

. setting. The Denver basin took its present shape in-

response to phasev3 Laramide tectonics. Phase 4 uplift and
erosion created the pfesenﬁ—day landscape.

The asymmetrical Denver basin is bounded by the Front
Range and Laramie Range uplifts to.the west, the Hartville
uplift to the northwest, the Chadron arch to the northeast,
and the Las Animas arch to the southeast (Figure 1-1).
Within the study area, depth to Precambrian basement ranges
from about 4000 £t (1200 m) in the northeast along the
Chadron arch to over 12,000 ft (3700 m) along the basin axis
(Figure 1-7). Because the basin axis is situated just east

of and parallel to the Front Range and Laramie uplifts
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(Figure l—é), the eastern flank, with regionél dips of less
than one degree, compriseé'most of the basin. This study
focuses on the éently—dipping eastern flank of the basin.
Salts, where present, range in depth from iess than
4006 ft (1200 m) near ﬁhe eastern margin of the study area
in Chase County, Nebraska, to nearly 11,000 ft (3300 m) near
the basin axis in Laramie County, Wyoming. The salt-bearing
interval lies about 800 to 1000 ft (200 to 300 m) below the
D and J Sandstone reservoirs and about 2000 ft (600 m) below
the Niobra;a Chalk Figure 1-2). Precambrian basement is H
encountered"about 800 to 2000 ft (200.to 600 ﬁ) below the

salt interval.

METHODS

Geophysical well logs from over 750 Paleozoic tests,
including sample descriptions and mud logs where available,
were used to pick over 40 formation tops, ranging from the
Cretaceous D Sandstone to ?recambrian basement; and - to
meaédre salt thickness values for a regional subsurface:
study. . Using.well logs from selected deep tests, 55
stratigraphic crdss sections through the Permian salt
interval were tied, forming a regional correlation network
(Figure 1-9). Most well logs were acquired during visits to
the Denver Earth Resources Library ana the Geological
Information Center in Denver. Additional well logs were.

provided by the Nebraska 0il and Gas Conservation
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Commission, M-J Systemé, and several oil and gas opefators
and individuals listed in the acknowledgments of thig
report. Well ccmpletion.reports for most Paleozoic tests
were provided by Petroleum Information Corporation.

Permian formation tops were initially identified
independently of those reported by operators or shown on
published cross sections, to reduce the possibility of bias
and to ensure accurate internal correlations. Formation
tops were subsequently correlated with those of previous

workers in adjacent areas, in order to compare subsurface

. nomenclature.

Formation tops for the D Sandstone from over 9000
Cretaceous tests were used in more detailed studies that
related_oil- and gas-productive structures to the occurrence
of‘deeper salts in the Nebraska panhandle and northeastern
Colorado. Data from approximately 8000 of these tests were
provided by Petroleum Information Corporation, and the
remaining 1000 tops'were derived from well logs.

Niobrara Formation tops, derived from 200 wells in the
eastern Colorado Niobrara area, were used in a study of
Eckley field and adjoining areas. Niobrara tops from 100
wells in Nebraska, just east of the easterﬁ Colorado
Niobrara play, were picked to study the application of a
salt dissolution model to assigning exploration priorities.

Several additional types of data were analysed in

subregional or field studies. These include: (1) cumulative
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oil and gas production data for over 400 fields in westerm
Nebraska; (2) formation water salinity values for over 700
samples; and (3) gas production data and seismic reflection

data for Big Springs and Eckley fields.
ORGANIZATION OF THIS REPORT

Most chapters of this report are organized into a
series of papers which describe the occurrence of Permian
salt and emphasize its influence on Cretaceous oil and gas
entrapment at various scales across parts of the basin.

Following an introduction and overview of the study in this

. chapter, Chapter 2 provides a brief overview of tectonics in

the Denver basin area, a review of previous studies of the

Permian in the region, a review of previous work relating

subsurface salt dissolution to the entrapment of
hydrocarbons, and a description of background work in the
Denver basin. Chapter 3 focuses on the sﬁratigraphy and
subsurface correlations of the Permian salt-bearing interval
and proposes a nomenclature for Leonardian and Guaaalupian
strata for use in the Denver basin subsurface.

Chapter 4 focuses on a subregional study area of a

portion of the Nebraska panhandle (NP) which produces oil

and gas from the Cretaceous D and J Sandstones. Chapter 5

is a study of Big Springs gas field (B), a D Sandstone
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producéf situated near the eastern edge of the Nebraska
panhandle study area.

Chapter 6 focuses on a subregional study area in
eastern Colorado which produces gas from the Niobrara
Formation. Chapter 7 is a study of Eckley gas field, a
Niobrara producer situated within the eastern Colorado
subregional study area.

Chapter 8 refocuses on the regiomal study area and
presents the distribution of Permian salts and
syndepositional and post-depositional controls on their
occurrence. Regional relationships between salt occurrence
and oil and gas entrapment are addressed in Chapter 9, along
with a discussion of poteptial drilling problems associated
with salts. Chapter 10 sunmarizes the ;esults of this study
and recommends further studies related to Permian salts in

the basin.
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CHAPTER 2
PREVIOUS WORK AND BACKGROUND FOR STUDY

This chapter includes: (1) a brief tectonic overview
©of the Denver basin area; (2) a review of previous regional
studies dealing with the Permian System in the Rocky
Mountain region and Denver basin area; (3) a review of
previous work related to the occurrence, recognition, and
origin‘of salt dissolution features in the subsurface,
emphasizing their relationship to hydrocarbon entrapment;

(4) a review of previous work related to salt dissolution in

- the Denver basin; (5) a summary of background work which Iled

to the present study; and (6) a summary of the approach uéed

“in this study to identify salt dissolution features in the

" subsurface.

OVERVIEW OF TECTONIC ELEMENTS IN THE DENVER BASIN AREA

Montgoméry (1987) perhaps most accurately described the

Denver basin as a transitional depression between the Mid-

' Continent region to the east and the Rocky Mountain foreland

to the west. The gently-dipping eastern flank of the basin
gives way to a more steeply dipping and structurally complex
western flank, which has been more influenced by tectonism

at various times throughout the Phanerozoic.
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The Denver basin acquired its present shape.
predominantly as a result of Laramide (Late Cretaceous -
Eocene) orogeny. However, the area was strongly influenced
by tectonic elements which existed as early as the
Precambrian. Many north—northwest-trending Precambrian
faults exist within the Colorado Front Range. These féults
parallel the grain of Present-day Rocky Mountain ranges as
well as the Late Paleozoic Ancestral Rockies (Sonnenberg and
Weimer, 1981). A number of northeast-trending Precambrian
features also exist in the area. The largest of these
comprise part of the Colorado lineament (Warner, 1978,
1980), a 100 mile-(160 km-) wide northeast-trending "San
Andreas-type" Precambrian fault system which extends from
the Grand Canyon region through the Colorado Rocky Mountains
and Denver basin and as far northeast as Minnesgta. Warner
related the Colorado lineament to Precambrian fault zones
along the Front Range and Hartville uplift areas (Figure 2-
1), including the Colorado mineral belt (Idaho Springs -
Ralston Créek shear zone) (1), the Moose Mountain shear zone
(2), the Skin Gulch shear zone (3), the Mullen Creek - Nash
Fork shear zone (4), and the Hartville or Whalen Creek fault
(5) . Warner suggested a relationship between the southeast
margin of the Colofado lineament and the subsurface boundary
between predominantly granitic (to the southeast) and

metamorphic (to the northwest) terranes in Colorado (s,
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Figure 2-1. Location of Precambrian shear zones (1-5) and
Colorado lineament (Warner, 1978, 1980), boundary between
granitic and metamorphic terranes (6) (Edwards, 1963), and
basement faults (7) (Tweto, 1980). Shear zones include the
Colorado mineral belt (Idaho Springs - Ralston Creek shear
zone) (1), the Moose Mountain shear zone (2}, the Skin Gulch
shear zone (3), the Mullen Creek - Nash Fork shear zone (4)
and the Hartville or Whalen Creek fault (5). '
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‘Figure 2-1). Basement faults in northeast Colorado (7,
Figure 2-1) are from Tweto (1980).

Certain Precambrian tectonic features influenced the
. location of paleotectonic elements which, in turn,
controlled deposition and preservation of Paleozoic rocks
(including Permian evaporites). One of the most important
of these features is the Transcontinental arch (Figure 2-2),
a northeast-trending structure, which is centered along the
Colorado lineament. The Transcontinental arch was a broad
positive area which was likely related to differential
-movement of‘basement blocké.‘ Paleozoic thickness patterns
in the Denver basin area (Figure 2-2) reflect the influence
of the Transcontinental arch on deposition and preservation
of sediments (Foster, 1972; Lochman-Balk, 1972; DeVoto,
1980a,b; Sonnenberg and.Weimer, 1981; RBRillo, 1985). Cambrian
and Ordovician rocks are confined to aieas northwest and
southeast of the Transcontinental arch. Mississippian rocks
exist in the same areas and in the northwest-trending
"Morgan County low" (Sonnenberg and_Weimer, 1981), which
also influenced accumulation of Pennsylvanian'sediments.
Permian paleotectonics are discussed in a following section
of this chapter. The Transcontinental arch continued to
influence‘deposition during the Late Cretaceous (Weimer,
1978).

Vertical and horizontal movement along faults can be

identified or inferred from surface structural and
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topographic features. Maughan and Perry (1986) identifiea a
number of orthogonal lineaments which are related to
structural aﬁd depositional patterns of Phanerozoic rocks
across the Rocky Mountain region. Several of these (dashed
lines on Figure 2-3) are reflected on the surface, including
the Fanny Peak, Horn, Chadron, Sybille, Front Range Mineral
Belt, and Canon City lineaments. The Front Range Mineral
Belt lineament coincides with ﬁhe Iaaho Springs - Ralston
Creek shear zone (southeast limit of the Colorado lineament,
Figure 2-1) and Sonnenberg and Weimer's (1981) Wattenberg
high (Figure 2-2). The Canon City lineament coiﬁcides with
the Yuma high (Figure 2-2). The Chadron lineament parallels
the ‘present-day Chadron arch. The Sybille lineament
coincides with the Mullen Creek - Nash Fork shear zone, the
Whalen or Hartville fault (Figure 2-1), and the Hartville
high (Figure 2-2).

Perry (1985) used Landsat imagery to identify 24
northwest- and northeast-trending lineaments in the northern
Denver basin (solid lines on Figure 2-3). Perry related
eight lineaments along the mountain flank to mapped basement
structures and related 13 lineaments in the basin interior
-to basement structures inferred from subsurface mapping.
Perry interpreted parallelism between mountain-flank and
basin-interior lineaments as reflecting a similarity in
structural fabric between basement rocks which are exposed

along uplifts and those which are buried in the basin.
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Perry related several lineaments to h?drocarbon production
trends or limits of production. Merin and Moore (1986)
conducted more detailed fracture analysis in the area
surrounding Silo field in southeastern Wyoming.

Sonnenbérg and Weimer (1981) noted that many workers
considered northeast- and northwest-trending fracture
systems to represent conjugate shear fractures which
developed contemporaneoﬁély. They point out, however, that
there is disagreement as to the sense of horizontal movement
along shear zones: some workers suggest right-lateral
movement on northwest fault systems and left-lateral
movement on northeast faults, whereas others suggest left
lateral movement on northwest faults and right lateral
movement on noftheast faults. Opposing views as to the
sense of movement may be explained by recurrent (reversing)
movement (Sonnénberg and Weime;, 1981).
| Many basement faults were reactivated during the
'Cretaceous and in response to Laramide‘orogeny (Weimer,
1980, Tweto, 1980; Sonnenberg énd Weimer, 1981). The
principal horizontal stress in the Denver basin area changed
from an east—northeasﬁ orientation during early Laramide
(Late Cretaceous to Paleocene) to a northeast orientation
during late Laramide (Eocene) (Chapin and Cather, 1983;
Gries, 1983). Moore and Merin (1986) discussed changes in
movement along pre-existing fractures in response to changes

in orientation of maximum compressive stress.
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Location, orientation, and timing and sense of movement
along basement faults ‘on uplifts and within the Denver basin
is of interest to this study for the following reasons: (1)
Basement faulting during the Late Paleozoic would have
influenced the configuratién of Permian evaporite.basins.
This‘would have affected the geometry, depth, and '
circulation patterns during evaporite precipitation, and
thus the ﬁhickness and original distribution of Perﬁian salt
and related stfata; and (2) Basement faults may have
controlled subsequent movement of fluids in the subsurface

which have acted to dissolve salt at various times since

their formation.

REGIONAL PERMIAN STUDIES IN THE WESTERN UNITED STATES

The Permian System in the Rocky Mountain and Mid-

" Continent regions ranges in thickness from zero (due to
truncation in some areas, non-deposition in others) to over
7000 £t (2000 m) in the Paradox basin of western Colorado
and eastern Utéh (McKee, Oriel, et al., 1967a,b). The
interval increases in thickness to the:south, where over
17,000 £t (5000 m) of Permian-age rocks are present in the
Permian basin of west Texas and southeastern New Mexico. An

abrupt thickening of the section occurs in the western Rocky
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Mountain region, whére observed or inferred thicknesses
exceed 9000 ft (3000 m). |

The Permian System in the United States is divided into
four series, in ascending order: Wolfcampian, Leonardian,
Guadalupian, and Ochoan. European equivalents to the North
American series are Asselian-Sakmarian, Artinskian,‘
Kungurian-Ufimian-Kazanian-ILower Tatarian,~and Upper
Tatarian Stages, respectively (Baars, 1990). Extensive
investigations of the Permian system in the conterminous
United States by U.S. Geological Survey geologists were
compiled and reported in McKee, Oriel, et al. (1967a,b) in
which a three-fold subdivision of the Permian System was
adopted: Interval A, Interval B, and Interval C-D, which
generally correspond to Wolfcampian, Leonardian, and
Guadalupian-Ochoan Series, respectively. Interval C-D wag
given a two-letter designation because of uncertainties
regarding precisé ages of ﬁppermost Permian units. The
Ochoan is not represented in the Rocky Mountain region, and
Rascoe and Baars (1972) noted that rocks of Ochoan age can
be identified with certainty only in west Texas.

Classic work on the Permian within and surrounding the
Denver basin study area was published in the early 1900s by
Darton (1904) and Schuchert (1910). ILater, Heaton (1933)
(followed by minor revisions in 1937 and 1950) related the
development of the "Ancestral Rockies" to Late Paleozoic and

Mesozolc stratigraphy of the Rocky Mountain region. Using
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outcrop sections from seven western states, Heaton
constructed a series of stratigraphic cross sections which
correlated the Upper Paleozoic and Mezozoic formations. On
the basis of the cross sections, hevdeveloped a series of
paleogeographic maps. His paleogeographic interpretétion
for Permian time shéws the existence of a ma:ine basin in
parts of Wyoming, Idaho, Utah, Nevada, and Arizona, and
salt,.gypsum, and red bed deposition in ;he northeastern
portion of his study area. ‘Although Heaton did not attempt
to sﬁbdividé the Permian, his work served as a'femarkably
accurate basis for later studies, particularly considering
that aﬁ the time little or no subsurface data were
available.

Bartram (1939) presented a summary of Rocky Mountain
geology, from Precambrian to Recent, emphasizing
stratigraphy over structure. In his discussion of the:
Permian, he noted the existence of evaporite basins in parts
of Colorado and Nebraska, and the occurrence of thick
limestone accumulations to the west in the Cordilleran
geosyncline. |

Regional stratigraphy of the Mid-Continent from
Precambrian through Cretaceous was outlined by Dott (1941),
who discussed the subdivision and correlation of
Wolfcampian, Leonardian, and Guadalupian rocks exposed in
parts of north Texas, central and northern Oklahoma, Kansas,

Nebraska, and Iowa. By this time, hundreds of oil and gas
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weils had been drilled in the Mid-Continent. Doﬁt utilized
log and sample data, in conjunction with surface exposures,
to demonstrate a southward transition from redbeds to
evaporites to a deep marine basin (Permian basin of west
Texas) and a decrease in age of principal salt beds
southward from Kansas to Texas.

Eardley (1949) presented a series of paleotectonic and
paleogeologic maps of central and western North America from
Early Paleozoic to Late Mezozoic time. Thevpaleotectonic
maps were intended to show the extent of tectonically-active
areas at selected time intervals. His Permian paleotectonic
map shows the development of the Permian and Anadarko Basins
and deep troughs to the west along with a broad platform
area over much of the northern Mid-Continent and Rocky
Mountain regions.

The tectonic history of the Denver basin from Cambrian
through Tertiary was reviewed by McCoy (1953). During the
Permian, the "Ancestral Rocky Mountains" were represented by
two positive elements, termed "North Park positiven and
"Uncbmpahgre positive™, located in northcentral and .
southwestern Colorado, respectively. BAnother area of
uplift, the Siouxia positive, was centered in northecentral
Nebraska. McCoy noted that thé Permian was a period of
almost continuous deposition in the Denver basin area. Red
beds and evaporites were deposited in shallow oscillating

seas advancing into and retreating from restricted or land-
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locked basins and salt flats. McCoy extended the axis of
the Anadarko basin northwestward from Kansas through the
northeastern corner of Colorado into the northwestern corﬁer
of Nebraska. .

Juilfs (1953) prepared an electric log cross section
across southcentral and southwestern Nebraska as paft of a
subsurface study of Pennsylvanian and Permian rocks. He
noted a general thinning of the Pennsylvanian-Permian
section across the Cambridge arch, with a westwérd
thickening in the Denver basin accompanied by a marked
increasé in evaporites. Juilfs attributed difficulties in
C§rre1ation of parts of the section to a westward decrease
in fossil content, which resulted from more restricted
marine conditions in this area. /

Agatston (1954) concluded that an evaporite basin
formed in southeastern Wyoming and adjacent parts of South
Dakota and Nebraska during early Wolfcampian time. |
‘Carbonates and sandstones were deposited élong the fringes
of the basin. He obser&ed abundant bryozoan and crinoid
remains, along with fusilinids and brachiopods, inltime-
equivalent carbonates exposed to the west.

A series of Pennsylvanian and Early Permian isopach and
lithofacies maps.of the northern Denver Basin prepared by
Hoyt (1962) indicates decreasing clastic ratios in
progressively younger strata. Hoyt concluded that the

Hartville uplift area was a positive during late Wolfcampian
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time. During the same year, Rascoe (1962) published a
series of Pennsylvanian and Lower Permian lithofacies and
isopach maps, which covered a portion of the western Mid-
Continent area of northern Texas, northern Oklahoma,
southeastern Colorado, and southwestern Kansas. BHis
interpretations show deposition of shelf carbonates and
shales during Wolfcampian time, while an evaporite basin was
forming to the north in Hoyt's (1962) study area.

Tenney (1963) included a discussion of the Lower
Permian in his paper on Pennsylvanian and Permian deposition
in Wyoming and adjacent areas. At the close of Wolfcampian
deposition, in addition to marine sandstone, shale,
carbonates, and evaporites, massive, high-angle cross-bedded
eclian sandstone was deposited. During this time subsidence
occurred over a large portion of eastern Wyoming and
adjacent areas of Nebraska and’Colorado. This marked the
transgression 6f the cold-water "Phosphoria sea", and
resulted in the deposition of the phosphate-rich Phosphoria
Formation concurrent with the formation of evaporites and
associated rocks of the Goose Egg Formation in eastern
Wyoming and adjacent areas. With continued subsidence, the
Phosphoria sea eventually onlapped the shallow shelf area,
resulting in deposition of widespread limestone tongues.

By the 1960s exploratory activity in the Denver basin
and surrounding areas had provided adequate deep subsurface

information to begin to relate Paleozoic thickness and
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lithofacies variations to paleotectonics. Momper (1963)

. related a Permian isopach maximum centered along‘the
Wyoming-Nebraska border to the presence of‘Wolfcampian,
.Leonardianﬁ and Guadalupian salt. A second Permian isopach -
maximum in northeastexrn Colorado was associated with
Leonardian salt. A nOrtheast—trending isopach minimum,
centered in western Nebraska, separated the two areas of
saltvaccumulation.

MacLachlan and Bieber (1963) used the term,"Morrill
County high" for the northeast-trending barrier which
separated the two areas of thick Permian rocks and salt
accumulation. The authors also applied the name "Alliance:

 basin" to the northern depression situated between the

. Hartville uplift, Chadron arch, and Morriil County high.
- The Morrill Couhty high was believed to be the last
) expression of the Transcontinental arch (or Siouxia), a
broad_positive feature which influenced sedimentation
throughout the Paleozoic.

Martin (1965) was apparently the first to use the term |
"Sterling basin" for the area of thick Permian strata and
halite accumulation in northeastern Colorado. Martin
Eelieved the éalts of the Sterling basin to be of |
Wolfcémpian age.

Meissner (1967) summarized regional thickness and
lithofacies variétions of Leonardian and Guadalupian strata,

relating variations to major tectonic elements which were’
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present during the Permian. Relatively thick deposits of
dark phosphatic shale, chert, and cherty carbonates (basinal
Phosphoria Formation) were deposited in the Cordilleran
geosyncline of eastern Idého and'western Wyoming. The
basinal facies intertongue with; and laterally grade into, a
shelf-margin carbonate facies (Park City Formation) in
western and central Wyoming. Farther east, the Goose Egg
Formation, composed primarily of redbeds (sandstone and
shale), replaces the Park City Formation carbonates. The
presence of evaporites (anhydrite and halite) increases

eastward, in southeastern Wyoming, western Nebraska, and

northeastern Colorado (the present study area).

Southeast of the presént study aréa, Meissner
demonstrated thinning Leonardian and Guadalupian rocks
across the Las Animas arch in eastern Colorado and western
Kansas. South of this area, the interval increasésvin
thickness in the Anadarko basin, reaching its maximum
thickness in the Permian basin qf west Texas and
southeésterﬁ New Mexico, where the Permian is represented by
carbonates, evaporites, and thick basinal sandstone.

Comprehensive discussions of the Permian System in the
Unitéd States were presented as a series of region-by-region
reports and interpretive maps in McKee, Oriel, et al.
(1967a); and, as a supplementary volume, in McKee, Oriel, et
al. (1967b). These two volumes represent the third in a

series of paleotectonic investigations, each covering a
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geologic system in the conterminous United States. Work on
the Permian System involved 15 U.S. Geological Survey
geologists, covering 18 regions. Their work resulted in the
first effort to-map the distribution of salts across the
region which includes the present study area (Figure 1-4).
While McKee, Oriel, et al. (1967a,b) were in préss,
Maughan (1966); one of the 15 USGS geclogists, presented a
number of preliminary conclusions regarding deposition of
Permian salt in the northern Mid-Continent. Maughan‘s
primary focus was on the deposition of halite and related
evaporites of Leonardian (Interval B) and Guadalupianﬁﬂ
(Interval C-D) age in the Williston basin of western.North
Dakota and the Alliance basin of western Nebraska. He
concluded that prevailing winds from the north resulted in
upwelling cﬁrrents ih the Phosphoria sea, which was
occupying a basin (an eastern extension of the Cordilleran
geosyﬁcline) in western Wyoming and eastern Idaho. Little
evaporation of the cold water occurred; any moisture that
“was evaporated was removed southward by prevailiﬁg winds,
rather than eastward across the craton. The Williston and
Alliance intracratonic basins were connected to the
Phosphoria sea to the west by a narrow trough in Wyoming,
which serﬁed as an inlet for seawater inflﬁx. Maughan
(1966) presented a diagrammatic cross-section of Permian
rocks across parts of Wyoming and Nebraska. Phosphate,

chert, and organic-rich shale of the Phosphoria Formation
- )
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- formed in the Phosphoria sea of eastern Idaho and western

Wyoming. Along the cratonic shelf edge, carbonates 6f the
Park City Formation were deposited. Shale and anhydrite of
the Goose Egg Formation were deposited on a more or less
stable shelf in central and eastern Wyoming. Two widespread
carbonate units, the Minnekahta and Forelle Limestone
Members, occur within the Goose Egg Formation, and represent
periodic transgressions of the Phosphoria sea, and, possibly
variations in the direction and strength of currents in the
shelf lagoén (Maughan, 1966).

Maughan (1966) used late Leonardian and Guadalupian
lithofacies interpretations to relate the distribution of
evaporites in the Alliance and Williston basins to the
occurrence of phosphorite and chert in western Wyoming.
Channels, which connected these two restricted basins to the
Phosphoria sea, were associated with the presence of narrow
carbonate bands in eastern Wyoming..

Sonnenberg and Weimer (1981) took advantage of
additional subsurface control provided in the 1970s to
conduct a subsurface stratigraphic analysis of the northern
Denver basin. The authors attributed thickness variations
of Paleozoic and Mesozoic strata to the development of
paleostructure. |

Figure 2-4 is adapted from Sonnenberg and Weimer's
"Upper Permian" (intervals B-D, or Leonardian and

Guadalupian) isopach interpretation. Over 800 ft (200 m) of
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Leonérdian and Guadalupian strata were observed in the
Alliance and Sterling basins, including a. large volume of
salt and anhydrite. Thinning of the interval along the
northeast-trending Morrill County and "Wattenberg" highs, as
well as along the "Yuma" high, was attributed to convergence
over‘paleostructural elementé. Sonnenberg and Weimer
observed that the thickest accumulatibns of Lyons Sandstone
(Leonardian) were coincident with thinning of the
Leonardian-Guadalupian interval along the Morrill County and
Waﬁtenberg highs. |

Discovery of oil in Wolfcampian and deeper reservoirs
in western Nebraéka during the 1980s prompted more recent
regional stratigraphic studies (Garfield et al., 1988; Rall
and Loeffler, 1994; Rall, 1996). These studies focus on the

subsalt interval rather than the Leonardian and Guadalupian.
INFLUENCE OF SALT DISSOLUTION ON HYDROCARBON ENTRAPMENT

Dissolution of salt and related evaporites in the
subsurface has been the focus of a number of studies,
covering a wide range of geologic settings. Depending on
the geologic conditions that exist within a given area, salt
dissolution and resultant surface and subsurface collapse

can cause local and regional modifications that have

implication to petroleum generation, migration, reservoir

distribution, porosity and permeability enhancement or
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reduction, and trap and seal development. Many of the
papers reviewed in this section deal with a direct
relationship of salt removal by dissolution to entrapment of
oil and gas. Other papers, which may not directly relate to
hydrocarbon accumulation, are included because they éddress
the mechanism of salt dissolution at depth or the
recognition of salt-dissolution features.

Much of the early'work which dealt with subsurface salt
dissolution focused on the Permian bgsin area. Adams
(1944), in a study of the Ochoan of the west Teias Delaware
basin, noted extensive salt dissolution at the contact
between the Castile and Salado Formations. ‘A north-south
- trough extending along the center of the salt basin was
recognized in the subsurface. The trough was formed by pre-
. Salado soluﬁion_oﬁ near-surface Castile salts.‘ An
anomalously thick section of Salado salt and anhydrite
filled the trough.v Additioﬁél dissoiutiqn tock plaée during
post-Salado time, in response to upliff along the west edge
of the Delaware basin. A series of'parailel solution
valleys, sepérated by resistant gypsum ridges, were formed
by surface dissolution of outcropping salt beds. The |
irregular surface was cbvered by basal sediments of the
Rustler Formation.' The origin of these solution-subsidence
troughs was the subject of a study by Olive (1957). A
period of salt dissolution occurred during the Triassic, as

evidenced by an 800- to 900-ft (200- to 300-m) deep Triassic
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sediment-filled trough along the east edge of the Delaware
basin.

Adams (1944) called upon slight warping along the
Capitan reef to open fractures through which circulating
ground waters could enter. Significant salt dissolution
occurred during the Tertiary. Adams noted a synclinal
solution trough exceeding 1300 ft (400 m) in depth filled
with Tertiary sediments. He discounted salt flowage as a
cause of solution troughs and cited the uniformity of salt
and related sediment thickness up to the very edges of the
solution valleys as evidence in favor of subsﬁrface
dissolution.

Maley and Huffington (1953) were in agreement with
Adams (1944) that the mostAsignificant subsurface
dissolution of salt took place during the Tertiary, noting
that increased thickness of Cenozoic f£ill coincides with a
decrease in combined salt thickness in the Castile and
Salado Formations. Maley and Huffington believed that
saturated subsurface fluids were recirculated near enough to
the surface to enter the Pecos River drainage system. They
noted the formation of salt crystals along the banks of the
Pecos River and salt springs as evidence of salt dissolution
at depth. Localized salinity increases in Pecos River water
had been observed earlier by Adams (1944).

Vine (1960) observed several domal features on the

surface in southeastern New Mexico. Although he offerred
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several explanations for arching that caused the localized
domes, he proposed differential solution of the Upper
Permian salt-bearing section as one mechanism. Initial
solution caused a central collapse area, infilled by
breccia, and localized sediment fill. Continued dissolution
along the margins of the collapse area caused an in&ersion
of structure, with the former collapse area changing to a |
positive structural feature.

Anderson et al. (1978) recognized persistent
dissolution breccias in the western part of the Delaware
basin, and found that the breccias are stratigraphically.
equivalent to halite beds in the easterm part of thé basin.
Theylconcluded that all of the western.salt—bed margins were

caused by dissolution rather than depositional thinning.

Dissolution of salt along the western basin margin proceeded>

downdip, in places removing salt over distances in excess of
20 mi (30 km). Localized extensive dissolution cauéed
significant collapse features sﬁch as the Big Sinks
depression, where 300 ft (90 m) of lower Salado salt has
been removed; a matching structural depression occurs on top
of the overlying Rustler Formation.

Anderson and Kirkland (1980) invoked brine density f£low
as a mechanism for dissolution of salt deposits. Dense
brines that form from salt dissolution flow downward along
separate pathways within the same fracture system or

permeable zone as rising fresh water that is being supplied
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by an artesian source. They proposed that undersaturated
water within the Delaware Mountain Group, which underlies
the salt deposits in the western part of the Delaware basin,
moved upward under artesian Pressure through fractures,
where it contacted the salt. The resulting brine, because
of its higher density, flows downward and eastward, where it
is removed through the San Andres Limestone.

Mercer and Hiss (1978) attributed the development of
fractures and joints through which fluids flowed to
differential compaction and regional tectonism. The
'activity of bacteria (introduced by meteoric waters) caused
biogenic replacement of anhydrite by calcite, resulting in a
10 percent increase in fracture permeability (Anderson and
Kirkland, i980)a

In a study of a portion of the Texas panhandle,
Gustavson and Budnik (1985) calledrupon regional stiess
conditions to explain a preferential northeast trend of
salt-solution features. Northeast-directed maximum
compressive stress is believed to keep northwest-trending
fractures closed, while northeast-trending fractures remain
open. Accelerated salt dissolution took place within
northeast-trending faults and fractures'resulting from
differential basement movement. Gustavson and Budnik
concluded that dissolution has occurred from as early as the

Miocene to as recently as the Quaternary.
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Reeves énd Temple (1986), in a study of salt
dissolution in the Texas panhandle, noted an association of
alkaline lake basins and underlying salt solution. They
were unable to conclude, however, whether surface lake basin
formation was due to salt subsidence or whether subsurface
salt dissolution was caused by infiltration of lake‘waters
from the surface. |

Though not related directly to deeper oil production,

salt solution was recognized in the subsurface at Yates

field, a giant oil producer in west Texas (Adams, 1940). 1In

his interpretation, a surface anti;line (mapped on the
Cretaceous) resulted, in part, from salt dissolution. Thé
surface structure was believed to be caused by a salt
outlier flanked by a solution syncline. Recent work.
(Wessel, 1988; Wessel, 1993) discussed the influence of salt
dissolution on surface structure at Yates field.

‘Lohman (1972) discussed the distinction between
subsurface karst formation and:éaltyleaching. He noted that
karst processes result ihffissures, caverns, and collapse

features, while salt dissolution can completely remove

. halite and potassium salts, leaving only residual carbonate

and anhydrite sediment and insoluble residue. The karst
process assumes a linear pattern along fractures or more
soluble parts of the formation, whereas salt leaching is
more of a "frontal attack." If depth is sufficient to allow

for plastic flowage of salt, the relative rates of flowage
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and dissolutioﬁ can combine to produce three different
results: (1) a collapse structure, if dissolution is faster
than upward flow of salt; (2) little evidence of leaching,
if the two .rates are equal; and (3) development of a salt
stock if salt flowage exceeds the rate of dissolution.

The term "subrosion" has been used in German literature
as early as 1930 for subsurface features related to
dissolution of Permian and Triassic salt (Lohmann, 1972).

If dissolution progresses to produce a wide zone of salt
removal, a "salzspeigel" - salt mirror, forms, which,
according to Lohmann, is difficult to recognize by
geophysical methods unless the overlying strata are faulted.
As dissolution proceeds laterally, the margin of remaining
salt (the lecus of continued leaching) is termed the "salt
slope".

Lohman (1972) offerred several implications for
petroleum prospecting in his discussion of salt dissolution:

1. primary collapse-fill materials (dissolution

residues and collapsed sediments) may possess
enhanced reservoir quality;

2. secondary-fill materials, deposited within salt

‘ dissolution-induced lows, may promote

stratigraphic entrapment of petroleum; and

3. salt solution features may be an indication of fresh

water circulation which acted to destroy petroleum
accumulations.

Salt dissolution may affect the distribution of energy

minerals other than petroleum. The distribution of Tertiary
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ligﬁite deposits in Germany is related to solution-induced
sﬁbsidence basins caused by Permian salt dissolution
(Lohmann, 1972). Late Cretaceoué - Tertiary removal of salt
from the Elk ?oint evaporite basin (Devonian) in southern
Saskatchewan influenced the distribution of thick Paleocene
coal seams (Broughton, 1977). Groundwater responsible for
salt dissolution is believed to have been introduced from
the emerging Rocky Mountéins aiong reactivated basement
faults. Heavy oil of the Athabasca tar sands area of
Alberta accumulated in traps associated with dissolution of
Devonian salts.(Vigrass, 1968) .

Jenyon and Taylor (1985) presented a summary of salt-

“solution features'associated with North Sea Zechstein salt,

noting several important characteristics:

1. salt-solution structures can be both positive and
negative; '

2. single-stage dissolution will produce a basinward
rollover structure; and

3. two-stage dissolution will produce a structural
inversion, wherein a thick sediment wedge which
was deposited during the first stage becomes a
localized high with continued lateral dissolution
of salt ( a "sombrero" structure).
"Two-stage" dissolution of the Prairie salt (Devonian)
was originally invoked by 5wenson‘(1967) to explain oil
production from the Devonian Nisku Formation in the

Williston basin. During the first solution stage, Souris

River Formation carbonates were deposited in the solution
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sink. A second, more widespread solution event occurred,

resulting in removal of salt from the area surrounding the

buried sinks. A positive structure is generated at the site
of early‘solution, due to the additional Souris River
carbonate interval which had been deposited. Swenson listed
steep sides and flat tops as characteristics of salt
solution-related structures.

The Williston basin has been the site of the majority
of salt dissolution studies in western North America.
Anderson and Hunt (1964), suspecting that gravity anomalies
in northcentral North Dakota may be due to Prairie salt
dissolution, constructed a series of subsurface maps in an
effort to delineate the salt edge. Anomalous thickening of
Mississippian formations (below which Prairie salt is
absent) was interpreted to be due to compensatory thickening
which resulted from collapse of underlying beds. Langstroth
(1971) used seiémic data to refine Anderson and Hunt's
(1964) Prairie salt solution edge. Surjik and Hobson (1964)
were able to use seismic data to delimit the edge of the
Prairie salt in Saskatchewan.

Parker (1967) presented additionai examples of salt
dissolution within Anderson and Hunt's (1964) study area,
and in several other areas of the Williston basin of North
Dakota and Montana. Parker and Hess (1980) attributed the
increased fracturing of Mississippian reservoir roéks at

MonDak field to removal of Devonian salt by dissolution.
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Ogelsby (1988) concluded that the Prairie salt in the
Williston basin underwent dissolution from two directions:
(1) dissolution of salt from the top downward, caused by
tectonic fracturing which éllowed the introduction of fluids
from overlying aquifers, and (2) upward-directed flow of
water localizedAby the presence of pinnacle reefs'iﬁ‘the
Winnepegosis Formation. McTavish and Vigrass (1987) also
observed that, in addition to fracture-related dissolution
features, salt removal is localized above Winnipegosis
reefs, and that formation-water salinity anomalies can be

mapped in the vicinity of the dissolution front. Gerhard

‘and Anderson (1990) noted that dissolution has taken place

wherever Prairie salts have been juxtaposed with major fault -
systems.

Other examples of oil accumulations associated with
salt solution ih the Williston basiﬁ and western Canada
inélude Fryburg field (Anderson, 1966; Parker, 1967).
Hummingbird field (Bishop, 1974; Smith and Pullen, 1967;
Bishop, 1976), Raimbow field area (Barss, et al. (1970),
Poplar Dome (Orchard, 1987), Outlook field (Sandberg, 1961;
Parker, 1967;), McCabe field (Rogers and Mattox, 1985), and
Westhazel GP pool (Anderson and Cedarwall, 1993).

Rogers and Mattox (1985) cited ten élues to the
recognition of salt solution on seismic data:

1. abrupt terminations of all or part of the salt
reflector; :
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2. apparent structural anomalies adjacent to deep-
seated faults;

3. abrupt offset of reflectors above salt (indicating
collapse) ;

4. structures above salt that’show no paleogrowth;

5. local draping of reflectors above flat, non-
continuous salt reflectors;

6. regional sagging of reflectors above salt in areas
where no deeper syncline is apparent;

7. sagging of reflectors above and near teminations of
salt reflectioms (indicating velocity problems) ;

8. onlap of reflectors above and near terminations of
salt reflectors (indicating compensational
thickening);

9. waveform changes in reflectors above salt section;
and

10. any structure below the salt (a possible sign of
velocity problems) .

Simpson (1978), in a study of salt dissolution in the
northern Williston basin, listed six mappable stratigraphic
and geomorphologic,features arising from solution-influenced
collapSe of strata:

1. evaporite sequence anomalously thin or abseﬁt; also

forms isolated prominences;

2. collapse breccias with upward decrease in matrix;

3. fracture-bounded, subcircular or elongate sinks as
anomalies on overlying structure maps;

4. anomalous anticlinal features (pseudo—anticlines);

5. anomalous, isopachous high values in post-evaporite
strata; and :

6. dependence of ancient and moderm drainage patterns
on antecedent trends in post-evaporite strata.
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In a summary of large-scale mechanisms of Prairie salt
dissolution in western Canada, Anderson and Knapp (1993)
concluded one or more of the following processes initiated
or enhanced salt femoval:

1. centrifugal flow of water (vertically and
laterally), in response to burial and compaction;

2. near-surface exposure, due to the chemical
instability of salt at -or near the surface;

3. centripetal flow of water into the basin from
surrounding highland areas;

4. local or regional faults and/or fractures which act
as lateral or vertical fluid conduits;
5. glacial loading, which induces subsidence and '
expulsion of formation water, thereby increasing
the rate of centrlfugal flow, or glacial
unloading, which can increase porosity and
permeability of subsurface strata, enhancing
centripetal flow;

6. dissolution of underlying salt, creating fracture
permeability in overlying rocks, allowing for
introduction of fluids to younger salts; and

7. salt creep, causing faulting and fracture
.development, allowing for f£luid introduction.

LeFever and LeFever (1995) summarized models for the

the removal of Prairie salt in the Williston basin:

1. fac1es controlled fluid movement through permeable
beds that are adjacent to salt;

2. fluid derived from compaction ‘and dewatering of
surrounding sediments (centrifugal flow); and

3. basinward flow provided by surface water recharge at
the outcrop (centripetal flow).
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Although not directly related to hydrocarbon
production, additional examples of salt dissolution features
in the Williston basin and adjacent areas are given in
DeMille et al. (1964), Christiansen (1967), Christiansen
(1971), Gendswill and Hajnal (1971), and Oliver and Cowper
(1983) .

In studies of the Holbrook basin (Supai salt basin) of
Arizona, Neal (1994) invoked regional removal of Permian
Sﬁpai salt for the formation of the Holbrook anticline.
Neal, noting that flexure is abseﬁt at depth, discounted a
tectonic origin.for the structure.

Subsurface removal of salt by dissolution is not
limited to the western United States and Canada. ILandes
(1962) attributed abrupt thinning of Salina salt in Michigan
to dissolution. Solution-collapse structures in the
Michigan basin were observed by Ells (1967), Johnson and
Gonzales (1976), and Catacosinos (1990). Kelley and McGlade
(1969) related dissolution of salt in the Salina Series to
the formation of structural traps at the Oriskany sandstone
level in northwestern Pennsylvania.

Grieve (1955) concluded that the introduction of normal
marine wateis through fractures resulted in removal 6f
Salina salt from as early as late Salina time, continuing
intermittently through the Devonian in southwestern Ontario.
Sanford et al. (1985) demonstrated that dissolution of Salina

salt resulted in formation of hydrocarbon-productive
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collapse structures in southwestern Ontario, attributing
periods of accelerated dissolution to plate movements. In
fact, North (1985) noted that the earliest oil fiéld
discovered by drilling in North America (located in
southwestern Ontario) produced from a salt-solution trap.
Closer to the Denver basin, Rasmussen and Bean (1984)
related solution collapse of Permian salt to Mesozoic
dépositional trends in the Powder River basin of Wyoming.
Using both subsurface well logs and seismic data, the
authors demonstrated that numerous Cretaceous stratigraphic
traps (whose productivé reservoir is the Muddy Sandstone,
which is correlative with the J Sandstone of the‘Denver"
basin) formed as a.result.of syndepositional dissolution of
underlying salt. Rasmussen and Bean concluded that éomplete
removal of salt was pre&ented by deposition of Upper
Cretaceous marine shales, which acted to seal the
groundwater circulation system. Salt-collapse structures

were previously observed in the Powder River basin by Parker

- {(1967) . Moore (1985) presented seismic examples of salt

dissolution features in the Powder River basin.

To the southeast of the Denver basin study area in
Kansas, salt—dissoiution features were observed by Landes
(1962), who related a line of swamp- and laké—filled
depreséions located just east of Hutchinson to the truncated
edge of underlying Permian salt. Other salt solution-

induced surface depressions in Kansas were described by Frye
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(1950) and Merriam (1963). Holdoway (1978) and McQuire and
Miller (1989) included subsurface examples of salt
dissolution in, western Kansas. Sorenson (1995) mapped a
salt-dissolution zone in southWesterﬁ Kansas and concluded
that the overlying Harper and Cedar Hills (Lyons equivalent)
sandstongs are the source of groundwater responsible for
salt removal. .

Figures 2-5 through 2-9 summarize factors which
influence subsurface removal of salt by dissolution,
dissolution-induced structural and stratigraphic features
;hat are potential sites for hydrocarbon accumulation,
shallow geologic conditions caused by salt removal at depth,
and dissolution-induced situations which can adversely
affect hydrocarbon accumulation. Location and timing of
salt dissolution in a basin may be influenced by a number of
factors (Figure 2-5), including the following:.

A. basement faulting, resulﬁing in fluid introduction
from the surface or from aquifers which come into
contact with salt zone as a result of faulting;

B. aquifer in vicinity of salt zone, which introduces
fluid to salt zone by centripetal or centrifugal

flow;

C. orogenic event, causing basinward (centripetal) flow
of fluid from outcrop due to hydraulic gradient;

- D. erosion or near-surface dissolution below an
unconformity;

E. lowstand, allowing for introduction. of meteoric
water from nearby exposed areas;



55

N [} -\
. v, -
st [
L -
.... . \/
\. \¢
..... —l\
A \/
(e .\/
v * ~

o g \.Ilr

~ -

+ 7/ \l\\
+ Vel
4+ -

+ 4+ [
+ “ o,
b+ \ \
++ v -
4+ /o
b K
ot ~/_
-+
b+ + //s
b4 !
b+t ~
S -
R
A Neooay
A
S+ VY
4+ ~
+ Vs
+ 4+ N
+ 44 \l /
+ 4+ /
“+ 4
+ A \ -
+ -
+ -+t
+ / / 1
prage gL hnd

- -+ -H

ki
=

.
-+ °
b4+

et BN
. .
.
.
.
.

C. Orogenic Event

fer

i

B. Adjacent Aqu

-+ -+
+ -+
+
-+ o i
-+

4+ +
H - 4
H- + 4
b+ +
H- - -H
++ -H
b+ 4
-+
-+ -H
TRERE

Lowstand

E.

y

D. Unconformi

-+ -+
++
++

-+ +

e+
4+

e+t
F++
TS
o+
bt
b
r++
-+
L+ 4
b+ +
b+
-+ +
b+ -+
b+ -+
4+
++H

F. Highsfand

G. Climate

Diagram of factors which influence location and

timing of salt dissolution.

Figure 2-5.



56

Jr

+4
H- o1 -+
H-+ -+
H-+ +

4 4+
b+ 4
e
p—
- H

ik i
b 4 -+
+
T.r.r_ .

(=S
-+

E. Collapse Fractures
F. Two-stage Removal

‘, A. Forced Folds
B. Fault Traps
C. Closure

productive
ion.

Diagram of potentially hydrocarbon
structural features resulting from salt ‘dissolut

D. Fracturing

Figure 2-6.



57

+

4
o+ b
i
+ 4 -
R ..
+otH T~
N S
h O
K
] =
3 Q
Mm +HH Ch
— .H.f.f d +HH
. Q ++ S e
@) s O 44
i S Y
ro! g ot i st
+ s
o < A et
e
+ o+ M 44t
+
T4l -+ s
++).
+ ] +++ ++.H.
+ 4 H T B B et

ildup

C. Carbonate Bu
Diagram of potentially hydrocarbon-productive

stratigraphic features resulting from salt dissolution.

Figure 2-7.



58

A. Water-salinity Anomaly

B. Surface Depression

Figure 2-8. Diagram of shallow geologic conditions caused
by salt dissolution.
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F. highstand, resulting in deposition of marine shale

seal, preventing fluid introduction to salt zone;
and

G. climatic variations, which influence recharge of
regional aquifers.

Figure 2-6 summarizes a number of structural features
resulting from dissolution of salt and collapse of overlying
strata which may be favorable to the entrapment of

hydrocarbons:

A. forced folds associated with collapse-induced
monoclinal flexure above a salt edge;

B. collapse fault traps in more brittle strata above a
salt edge;

C. closure over a salt outlier;

D. enhanced porosity and permeability due to
extensional fracturing above a salt edge;

- E. fracture enhancement in a collapse area; and

F. structural inversion (sombrero structure) caused by
L. two-stage dissolution. .

Figure 2-7 summarizes salt dissolution-induced

stratigraphic features in the subsurface which may be

| favorable to hydrocarbon.entrapment:

A. accumulation of potential reservoir in
: syndepositional collapse low;

B. localization of potential sandstone reservoir due to

| shoaling along syndepositional collapse-induced
| ' flexure or high.

C. localization of potential carbonate reservoir in
{ shallow water along syndepositional collapse-
induced flexure or high. -

Figure 2-8 summarizes shallow geologic conditions which

can be caused by salt removal at depth (and may indicate the
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potential for hydrbcarbon entrapment) :

A. water-salinity anomaly in shallow formation water or
at surface; and

B. surface depressions, resulting from relatively
recent collapse.

Figure 2-9 illustrates geologic situations in which
salt removal and collapse may be detrimental to the
entrapment of hydrocarbons:

A. loss of previously trapped hydrocarbons through
collapse-induced fractures;

B. loss of previously trapped hydrocarbons by two-stage
dissolution; and

C. degradation of hydrocarbons due to introduction of
fresh groundwater.

SALT DISSOLUTION IN THE DENVER BASIN

Compared to other salt-bearing areas, relatively little
has been published regarding salt dissolution in the Denver
basin. This is not-surprising considering thaﬁ, until
recently, the Paleozoic interval was sparsely drilled.
Adequate subsurface contrél with which to identify salt
dissolution features has existed only in the past decade or
so.

Momper (1963) ‘attributed. Permian isopach maxima to the
presence of halite, but did not attempt to differentiate
between thickness patterns which may be due to

paleotectonics and those which were caused by éubsequent
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- removal of salt. Momper noted that most of the salt
preserved in the basin is found west of the Triassic and
upper Guadalupian subcrops (below Jurassic strata), and that
Lecnardian salts are only present west of ﬁhe lower |
Guadalupian subcrop. This suggests that salt removal had
been completed by the time Jurassic sediments were deposited
across this unconformity. Momper, however, concluded that
dissolution continued during Cretaceous time. " Although
Guadalupian and Triassic shales may have acted to retard
movement of dissolving fluids, Momper suggested widespread
salt removal during the Cretaceous, along with active
bresent-day dissolution. Thinning of the upper Leonardian
and lower Guadalupian was believed to be at least partially
due to salt removal.

Specific areas in which studies addressed the presence
- of salts are shown on Figure 2-10. Fish (1982) reported that
subsurface structure in the Juelfs-Gaylord field area
(Figure 2-10), where oil production.is from the Lower
Cretaceous J Sandstone, is generally believed to be related
to collapse of the Permian salt section. According to Fish,
collapse took place during and prior to deposition of the D
and J sandstones; aithough he did not .state it, this implies
that Fish believed that salt solution collapse may have
influenced the distribution of J Sandstone reservoirs. Sahl

et al.(1993) reported that Leonardian salt has been removed
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in the Kleinholz field area of western Nebraska (Figure 2-
10).

Using seismic data along with limited deep well
control, Squires (1986) created a series of seismic models
as part of a study of salt dissolution features in
northeastern Colorado. The models wére integrated with
seismic daté to construct Permian isochron maps in his study
area (Figure 2-10). Squires' work suggests that dissolution
of Permian salt may have commenced during the Jurassic, and
continued intermittently_during the Cretaceous. Spasmodic
dissolution, Squires concluded, may have been due to
recurrent movement along basement faults, with significant
dissolution taking place in response to the Late Cretaceous-
Early Tertiary Laramide orogeny.

Seismic data have been used to define a Permian salt
dissolution edge south and east of Silo field in |
southeastern Wyoming (Figure 2-10). Production of oil at
Silo field is from fractured Niobrara‘Formation. Recent
successful horizontal-drilling efforts at Silo field have
prompted a number of studies (Lewis, 1989; Davis and Lewis,
1990; Campbell and Saint, 1991; Montgomery, 1991a,b; Coates
and Torn, 1993; Sonnenberg and Weimer, 1993; Svoboda, 1995).
Timing of salt removal and the felationship of the salt edge
to fracture development at Silo field remain the subject of

considerable debate (Svoboda, 1995).
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BACKGROUND WORK RELATED TO THE PRESENT STUDY

Preliminary mapping in the northeastern part of the
Denver basin (Figure 2-10) identified a number of areas in
which a suspected relationship between salt dissolution,
Cretaceous-level structure, and hydrocarbon production
existed. This background work sefved as the basis for the
present.study.'

Subsurface structure at the D Sandstone level was
mapped, utilizing well logé from over 600 Cretaceous tests
in a 3000 sq mi (8000 sg km) area (Figures 2-10 and 2-11).

This mapping reveals an anomalous north-south-trending

- structural flexure, extending from Garden County, Nebraska,

southward through Phillips County, Colorado. Location of a

regional syncline associated with this flexure is shown on

- Figure 2-11).

In Garden County, Nebraska, where regional dip is to
the southwest, structural relief within the syncline exceeds
150 ft (50 m) (Figure 2-12). The depression is situated

just east of an area of D Sandstone pfoduction at McCord,

Richards, Jackson, and Oshkosh fields, and a one-well

unnamed field in T16N, R42W.

To the south near the Nebraska-Coiérado line (Figure 2-
13), regional dip is to the west. Relief within tﬁe
regional syncline in this area also exceeds 150 ft (50 m) .

The depression is situated just east of Big Springs field, a
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large gas.field which produced from the D Sandstone prior to
conversion to a gas storage field. The syncline ektends to
the southwest into Colorado, just southeast of Chappell
field, which is another D Sandstone gas field.

Further southwest (Figure 2-14) structural relief is
nearly 200 ft (60 m) in a depression locatéd just east of D

Sandstone production at Red Lion field. This structural low

surrounds marginal oil production at North Marks Butte

field, discovered in 1982. Production is from a thin
sandstone within the lower Leonardian Sumner Group.
Montgomery-(1387) reported thatvproductiqn at North Marks
Butte is related to an "unexplained,renigmatic circular .~
feature with raised margins, seismically mapped at the top
of the Wolfcamp," and that entrapment is associated with the

raised margins of an "apparent impact-type feature," about

1.5 mi (2.4 km) in diameter.

A general relationship can be observed between the

location of the above fields and the eastern limit of

Leonardian'salts, as mapped by McKee, Oriel, et al. (1967b)
(Figure 1-5). Based on the hypothesis that the regicnal D
Sandstone structural anqmaly (and associated production) are
at least partially influenced by solution collapse of
Leonardian salt, the locus of structural reversal (synclinal
axis on Figure 2-11) represents the "best guess" as to the

eastern (regionally updip) limit of Leonardian salt in the
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subsﬁrface. Local areas where the line splits off to the
.west represent possible re-entrants of the salt edge.

The presence of a salt edge and its possible influence
" on D Sandstone production is supported by three structural
cross sections (Figure 2-15) which were constructed using
well logs from basement tests near each of the mapped
anomalies. Each cross section includes one regionally
downdip well in a préducing aréa (McCér&—Richards, Big
Springs, and Red Lion fields) and a well to the'northeast
(regionally updip) in an area with no D Sandstoné
production. In all three cases, salt is present‘under the D
‘Sandstone pool and is absent in the regionally-updip well. |

Maximum structural reversal along the proposed salt ,
edge occurs at Red Lion field, where the D Sandstone, at an
elevétion of at least 178 ft (54 m) above sea level at the
field, was encountered at an elevation of 55 ft (17 m) below
sea level 4 mi (6 km) to the east (regionally updip). The
pronounced structural low at the Cretaceous level which
exists immediately to the east of Red Lion field more likely
reflects an area of salt solution collapse at depth than an

apparent impact feature, as reported by Montgomefy (1987) .
APPROACH TO THIS STUDY

A primary objective of the present study is the
identification of salt dissolution features in the Denver

basin subsurface and the explanation of their origin and
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relationship to hydrocarbon accumulation. Salt removal by
dissolution results in abrupt>removal of salt, rather than
gradual thinning. Thus, the search.for areas in which salt
has been removed. focuses on recognition of abrupt thinning
or disappearance of one or more sait zones from one well to
another. (A critical assumption is that subsurface
stratigraphic correlations of individual salt zones are free
of errors.)

Figure 2-16 is a hypothetical cross section,
illustrating a number of possible syndepositional and post-
depositional influences on salt occurrence. Each situation
is a possible explanation for abrupt lateral thinning or
absence of salﬁ in the subsurface, illustrating that, in
addition to dissolution (E), a number of other proéesses can
accoﬁnﬁ for salt discontinuity..

Syndepositional causes for abrupt changes in salt

thickness include paleotectonic influence on evaporite basin

configuration (A) and abrupt facies change (B). Post-
depositional causes for absence of salt include faulting
(C), salt flowagé (p), and truncation or near-surface
dissolution below an unconformity (F).

The following chapter describes the use of persistent
carbonate, anhydrite, and red shale marker beds to construct
a stratigraphic framework with which to identify salt zones.

This approach reduces the potential for erroneous physical
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correlations of laterally discontinuous salts in the Denver

basin.
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CHAPTER 3
STRATIGRAPHY

NOMENCLATURE

As interest in the petroleum potential of Upper
Paleozoic rocks converged on the Denver basin from adjacent
Rocky Mountain and Midcontinent areas, formation names were
introduced for Permian strata which were derived from nearby
basins and exposures on adjacent uplifts. As a result,
subsurface nomenclature for the Permian of the Denver basin
is a éonfusing mix of terms. Momper (1963), who observed
that the nomenclature is "replete with duplicating and
overlapping terms," attributed the confusion to the absence
of a fossil record, lack of subsurface control, loss of
section from salt solution, undiscerned truncation, facies
changes, and scattered éoor exposures. Garfield et al.
(1988) labeled the northern Denver basin an "area of mixed
terminology" and offered lack of communication between
workers and great distances between exposures as reasons for
confusing Permian and Pennsylvanian nomenclature.

Despite noting that low-angle intraseries
unconformities and iack of fossils in Upper Permian clastics
and evaporites complicate Rocky Mountain and Mid-Continent
Permian correlations, Rascoe and Baars (1972) maintained
that carbonate and anhydrite formations can be traced over

wide areas and can be used to subdivide the Permian into
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ap?roximately isochronous units. This approach of using
recognizable lithostratigraphic units was employed in the
present study to subdivide Leonardian and Guadalupian strata
in an effort to identify, correlate, and map the regional
distribution of individual salt zones in the Denver basin.
In order to simplify and standardize terminology a
nomenclature is proposed for the northern Denver basin
subsurface (Figure 3-1) which generally uses Mid-Continent
unit names for Leonardian strata and Rocky Mountain
nomenclature for the.Guadalupian and Lower Triassic. A
similar approach was sﬁggested by Momper (1963). Momper
noted that Mid-Continent nomenclature is more appropriate
' because the Nippewalla and Sumner Groups are more complete,
more persistent, and better understood from the standpoint
of chronostratigraphy to the east. Mid-Continent
nomenclature is more appropriate than formation names
derived fromlthe Rocky Mountain region, where Leonardian-age
rocks are poorly preserved. Rocks of Leonardian age are
generaily absent to the northwest of the Denver basin on the
Hartville uplift and in the Powder River basin due to
truncation below an intra-Leonardian unconformity end to
thinning due to onlap of upper Leonardian units onto the
truncation surface (Rascoe and Baars, 1972). In these
areas, the Opeche Shale (lowermost Guadalupian)
unconformably overlies the partially truncated Minnelusa

Formation (Wolfcampian), the upper part of which is
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equivalent to the Chase Group in the Denver basin and Mid-

Continent areas. Because Leonardian strata are poorly
represented or absent in areas to the northwest of the
Denver basin, it is more appropriate to extend Mid-Continent
terminology from the east into the basin for Leonardian-age
rocks.

In the eastern Denver basin successiveiy older Lower
Triassic and Guadalupian strata (Chugwater and Goose Egg
Formationé) are truncated to the east beneath a pre-Late
Jurassic unconformity (Figures 3-2 and 3-3). Because rocks
of Guadalupian age are absent along the eastern margin of

the Denver basin (an approximate boundary between the Rocky

‘Mountain and Mid_Continent regions), it is logical to adopt

- formation names derived from the Rocky Mountain region for

Guadalupian-age strata, as these units persist in the

subsurface from the Powder River Basin and margihs of the

Black Hills to the south and east into the Denver basin.

Momper (1963) likewise suggested using Rocky Mountain

terminology for Guadalupian-age units in the northern Denver

basih subsurface.
CORRELATIONS

Study of the distribution of salt and its influence on
trap development, velocity anomalies, and well-site

operations requires accurate correlations of individual salt
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‘beds. Because salt has been removed in places by

dissolution, correlations across the basin (which form the
baéis for regional salt isopachs) can be problematic.
Recognition of persistent non-salt markers (units that are
not removed by dissolution) is critical to the subdivision
of Leonardian and Guadalupian strata and the accurate
correlation of salt beds.

important marker beds which prove useful in regional
correlations are shown on Figure 3-2, a two-well cross
section in which all but one of 13 identified salt zones are
present. The Leonardian Series is represented by rocks

which occur between the top of the Blaine Gypsum and the top

of the Chase Group. Persistent markers of Leonardian age

which occur across the study area in fairly uniform
thickness (except to the east where they are truncated below
the pre-late Jurassic unconformity) include, in ascending
order: an anhydrite bed; teimed the "Flower-pot Anhydrite"
in this study, the Flower-pot Shale, and two thin anhydrite
beds which correlate with the Blaine Gypsum to the east.

The Lyons (Cedar Hills) Sandstone which, where present,
occurs below the "Flower-pot Anhydrite", is replaced locally
by a red shale and evaporite inﬁerval believed to be 4
equivalent fo the Salt Plain Formation. In places the lower
part of the Lyons Sandstone appears to correlate with the
Stone Corral Formation (anhydfite and/or halite) which is

present in the eastern half of the study area, whereas



e

83

farther to thé éast and southeast, the .Stone Corral is
separated from the overlying Cedar Hills Sandstone (which is
equivalent to the upper Lyons Sandstone) by red shales and
siltstones of the Salt Plain Formation: |
Persistent markers of Guadalupian and Early Triassic
age which occur within the study area (where they have not

been truncated by pre-Late Jurassic erosion) include, in

- ascending order: the Opeche Shale, Minnekahta Limestone,

Glendo Shale, Forelle Limestone, Ervay Limestone, Freezeout

Shale, and Little Medicine Members of the Goose Egg
Formation.

Formation tops reported by operators occasionally

include the depth to the "first salt". Figure 3-2

illustrates the potential for correlation problems

associated with Permian salts and related strata. The first

salt encountered in well 915 is 803 £t (245 m) below the top’

of the D Saﬁdstone. In well 1238, 45 mi (72 km) to the
southeast, thé first salt occurs at a compérabie depth (827
ft or 252 m) below the top of the D ééndstone. Correlations
of persistenﬁ anhydfite and shaie markers reveal that the
nfirst salts" in the two wells are not equivalent. The
youngest salt in well 915 is a Guadalupian-age salt,
identified in this study as salt 1, whereas the youngest
salt in well 1238 is salt 7, of Leonardian age. Truncation

or near paleosurface dissolution below the pre-Late Jurassic
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unconformity (Figﬁre 3-3) is responsible for removal of
younger salts to the east.

A fence diagram (Figure 3-4) shows Lower Triassic,
Guadalupian, Leonardian, and uppermost Wolfcampian
lithostratigraphic units mapped in the northern Denver
basin, their relationship to correlative stfata in western
Kansas and the Colorado Front Range, Powder River basin, and
Chadron arch areas, and their relationship to pre-Late
Leonardian and pre-late Jurassic unconformities. Formation
names suggested for use in the Denver basin subsurface are
given in the center of the diagram and equivalent formation
names are shown for surrounding areas.

In-the Chadron arch area the Leonardian Series is
represented by rocks of the Nippewalla and Sumner groups.
However, the Guadalupian Series is represented Ey only the
Opeche Shale, the basal member of the Goose Egg Formation,
due to pre-Late Jurassic erosion. In the western Kansas
portibn of the study area, the Opeche Shale may be
equivalent to the Dog Creek Shale of the western Mid-
Continent.

Rocks of Leonardian age are absent in the Powdér River
basin of Wyoming, where pre-late Leonardian erosion has
removed lower Leonardian and upper Wolfcampian strata and
upper Lecnardian rocks pinch out due to onlap to the
northwest. Important unconformity traps occur in the

Minnelusa Formation where it is overlain by the Opeche
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Shale. Permian salt in the Powder River basin ("Ervay

salts" of Rasmussen and Bean, 1984) appéar to be younger

than salt 1 of this study.
Upper Wolfcampian

Study of Wolfcampian-age rocks was limited to those
which occur at the top of the Chase Group. A thin anhydrite
bed which marks the top of the Chase Group is replaced
locally by a thin halite bed, identified in this study as
salt 13 (Figure 3-2). This uppermost evaporite interval is
named the "W-1 evaporite" in this study. An underlying
thick anhYdrite unit is named the "W-2 evaporite."™ Salt
occurs lower in the Wolfcampian section at the extreme
northern limit of the study area (Alliance basin area).
Study of this deeper salt intervalAis beyond the scope of
this report.

Leonardian

Sumner Group

The lower Leonardian is represented by the Sumner Group
which conformably overlies upper Wblfcaﬁpian anhydrite or
salt (W-1 evaporite). The Sumner Group includes red
siltstones and shales which Momper (1963) égrrelated with
the Ninnescah Shale, a unit which is well developed in

Kansas. Rascoe and Baars (1972, Figure 10), however, show
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the Ninnescah to be truncated below the pre-late Leonardian
unconformity in the eastern part of the Denver basin. They
include ﬁhé fine~-grained rocks immediately above the‘Chase
Group in the Wellington Formation, which contains'impoitant
salt beds farther east in Kansas. In this study all rocks
which occur between the base of the Stone Corral Formation
or its stratigraphic eqﬁivalent_and the top of the Chase
Group are included in the Summner GroUpL
Rocks of the Sumner Group are equivalent to the lower

part of the Satanka Shale of Darton (1908), the lower
Satanka of Hoyt (1963) and the Owl Canyon of Condra et al..
(1940). The upper limit is generally considered to be at an
intraseries unconformity (Rascoe and Baars, 1972) below the
Stone Corral Formation, although this unconformity is
difficult to trace in the subsurface where the Stone Corral
is absent due to onlap. In piaces the top bf the Sumner
Group may be at thé base of the Lyons Sandstoné,
particularly where the sandstone is thicker. Where the
Stone Corral and Lyons are both absent, the contact between
the Sumner Group and the overlying Salt Plain Formation
cannot be determined with certainty in the subsurface due to
similarity in their lithologies and well lég responses, and
for this reason it is difficult to determine thickness-
variation of the Sumner across the basin.

In*places the Sumner Group contains two éalt zones;

identified as salts 11 and 12 (Figure 3-2).
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Nippewalla Group

The upper Leonardian is represented by the Nippewalla
Group (Norton, 1939) which, in the Denver basin, includes
rocks between the top of the Blaine Gypsum and the base of

the Stone Corral Formation.
Stone Corral Formation

The Stone Corral Formation is comprised of white, light
brown, and pink anhydrite, pink and light brown, dolomite,
"and, locally, halite. The Stone Corral, which occurs above
a pre-late Leonardian unconformity (Rascoe and Baars, 1972)
is absent in the northwestern half of the study area because
of facies change to red shale and siltstone or to onlap
above the truncation surface. Salt 10 (Figure 3-2) is
present at the level of the Stone Corral in the eastern part
of the study area and appears to be equivalent to salt
associated with the Stone Corral anhydrite in southwestern
Kansas. Generally,_where the salt is greater than 100 ft
(30 m) thick, two thin, highly radiocactive zones are
recognized on gamma-ray logs (Figure 3?2). Analysis of a
Spectralog across this interval from the Texaco and Halbouty
Wright 14-1 deep test, Sec. 14, T14N, R44W, Deuel County,
Nebraska (well 1239), indicates that potassium, most likely

in sylvite, is the primary source of gamma radiation from
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the zones. If so; this is the only salt znnevwithin the
basin known to contain bittern salt, recording highly
evaporative conditions during precipitation as well as
conditions which allowed for preservation of the highly

soluble salt.

Lvons - Cedar Hills Sandstone

The Lyons - Cedar Hills Sandstone is the thickest, most
widespread coarse clastic unit within the study interval.
The Lyons was named by Fenneman (1905) for a pure quartz
sandstone exposed in the town of Lyons, Colorado. The Cedar

Hills is a Mid-Continent term (Cragin, 1896) for a fine-

grained bright red sandstone exposed in the Cedar Hills,

Barber County, southcentral Kansas. The two units appear to
be equivalent at their top, just below the "Flower-Pot
Anhydrite"; Where the sanastone is over 200 feét (60 m)
thick, the base of the sandstone appears to be equlvalent to
the Stone Corral Formation and the lower part of the Salt
Plain Formation. To the southeast, however, the sandstone
(Cedar Hills) occurs at a stratigraphic position well above
the Stone Corral. .

The Lyons was deposited in eolian and shallow-water
environments (Walker and Harms, 1976; Weimer and Erickson,
1976). Along the Front Range, eolian sandstones, derived

from the north and east, intertongue with arkoses which were
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derived from the Ancestral Rockies to the west (Sonnenberg
and Weimer, 1981).

Holdoway (1978) interpreted the Cedar Hills Sandstone
in western Kansas as havihg accumulated as eolian sediments
which may have also been transported by water. Well rounded
quartz grains may have been derived from Cambro-Ordovician
orthoquartzites exposed during the Permian on isolated
uplifts, whereas more angular arkosic sand and silt may have
been transﬁorted from the Ancestral Rockies.

In contrast to thin but persistent shale, anhydrite,
and carbonate beds, the Lyons-Cedar Hills Sandstone
represents one of the more significant facies changes within
the Permian study interval in the Denver basin, reflecting
significant paleotectonic influence which not only provided
& source of coarse clastics from both east and west, but

also influenced its accumulation.

Salt Plain Formation

The Salt Plain Formation (Cragin, 1896) lies between
the Stone Corral Formation and the overlying Lyons (Cedar
Hills) Sandstoqe. Where the Lyons is thickest the Salt
Plain is absent. Where no sandstone is present at the Lyons
- Cedar Hills level, the Salt Plain occurs directly below

the "Flower-Pot Anhydrite". The Salt Plain is comprised of

o
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6range to red-brown shale, silty in places, with orange very
fine- to fine-grained sandstone.

The Harper Sandstone (Cragin, 1896) is found at the
base of the Salt Plain in Kansas, but is not recognized with
certainty in the study area. Holdoway (1978) did ﬁot

attempt to differentiate the Harper Sandstone from the Salt

Plain Formation in the subsurface of western Kansas.

The red shale of the Salt Plain, which is often
impregnated with salt, is generally thicker where it
overlies the Stone Corral salt (salt 10) and where the
Lyons-Cedar Hills Sandstone is thin or absent. This
suggests that red clays and silts accumulated in the same

restricted basin as the Stone Corral, with deposition of

~eolian and shallow water sand on subtle paleohighs along the

, basin margins. Salt is locally presént (salt 9, Figure 3-2)

just below the "Flower-pot Anhydrite", at the same
stratigraphic level as the top of the Lyons-Cedar Hills

Sandstone.

Flower-pot Shale
The Flower-pot Shale (Cragin, 1896), one of the more

conspicuous markers on the geophysical logs, is present in

‘all but the extreme western and northwestern parts of the

study area, where it appears to thin due to onlap above the
pre-late Leonardian truncation surface. The shalé,

uniformly about 30 feet (10 m ) thick elsewhere within the
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study area, is recognized in the subsurface as a bright red-
orange to light red-brown shale with anhydrite and halite

inclusions.

"Flower-pot Anhvdrite”

A white anhydrite named the "Flower-Pot Anhydrite" in
this study, which occurs at the base of the shale (and at
the top of the Lyons - Cedar Hills Sandstone, where present)
also serves as an excellent regional marker (Figure 3-2).
This unit correlates with an unnamed anhydrite included in
the Flower-Pot Shale by Rascoe and Baars (1972). It was
placed in the Cedar Hills by Holdoway (1978) and is
equivalent to the "Y" anhydrite of Shumaker, 1966). Rascoe
and Baars (1972, Figure 12) placed this anhydrite in the
Flower-pot Shale in the Syracuse basin of western Kansas.

Although this marker is present across most of the
Denver basin, no consistent name has been used to identify
it in the suburface. It has been called "Blaine" or "Day
Creek" by operators in the eastern part of the basin where -
it is the first anhydrite encountered below the pre-Late
Jurassic unconformity. Farther west, where it is the
lowermost anhydrite presenf within the Leonardian, it has
been named ﬁStone Corral"™ by many, including Sahl et al.

(1993) .
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Salt is locally present above and below the persistent
"Flower-pot Anhydrite" (salts 8 and 9, réspectively). Salt
8 haslbeen identified only in a restricted area of eastern
Colorado, whefeas salt 9 occurs in the same géneral.area as

salts 11, 12, and 13, and to a certain extent, salt 10.

Blaine Gypsum

The Blaine Gypsum (Gould, 1902), thé youngest unit in |
the Nippewalla Group in the basin, occurs immediately above
the Flower-Pot Shale and directly below the Opeche Shale.,
The Blaine is a persistent subsurféce marker on geophysical

logs except in the westernmost and northwesternmost parts of

* the area where it becomes thinner due to onlap above the

pre-late Leonardian unconformity (Figure 3-4) and to the -
éast where it has been truncated below the pre-Late Jurassic
unconformity (Figures 3-2 and 3-3). Where no salts are
associated with the Blaine interval, it is comprised of two
thin white or light pink anhydrite beds, informally called
"upper" and "lower" Blaine in the present study, which are
‘separated by a thin shale. No attempt has been made to
correlate these two units with those identified in Kansas by
Fay (1964).

Three salt intervals (salts 5, 6, and 7) associated
with the Blaine have been identified'in various places

within the Denver Basin (Figure 3-2). Salt 7 , where
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Present, occurs between a thin shale marker at the base of
the lower Blaine and the Flower-Pot Shale. Salt 6 is found
immediately below the lower Blaine, and salt 5 occurs
between the upper and lower Blaine. Salt 4 is situated
immediately above the upper Blaine, at the base of the

Opeche Shale.
Guadalupian and Lower Triassic
Goose Egg Formation

. The Goose Egg Formation (Burk and Thomas, 1956;
Mauéhan, 1964) is a term used in this study for rocks of
Guadalupian and Early Triassic age which occur above the
Blaine Formation and includes the interval from the top of
the Little Medicine Member to the base of the Opeche Shale.
The Goose Egg is equivalent to the Lykins Formation of
Fenneman (1905) (Figure 3-4). Four Géose Egg salt interwvals
(salts 1, 2, 3, and 4, Figure 3-2) have been identified in
the Denver basin subsurface. These salts occuf at a
stratigraphic position which is lower than that of the
"Exrvay salt"™ of Rasmussen and Bean (1984) in the Powder
River Basin. The Freezeout Shale Member (restricted usage

of Maughan (1964)) and the Little Medicine Member are

-Triassic in age) but they are included in the Goose Egg

Formation because they représent a continuation of red bed
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and evaporite accumulation that took place during Late
Permian time (Maughan, 1964).

The Goose Egg i1s absent in the eastern part of the
study aiea where it has been removed by pre-Late Jurassic

erosion (Figure 3-3).

Opeche Shale Member

The Opeche Shale Member ﬁDarton, 1901) is a widespread,
easily recognizable marker in the subsurface, generally 30
to 50 ft (9 to 15 m) thick. It is comprised of orange-red
or brick red to purple shale with minor siltstone,
sanastone, and anhydrite.. Where interbedded with salt, the
Opéche has been descfibed as greasonr gummy in samples and
is one of the units informally termed "bupble—gum shale",
which can cause costly drilling and completion problems.

The Opeche Shale is equivalent to the Harriman Shale
Member (LeRoy, 1946) of the Lykins Formatién (Figure 3-4).
The Opeche rests unconformably on top of the Minneiusa
Formation (Wolfcampian and PennSylvaﬁian) ih the Powder
River Basin where pre-late Leonardian érosion has removed
lower Leonardian (Sumner Group equivalent) ahd upper
Wolfcampian rocks, and where upper Leonardian rocks are

absent due to onlap on the truncation surface.
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Minnekahta Limesfone Member

The Minnekahta Limestone (Darton, 1901), a prominent
unit exposed in the Black Hills, is widely4recognized in the
Powder River basin and can be traéed as a persistent marker
into the Denver Basin subsurface. It is equivalent to the
Falcon Limestone Member (LeRoy, 1946) of the Lykins
Formation, which is exposed along the Colorado Front Range
(Figure 3-4). A thin-bedded gray limestone in outcrop, the
Minnekahta is generally recognized as white or 1ight pink
dolomite and anhydrite in cuttings. The unit, about 20 to
30 feet (6 to 9 m) thick, is absent to the east below the
pre-Late Jurassic unconformity (Figures 3-3 and 3-4).

Locally, salts are present immediately above and below
the Minnekahta (salts 2 and 3, Figure 3-2). The eastern
limits of these salts are‘controlled by erocsion or near-
surface dissolution below the pre-late Jurassic
unconformity. As with salt 7, these salts may have
originally extended much farther to the east of their

Present limits.

Glendo Shale Member

The Glendo Shale (Condra et al., 1940), which lies
above the Minnekahta Limestone, is generally an orange or

red-brown shale, 15 to 20 feet (5 to § m) thick. It is
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~equivalent to the Bergen Shale Member (LeRoy, 1946) of the

Lykins Formation along the Colorado Front Range (Figure 3-
4) . Sample déscriptions of ﬁhe Glendo include mention of
green and gray coloration, which may be related to
vellowish-gray to light greenish—gfay spots that Maughan
(1964) used as a characteristic for identification at
exposures in southeastern Wyoming;

Salt 2 (Figure 3—2), where éresent, occurs in the lower
part of the shale. Locally, the Glendo lies between thick
saltsll and 2; where the two salts are present, the
potential exists for drilling problems associated with

"bubble-gum shale®.
Forelle Limestone

The Forelle Limestone (Darton, 1908) is described in
the Denver basin subsurface as tan dqlomite and anhydrite.
A thin shale génerally separates the Forelle into two
carbonate units on well logs. These two carbonate units may
be equivalent td up?gr and lower dolomitic limestones
Separated by argillaceous limestone, which have been
observed in outcrcp'by Maughan (1964). The Forelle is
equivalent to the Glennon Limestone Member (LeRoy, 1946) of
the Lykins Formation which crops out‘along the Colorado

Front Range (Figure 3-4) and is probably equivalént‘to the

- Day Creek Dolomite in the western Mid-Continent (Rascoe and
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Baars, 1972). Salt 1, the uppermost halite identified
 within the study area, is associated with the Forelle

Limestone (Figure 3-2).

Ervay Member

The Ervay'Member of the Goose Egg Formation is defined
in this study to include strata from the base of the
Freezeout Shale to the top of the Forelle Limestone.
Although the name Ervay was originally used for a thin
carbonate unit (Burk and Thomas, 1956), several thin
carbonate, shale and anhydrite beds were included in the
Ervay by Maughan (1964), whose convention is followed in
this study (Figure 3-2). No attempt was made to identify
the Difficulty Shale Member of Maughan (1964), which is
likely included in the basal portion of the Ervay of the
present study. The Ervay is equivalent to the Poudre Member

of Broin (1957) (Figure 3-4).

Freezecut Shale Membexr (restricted)

Freezeout is a term first used by Thomas (1934) for two
shale tongues of the Chugwater Formation which occur above
and below the Ervay Member. Terminology of Maughan (1964),
who restricted the usage of the name Freezeout to the upper

unit between the Ervay and Little Medicine Members of the
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Goose Egg Formation; is used in the present study. The
Freezeout shale is probably equivalent to the Strain Shale
Member (LeRoy, 1946) of the Lykins Formation along the
Colorado Front Range (Figure 3-4).

The Freezeout Sﬁale is present only in the westerm part
of the study érea, where it is preserved below the pre-Late
Jurassic unconformity. It is generally about 30 feet (10 m)
thick and is a distinctive marker on well logs (Figure 3-2).
In samples, it is described as orange to red-brown shale and
siltstone. The Freézeout Member and the overlying Little
Medicine Member, although included in the Goose Egg

I

Formation, are of Early Triassic age (Maughan, 1964).
Little Medicine Membexr

- Little Medicine is a name‘uséd by Th&mas (1934) for a
thin tongue of the Dinwoody Formation (Lowér Triassic). -
Burk and Thomas (1956) included the Little Medicine as a
member of the Goose Egg Formation. In the western part of
the study area, where it is preserved below the pre-Late
Jurassic unconformity, the Little Medicine is a thin,
widespread marker on well logs and‘is generally recbgnized
as clear to white anhydfite in samples. .

The Little Medicine is commogly the first persistent
anhydrite encountered below Jurassic or Triassic (Chugwater

Formation) interval. Formation-top reports for this unit
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include the names "Day Creek", "Goose Egg", and "top of

Permianr.
SUMMARY

Subsurface correlations of persistent carbonate,
anhydrite, and red shale markers across the Denver basin
provide a stratigraphic framework with which to identify 13
salt-bearing intervals. Guadalupian-age salt occurs at four
strétigraphic levels, Leonardian salt is present at eight
levéls, and one salt was identified at the top of the
Wolfcampian.

In order to reduce confusion regarding formation names
for salt-bearing rocks in the Denver basin subsurface, a
nomenclature is used that adopts Mid-Continent terminology '
for Leonardian lithostratigraphic units and Rocky Mountain
terminology for the Guadalupian and Lowér Triassic. Lower
Triassic, Guadalupian, and uppermost Leonardian strata are
truncated to the east below a pre-Late Jurassic
unconformity.

The most significant facies change within the Permian
salt interval involves the Lyons-Cedar Hills Sandstone.
Thick Lyons Sandstone replaces red shales and siltstones of
the Salt Plain Formation and salts 9 and 10 in the center of
the study area. Whére sandstone is present to the southeasﬁ

(Cedar Hills Sandstone), only salt 9 is replaced and salt 10
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and/or the Stone Corral Anhydrite are present at a lower

stratigraphic level.
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CHAPTER 4
INFLUENCE OF SALT DISSOLUTION ON HYDROCARBON ENTRAPMENT,
SOUTHERN NEBRASKA PANHANDLE

INTRODUCTION

The purpose of this chapter is to examine the
relationship of Permian salt dissolution to hydrocarbon
entrapment in a portion of the D and J Sandstone oil- and
gas-producing area (D-J faifway) of western Nebraska. The
study area (Figure 4-1) covers 3600 sq mi (9400 sqg km) of
the southern Nebraska panhandle, including townships 12N to
17N, ranges 41W to 58W, in Kimball, Cheyeﬁne, and Deuel
Counties, and parts of Bannexr, Morrill, Garden, and Keith
Counties.

The southern Nebraska panhandle of the Denver basin
study area was chosen for more detailed study for the
following reasons:

1. Abundant deep subsurface control - Discovery of oil

from Paleozoic reservoirs led to a wave of deep drilling
activity in the southern Nebraska panhandle during the 1980s
and 1990s. The area's 196 Permian tests account for over 25
percent of the deep well control in the Denver basin study
area. Because most deep tests were drilled in the last 15
years, a dense concentration of high-quality well logs is
available with which to study the Permian salt-bearing

interval.
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2. Occurrence of Permian salts - Regional mapping

indicates that 12 of 13 salt-bearing zones identified in the
Denver basin study area occur in the Nebraska panhandle
subsurface. Available deep control allow for study of the
controls on salt distribution and its relationship to
Cretaceous structure.

3. Dense Cretaceous subsurface control - Nearly 9000

Cretaceous oil and gas tests have been drilled in the area,
making it one of the more densely drilled parts of the
Denver basin. This allows for accurate structural
interpretations at the level of Cretaceoué reservoirs,
including the D Sandstone, which can then be related to salt
distribution.

4) Oil- and gas-production - Since 1949, when oil was

discovered at Gurley field, the area has yielded significant
volumes of oil and gas.from Cretaceous feservoirs, mainly
the D and J Sandstones. More than 400 oil and gas fields
are situated within the area, accounting for over 60 percent
of Nebraska's total oil production and over 90 percent of
the state's gas production. The area can be subdivided into
two general plays, based on the type of hydrocarbons
produced (Figure 4-2). The D-J fairway exists to the west,
where oil, associated gas, and nonassociated gas are '
produced from the D and J Sandstoﬁes. Moreover, the

Niobrara Chalk is currently being deveioped as a gas
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reservoir in this area. A shallow gas area extends to the

east, where biogenic gas is produced from the D Sandstone

and the Niobrara Chalk.

OIL AND GAS DEVELOPMENT IN THE NEBRASKA PANHANDLE

The first commercial oil discovery on the eastern flank
of the‘Denver basin was Gurley.field in eastern Cheyenne
County (Figure 4-2). The Gurley structure was identified by
seismic surveys conducted as early as the 1930s (Spence,
1962), but was not drilled until 1949. The Gurley disco#ery
resulted in a seismic survey and drilling boom in western
Nebraska and adjacent areas of the Denver basin, leading
e?entually to the discovery of more than 200 new fields in
Nebraska alone during the 1950s.

Exploratory success encouraged drilling of additional

Cretaceous prospects in the deeper part of the basin to the

- west. Although a few wells were drilled to the Precambrian,

no production was established from the Paleozoic interval.
Discovery of oil in Upper Paleozoic carbonates at Amazon
field in 1980 led to a wave of deep drilling activity during
the 1980s and 1990s and additional production from Lower

Permian and Pennsylvanian carbonates and clastics.
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DEEP STRUCTURE

The Nebraska panhandle lies along the gently-
dipping eastern flank of the Denver basin. Structure at thé
level of the subsalt Wolfcampian Chase Group (Figure 4-3)
shows regional dip to the west of less than 1/2 degree.
Although a few structural noses have been delineated where
deep control is denser, no deep sﬁructural closures are
apparent at the subsalt level. |

.The top of the Wolfcampian occurs about 1200 to 1500 ft
(370 to 460 m) below the top of the D Sandstone. Depth to |
the top of the Wolfcampian ranges from about 4200 ft (1300
m) at the eastern edge of the study afea to about 8500 ft

(2600 m) at the Wyoming line. D Sandstone structure is

discussed later in this chapter.
DISTRIBUTION QOF SALTS

Regional correlations of Permian salts (Chapter 3) .
identify 13 stratigraphic levels at which Guadalupian,
Leonardian, and upper Wolfcampian salts occur. All but one

of these salt zones (salt 8) are represented within the

southern Nebraska panhandle area.
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Lower Leonardian and Upper Wolfcampian Salts

.

Disﬁribution of salts 9, 10, 11/12, and 13, of.
Leonardian and late Wolfcampian age, is shown on Figure 4-4.
Salt 13, averages only about 15 ft (5 m) thick, but is the
mostvwidespread of these lowermost salts. Salt 13 primarily
occurs in the southern Morrill and northern Cheyenne
Counties (southefn limit of Alliance evaporite basin), in
Deuel and southeastern Cheyénne Counties (northern limit of
Sterling evaporite basin, where it is 30 ft or 9 m thick),
and in soutLern Garden County ("Garden County low® area;ﬁf
Chapter 8; Oldham, 1996). Salt 13 is absent in the western
part of the afea and in an northeast-trending area across
" Chevenne County.

AlthoughAnot as widespread, salts 11 and i2'occur in
the same general areas as salt 13. Salts 11 and 12 have a’
combined maximum thicknéss of.24 ft (7‘m) in eastern Deﬁél
County. | |

Salt 10, the thickest saltlencountered in the southern
Nebraska panhandle, occurs in the Sterling basin énd.Garden
County low areas, where it is over 130 £t (40 m) thick.
This salt has not been encountered in the southern Alliance
basin area. |

Salt 9 occurs in the Sterling basin and Garden County

low areas and in the southern Alliance basin area of
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southern Morrill County. The salt is up to 90 £t (27 m)
thick in both areas.

Distribution of these lowermost salts, particularly
salts 9 and 10, is related to the distribution and thickness
of the Lyons Sandstone (Figure 4-5). Thick Lyons Sandstone
is present along a northeasteily trend in southern Kimball

County and central Cheyenne County. The sandstone pinches

cut abruptly to the southeast in the same area as the

northwest limit of salts 9 and 10. ‘The Lyons is thin or
absent in parts of Morrill and Banner Counties, along the
southern mérgin of the Alliance evaporite basin. It is ff
absent in the northern part of the Sterling evaporite baéin

in Deuel, southeastern Cheyenne, and in southern Garden

‘Counties,. and it is also absent in the Garden County low

area. To the northeast of the Sterling basin and Garden
Counﬁy low areas, the sandstone thickens toward the Chadron
arch, where it is referred to as the Cedar Hills Sandstone.
Salt 10 (Figure 4-6) is over 100 ft (30 m) thick in the -
Sterling basin and.thins abruptly in all directions away

from the evaporite basin. Gamma-ray logs indicate that thin

potassium-rich salthzonéé; probably composed of sylvite,

occur with the thick halite zone (two thin highly-

radiocactive zones within salt 10 on Figure 3-2). The
eastern margin of salt 10 coincides with a north-south-
trending Cretaceous structural flexure just east of the

Oshkosh-Lewellen and Big Springs anticlines (Figure 4-2).
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The abrupt western margin of salt 10 (Figure 4-6) coincides
with the southeastern limit of the Lyons Sandstone (Figure
4—5) and the lbcatiqn of the Sidney trough (Figure 4-2).
Although deep drilling in the trough area is limited, a few
wells (black dots, Figure 4-6) drilled through the

Leonardian interval without encountering either thick Lyons

‘Sandstone or salt 10. In these wells, the Lyons/salt 10

interval is represented by a thin anhydritic zone. This
zone likely represents insoluble residue where salt has been
dissolved along its northwestern margin, at iﬁs abrupt
facies change to the lower part of the Lyons Sandstone.

Salt 9 (Figure 4-7) is 90 ft (27 m) thick along the

- southern limit of the Alliance basin in southern Morrill

County and in the Garden County low area. As with salt 10,
the northwestern limit of salt 9 in the Sterling basin area
coincides with the southeastern limit of the Lyons
Sandstone. The Lyons Sandstone and salt 9 are both absent in
wells drilled along this trend. This suggests that salt was
once present, but was subsequently removed by dissolution
along its northwestern margin where it is stratigraphically
equivalent to the upper part of the Lyons Sandstone. This
trend also coincides with the location of the Sidney trough,
suggesting that this regional Cretaceous structural low,
which defines the eastern limit of oi13éroduction with the

D-J fairway, is a salt dissolution feature.
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Upper Leonardian Salts

In contrast to lower Leonardian and upper Wolfcampian
salts, distribution of upper Leonardian salts 5, 6, and 7
(Figure 4-8) is not restricted to the Alliance and Sterling
basin areas. Salt 8 is absent in the Nebraska panhandle and
has been identified only in an isolated area of Yuma County,
Colorado.

Salt 7, which is up to 85 ft (25 m) thick in Deuel
County, is present across the afea of Cheyenne County in
which salts 9, 10, 11, 12, and 13 were absent. This
suggests that the subtle paleochigh associated with the
Transcontihental arch, which partitioned the Alliance and
Sterling evaporite basins and allowed for accumulation of
eolian sand (Lyons Sandstbne), was not present during
precipitation of salt 7. Regional influence of the

Transcontinental arch on evaporite basin configuration is

discussed in Chapter 8).

Salt 6, where present, averages about 10 ft (3 m) in
thickness, and generally occurs in the same areas as salt 7,
except to the east in Deuel and Garden Counties. In this
area, salt 6 has likely been removed by dissolution beneath
a pre-Late Jurassic unconformity.

Salt 5, which is generally 45 to 50 ft (15 m) thick in

this area, occurs in the same general areas as salts 6 and



117

‘eoxe Apnjs sTpueyued exsexqen
ulsyginos ut 4 pue ‘g ‘g gafes FO WOTINTIISTA 8- 2aINBTJ

29 ¢ SLTVS 40 111 e

2
NolLLNgly1sia N A/W\ M w S WASYHEAN
NYILIVD “108WAS  1IVS

§3UHW 02
MYy mevy MEPY Mooy MSbY Movy MLy Mmevy mevy Mogy 3.0.1 Mmesy MEegY mroy Mecy Moo migy MmecH  megy

AR e R At Mtk I ] % : 3 RN R D N
o LT T TR et 111 - [ 1 [ [ B
N mw . » = m_w ,.aT f /T e Mv Q/W &Mﬂv_rm mmm . O . n
5 H F@ A1 : < 3 ..¢ . M S ]
L s AT ||
N I /! | 4 4117755 1Al v 1 T M
d L AR LT e RSt i
m LD NN qe.@. HEER 1N N \f/w; AN it
7103, 1Goyva | | N L -91° Q
uloy m i r i ‘ui%»m.“ o X ANA ,W/ %0 Yp,/ iy
o L LIS £k S R O sk !
" “ / < L\* - Al - Wy /AHA ﬁ_lvm q NW/ YN Mnﬂ "
! ) 3 LT M
- - i PR % ]
N R Y o111 | 4 w.A > AWMA gl:gh %.\ m K¢ X N
w._ _ k ﬁ\\\‘ V i “.V\Xm ‘%A 09 TIYHoH mmw \N i \-V,x\ MA._ u
_ ] HRINEEghehonr.sivatghitadeddudeta ptet ot R
MY MZYd MCRY mbbY MobH  mob

Migy Mgy megy 341 ] Mmegy Moy mLsy megy

4
>
~
el
@
§
=
o
<

-3
Ed
=}
L=}
4




]
P

r—. PRRSTS
»

ot 4

118

7. This salt, however, does not extend as far to the east
as salts 6 and 7, due to pre-Late Jurassic removal. An |
outlier of salt 5 occurs in T15N, R56W, suggesting that salt
5 (and perhaps salts 6 and 7) may have originally been
present in other parts of Kimba}l County, but was removed by
dissolution.

Salts 5, 6, and 7 are absent in a narrow northeast-
trending area of eastern Cheyenne County and southwestern
Garden County. This area generally coincides with that area
where salts 9 and 10 are absent along the Lyons
Sandstone/salt facies change. This trend also coincides
with the axis of the Sidney trough, suggesting that partial
dissolution of salts 5, 6, and 7, as well as salts 9 and 10,
contributed to collapse of overlying strata and structural

relief of the regional syncline.
Guadalupian Salts

Distribution of Guadalupian salts (salts 1, 2, 3, and
4) is shown on Figure 4-9. Salt 4 is thin (up to 20 ft or 6
m thick, but gemnerally 10 ft or 3 m thick), and has a
limited arealvextenf.

Salt 3, which is up to 80 ft (25 m) thick, averages
about 50 to 55 £t (15 m) in thickness.in Cheyenne County.
This salt extends northwestward into the'Alliance basin area

of Nebraska and Wyoming. In the Nebraska panhandle, the
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eastern limit éf salt 3 is just west of the eastern limit of
salt 5, reflecting the influence of the pre-Late Jurassic
unconformity on the distribution of these younger salts.
Outliers or salients of salt 3 occur in central Kimball
County. These coincide with the location of a salt 5
outlier (Figure 4-8), suggesting that incomplete salt
dissolution toock place in this area.

Salt 2 is up to 90 ft (27 m) thick in northern Kimball
County. Its eastern limit does not extend as far east as
that of salt 3. Likewise, the eastern limit of salt 1 does
not extend as far east as that of salt 2. As with salts 3,
5, and 6, this reflects the stepwise removal of salt due to
pre-Late Jurassic erosion or near-surface dissolution. This
suggests that these younger salts may have originally
extended farther east of their present limits. As with
salts 3 and 5, salts 1 and 2 occur as outliers in parts of
Kimball County, suggesting that incomplete dissolution of

these salts occurred in this area.
PERMO-TRIASSIC THICKNESS TRENDS
Leonardian Series.
An isopach of the Leonardian Series (Figure 4-10)

reflects the distribution of salts 5 through 13. The

Leonardian is thickest (over 550 ftior 170 m) in the
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Sterling basin area of Deuel, southeastern Cheyenne, and
southern Garden Counties and in the Garden County low area,
ﬁhere salts 6, 7, 9, 10, 11, 12, and 13 are present. East
of this area, along the Deuel - Reith County line, the
Leonardian thins to less than 300 ft (90 m) where salt is
absent. This area also coincides with a regional/
Cretaceous-level flexure (Figure 4-2) just east of the
Oshkosh-Lewellen and Big Springs anticlines, indicatihg that
this strﬁctural low was caused by salt solution collapse.

Abrupt thinning of the Leocnardian from more than 500 ft
(150 m) to less than 300 ft (90 m) occurs in a northeast-
trending area of south-central and northeastern Cheyenne
County and southwestern Garden County. This isopach minumum
reflects the absénce of salt, particularly salts 5, 6, 7, 9,
and 10, at the Lyons Sandstone/salt facies change, and
coincides with the location of the Sidney trough.

- To the northwest, in central and northern Cheyenne
County, the Leonardian is over 450 ft (140 m) thick,
reflecting the occurrence of salts 5, 6, and 7,“as well as
thick Lyons Sandstone. Farther west, the Leonardian is less
than 250 ft (75 m) thick in central Kimball County, where
the Lyons Sandstone is thin, salts 6 through 13 are absent,
and salt 5 is present only in a small outlier in the western

part of Ti5N R56W.

e
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Guadalupian Series

An isopach of the Guadalupian Series (Figure 4-il)
reflects the distribution of salts 1 through 4 as well as
p:ogressivg truncation of Guadalupian strata to the east at
the pre-Late Jurassic unconformity. The Guadalupian is over
350 ft (105 m) thick in northern Kimball and southern Banner

Counties, where salts 1, 2, 3, and 4 are preserved. An area

'in western Cheyenne County, where the Guadalupian is over

150 £t (45 m) thick, coincides with the‘occurrence of salt 3
(Figure 4-9). |

. Gradual eastward thinning of the Guadalupian, which‘“
generally éorresponds with pre-Late Jurassic subcrop trends,
is due to truncation of successively older‘Guadalupian
sﬁrata‘to the east. The zerﬁ—isopach of.the Gﬁadalupian in

RKeith County coincides with the Opeche Shale - Blaine

-subcrop contact.

By contrast, thinning of ‘the Guadalupian in southern
Kimball County from over 300 ft (90 m) to less than 100 ft
(30 m) is not related to truncation at the pre-Late Jurassic

unconformity. In this area, the Chugwater Formation and

Little Medicine Member of the Goose Egg Group, both Triassic

in age, are preserved beneath the unconformity. As the

Guadalupian has not been partially truncated in this area,

thinning is likely due to removal of salts 1, 2, and 3 by

dissolution. Outliers of these three salts in central
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Kimball County support a salt dissolution origin for
thinning of the Guadalupian in this southwestern part of the

Nebraska panhandle.’
Triassic System

An iéopach of Triassic-age rqcks, represented by the
Chugwater Formation and Little Meéicine and Fréezeout Shale
Members of the Goose Egg Group, is shown on Figure 4-12,
along with pre-Late Jurassic subcrops of Triassic strata.
Triassic thickness batterns are related to pre-Late Jurassic
truncation. In western Kimball and southwestern Banner i
Counties, where the Chugwater Fbrmation is thickest, the
Triassic is over 150 ft (45Am) thick. To the east, Tfiassic
stfata are leés than 50 ft (15 m) thick where the Chugwater
Fdrmation is absent and the Little Medicine and Freezeoﬁt
Shale lie below the pre-Late Jurassic unconformity. The
zero-isopach of the Triassic in western Cheyenne County
coincides with the sub-unconformity pinchout of the
Freezeout Shale.

Thinning of the Triassic in southern Kimball County;
which is due to locélized removal of the Chugwater,

coincides with thinning of the Guadalupian Series. This

-suggesté that suspected dissolution of Guadalupian (and

possibly Leonardian) salts in this area may be related to
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enhanced pre-Late Jurassic erosion of the Triassic in this

area.
INFLUENCE OF SALT DISSOLUTION ON HYDROCARBON ENTRAPMENT
Most oil and gaS‘produCtion in the Nebraska panhandle

(Figure 4-2) is from the Cretaceous Niobrara Chalk and D

and J Sandstones). Although much of the oil and gas is

produced from stratigraphic traps, structural mapping across

the basin at the level of Cretaceous reservoifs reveals a
number of anomalous structural depressibnS'&hich result in
more than 100 £t (30 m) of localized structural re&ersal;
Many of the lows are situated immediately east (regionally
updip) of oil and gés fields. Studies of gas fields which
include seismic data (Chapters 5 and 7) demonstrate that
Permian salts are absent below field-bounding structural
lows and gas-productive anticlines lie above salt
dissolution edges or outliers.

Major structural features present in the southern
Nebraska panhandle which occur at the level of the D and J
Sandstone reservoirs are shown on Figure 4-2. The Sidney
trough, which marks the eastern limit of oil and gas
production within the D-J fairway, trends northeast across
the area. Also, a north-south-trending syncline (discussed

in Chapter 2) is present just east of shallow D Sandstone
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and Niobrara gas production at the eastern margin of the
study area.

No siénificant regional-scale structural anomalies are
present iﬁ the western half of the southern Nebraska
panhandle, even though numerous oil and gas fields produce
from the D and J Sandstones and despite the erratic
distribution of salt at depth in this area (Figures 4-4, 4-
8, and 4-9). A more detailed look at the relationship of D
Sandstone structure to salt distribution reveals that timing
of salt dissolution is critical to the development of

structural traps.

D Sandstone Structure

The D Sandstone structure map across the southern
Nebraska panhandle is shown on Figure 4-13. Nearly 9000 D
Sandstone formation tops, compiled by the author and
provided by Petroleum Information Corporation, were used to
construct the'map. Circled wells are Permian or deeper
penetrations. Double-circled wells penetrated thick Permian
salt(s).

The D Sandstone ranges in elevatioﬁ from‘over 500 ft
(150 m) above sea level along the eastern margin of the
mapped area to more than 2000 ft (610 m) below sea level at
the Wyoming line, along the western margin of the map.

Regional dip is less than one degree to the west. In the
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western half of the area, homoclinal dip is locally modlfled
by minor structural nosing caused by dlfferentlal compactlon
across thick D or J Sandstone lenses.

By contrast, the eastern half of the map is more
structurally complex. Prominent structural féatures include
the northeast;trending Sidney ﬁfough (8), with over 250 ft
(75 m) of relief, and a northwest—trendinghlow, {R), which

may be related to the Cenozoic "Rush Creek - Lisco

‘structural basin" of Diffendal (1980). These two synclines

define the eastern (regionally updip) limit of the D-J
fairwaylin Nebraska. Subsidiary synclines, which brancﬁ off
from the main trough, add to the structural complexity of
the area, particularly just west of the Sidney trough.

| Near the eastern margin of the map, a north-south-
trending flexure with over 150 ft (30 m) of relief includes
a.regional syncline situated immediately to the east of
DeGraw's (1969, 1971) "Big Springs"‘(B) and "Oshkosh -
Lewellen" (O) anticlines, which coincide wiﬁh the eéstern
limit of shallow biogenic gas production; |

Two different trap types result from the differehce in

structural complexity between the western and eastern parts
of the area. A north-south dashed line on Figure 4-13 marks
the approximate boundary between the two areas. In the

structurally complex area keastern half), including eastern

Cheyenne County, Deuel County, and part of Garden County,

production is from reservoir-quality sandstones which are
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draped across small, high-relief anticlines situated just

west of the regional synclines. 1In the structurally simple
area (western half), including Kimball County and western

Cheyenne County, structure is relatively simple at the level
of the D and J Sandstones. Stratigraphic traps predominate
in this western area.

A structural cross section (Figure 4-14) illustrates
the relationship of timing of salt dissolution to trap
development. In the western half of the fairway,
dissolution occurred dufing Jufassic and Early Cretaceous
time, providing additional accommodaﬁion space for the
Jurassic Morrison Formation and Lower Cretaceous Cheyenne
Formation. Dissolution is incomplete, as evidenced by salt
outliers below thin Cheyenne Formation. Removal of salt
largely took place prior to deposition of D and J
sandstones, resulting in relatively simple stucturé at the
level of these reseivoirs, and stratigraphic traps are
predominant in this area. In the eastern half of the
fairway, however, where Significant dissolution post-dated
deposition of Cretaceous reservoirs, structure is complex at
the levél of the reservoirs, and structural or structural-
stratigraphic traps predominate. ‘

Regional subsalt structure, at the level of the
Wolfcampian (Figures 4-3 and 4-14), lacks the complexity of
Cretaceous structure that is present in the eastern part of

the area. (Apparent monoclinal folding at the subsalt level
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Figure 4-14. structural cross section through southern

'Nebraska panhandle showing relationship of salt dissolution

collapse features to. location of oil and gas fields. Gamma-
ray log traces are ‘shown through salt interval except well
927. Map view of cross section traverse shown on Figure 4-

13..
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on Figure 4-14 between wells 1666 and 1691 and between wells
903 and 850, is due to changes in the direction of cross
section traverse from dip;parallel to strike-parallel in
these areas.) Structural discordance between the D
Sandstone and the Wolfcampian in the eastern half of the
area 1s due to incomplete dissdlution of Permian salt. To
the west, where salt dissolution pre-dated depositioﬁ of the
D and J Sandstones, Cretaceous and subsalt Permian structﬁre
are concordant.

Figures 4-15 and 4-16 show the structural configuration
at the D Sandstone-level in the more sttucturally complex
eastern half of the area. Figure 4-15, a northeast view,
shows the northeast trend of the Sidney trough and complex
structure just west of the trough. Locations‘of selected
fields are shown. Shallow gas production at Big Springs,
Oshkosh and McCord fields is associated with a north-south
reglonal flexure at the D level. Figure 4-16, a southwest
view, shdws the abrupt drop in structural elevation in the
Sidney trough area. A widespread structurally high area,
situated between the‘trough and flexure at Big Springs and
McCord-Richards field coincides with the occurrence of thick

Leonardian salts.
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Sidney Trough Area

Salt distribution maps (Figures 4-4, 4-8, and 4-9)
reveal that salt is absent in the immediate area of the
Sidney trough. The Sidney trough is also an area marked by
an abrupt facies change from thick Lyons Sandstone to salts
9 and 10 (Figures 5, 6, and 7). Four Permian-level
stratigraphic cr&ss sections across the Sidney trough
(Figures 4-17 tﬁrough 4-20) illustrate how removal of salt
along the Lyons/salt facies change has influenced Permian
salt-bearing interval thickness and its effect on structure
at the Cretaceous level. Cross section traverses are shown
on Figures 4-4 through 4-9.

Cross section A-A' (Figure 4-17) traverses the Sidney
trough in townships 16N and 17N, from McCourt gas field, a
recently-developed Nicbrara producer, to the Oshkosh -
Lewellen anticline, near D Sandstone production at McCord,
Richards, and Jackson fields; Salts 3, 5, 6, and 7 are
present in well 869. All three salts are absgnt in well 914
in the Sidney trough area. The Lyons Sandstone, which is 76
ft (23 m) thick in well 914, thins abruptly at well 1590, in
which no salts were encountered. Below the Oshkosh-Lewellen
Anticline, salts 7, 9, and 10 (which accumulated in the
Gardeﬁ County low) are present in well 1587. In well 1589,
however, salt 10 is replaced by an anhydritic zonerwhich is

believed to represent post-dissolution residue of salt 10.
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Although salt 10 is absent in well 1589, salts 7 and 9 as

.well as salts 11 and 12 are present. Leonardian strata

(interval from the top of the Blaine Gypsum to the base of
the Sumner Group) range in thickness from 530 ft (162 m) in
well 1587 to 21d ft (64 m) in well 1590. The Leonardian is
408 ft (124 m) thick in well 869, where salts 3, 5, 6, and 7
are preserved. Much of the Leonardian thickness ranée can
be attributed to dissolutién of salt in the Sidney Trough
area. Pre-Late Jurassic erosion has resulted in eastward
truncation of post-Minnekahta strata (Exrvay and Glendo
Members of the Guadalupian Gosse Egg Group) .

Cross section B-B' (Figure 4-18) traverses the Sidney
trough area in townships 14N to 16N, including the Gurley .
field, a J Sandstone producer and the first commercial oil
discovery on the eastern flank of the basin. The Leonardian
is 480 ft (146 m) thick in well 852, where salts 5, 6, and 7
and thick Lyons Sandstone are present, and is 528 ft (161 m)
thick in well 1238 where salts 7, 9, 10, 11, and 13 are
present. Well 900, drilled in the Sidney Trough,
encountered onl? 278 ft (85 m) of Leonardian strata,
including thin Lyons Sandstone. Althbugh no salt is present
above the Lyons Sandstone in this well, thin salt 13 is
preserved below. | |

Cross section C-C' (Figure 4-19) traverses the Sidney
trough in townships 13N to 15N, including the Huntsman

field, a D and J Sandstone producer. The Leonardian is 470
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Figure 4-18. Stratigraphic cross section B-B' of Permian
salt-bearing interval across Gurley field and Sidney trough.
Datum is base upper Chase Group anhydrite.
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ft (143 m) thick in well 850, where salts 3, 5, 6, and 7 and
thick Lyons Sandstone are present. Well 922,'drilled in the
Sidney trough, encountered no salt at or above the level of
-a thin Lyons Sandstone, but drilled through a thin salt 13.
The Leonardian is 274 ft (84 m) thick in this well. Two mi
(3 km) southeast, salts 6, 7, 9, 10, 11, 12, and 13 were
drilled in well 862, in which the Leonardian is 484 £t (147
m) thick.

Cross section D-D' (Figure 4-20) traverses the Sidney
trough in townships 12N and 13N, including the area of
Sidney, Dimick, and Fléming fields. ,The Leona;dian is 439
ft (134 m) thick in well 890, in which salts 3, 5, 6, and 7
were enéountered. Salts 5, 6, 7, and thick Lyons Sandstone
are present in wells 889 and 849; which encountered 458 and
402 ft (140 and 123 m) of Leonardian strata, respectively.
In the Sidney tiough area (well 899), the Lyons Sandstone is
thin, no salt is.presént, and the Leona:dian is only 270 ft
(82 m) thick. Well 905, located to the south of the Sidney
trough, encountered 504 ft (154 m) of Leonardian strata,v
including salts 5, 6, 7, 8, 9, 10, and 13.

Cross sectiomns shown on Figures 4-17 through 4-20
illustrate that the.Sidney trough.area'is marked by an
abfupt facies change from thick Lyons Sandstone to salt
(salts 9 and 10). Where the Lyons is present, even-if it is
thin; salts 9 and 10 are absent. Conversely, where salts 9

and 10 are present, the Lyons is absent. Wells which were
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dfilled in the axis of the Sidney trough enéountered no salt
and thin or no sandstone, suggesting that salt was
originally present, but Qas subsequently removed by
dissolution. Overlying salt zones (salts 5, 6, and 7) are
also absent in the structural low, resulting in substantial
thinning of the Leonardian due to dissolution. Thick salts
are present southeast of the trough.

By contrast; cross section EfE' (Figure 4-21) in the
western part of the Nebraska panhandle (where D Sandstone
structure is relatively simple) reveals that salt

dissolution occurred primarily during Late Jurassic to Early

 Cretaceous time. This allowed for additional space for the

accumulation of sand (Cheyenne Pormation) in solution-
collapse lows. The Cheyenne Formation is over 350 £t (105

m) thick in wellé 1679 and:1676, in which no salt is

| present, whereas it is only about 200 £t (60 m) thick where

it is underlain by salts. Because salt removal pre-dated
deposition of Cretaceous reservoirs (D and J Sandstones,
situated above Skull Creek Shale), reservoir-level structure
is concordant with subsalt structure. By contrast,
structure at the Jurassic and Triassic levels (Morrison -

Freezeout interval) is discordant with subsalt structure.
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Figure 4-21. Stratigraphic cross section E-E! of Permian
salt-bearing interval, Jurassic Morrison Formation, and
Lower 'Cretaceous Cheyenne Formation in .western part of
southern Nebraska panhandle study area. Datum is top
Flower-pot Anhydrite.
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Mechanism for Post-Reservoir Salt Dissolution

Distribution of Permian salts in the Denver basin is
primarily controlled by three factors: (1) original
distribution of salts, which is dependent on evaporite basin
configuration; (2) removal by erosion or near-surface
dissolution below a pre-Late Jurassic unconformity; and (3)
removal by dissolution at depth at various times since the
Jurassic.

In order for salt dissolution to occur at depth,
unsaturated groundwater must éome into contact with the
salt. Possible mechanisms for intréductionvof water at
depth, discussed in Chapter 2, include centrifugal
tcompaction;induced) or centripetal (basinward gravity-
driven) fluid flow. Possible conduits for water éan be
fracture-controlled or facies-controlled. quncideﬁce of
the nbrtheast-ﬁrendihg Lyons/salt 9 and 10 facies‘change
with the location of the Sidney trough (interpreted to be a
salt dissolution feature) strongly'suggests that the Lyons
served as the main source and conduit df water for the
dissolution process. The Lyons is the thickest, most
widespread coarse clastic unit within the Permian evaporite
section and represénts the only regional aquifer associated
with salts. In the Nebraska panhandle, the ﬁpper part of the

Lyons is equivalent to the top of the Salt Plain Formation,
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which contains salt 9. The lower part of the Lyons is
equivalent to salt 10. ’

During post-salt basin subsidence and burial (through
Late Cretaceous time), compaction would have caused
centripetal flow of water from the Lyons agquifer toward the
basin margins. With the onset of Laramide (Late Cretaceous-
Early Tertiary) 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.
Trimble (1980) estimated the elevation of the Front Range at
between 8200 and 20,000 ft (about 2500 to 6000 m). 1In
calculated flow models for the Lyons S;ndstone, Lee and
Bethke (1994) used a elevation difference of abbut 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 £t (1700 m)
above sea level, about 7000 ft (2100 m) higher than its
average elevation of about 1500 ft (500 m) below sea level
in the Sidney trough area of Cheyenne County.

Laramide uplift and tilting of the western flank of the
basin initiated eastward-directed topographically-driven
flow within the Lyons aquifer due to hydraulic gradient and
to rechargé at high-elevation outcrops (Lee and Bethke,
1994). This eéstward_groundwater flow regime continues
today (Belitz and Bredehoeft, 1988). Although it is likely

that present flow rates are lower due to erosion of the
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Front Range, calcuiations of eastward groundwatexr migration
indicate that post-Léramide gravity-driven flow was much
more rapid than pre—Léramide oompaction—driven flow (Lee and
Bethke, 1994).. In models used to explain the relationship
of Lyons Sandstone diagenesis and oil accumulations in the
western part of the basin, Lee and Bethke concluded that
additional groundwater migfated upward from the.Fountain
Formation, where the Fountain grades laterally from
sandstone to less permeable shale and dolomite to the east,
into the Lyons aquifer, where it continued its eastward
flow.

The Lyons crops out along the steeply-dipping western
flank of the Denver basin in northern Colorado (Figure 4-

22). The photograph, a south view, was taken at Horsetooth

‘Reservoir, just west of Fort Collins. The Lyons, which

forms a hogback ridge, crops out between red shales and
siltstones of the underlying'Sumner Group (Lower Satanka of
the Front Range) and red shales and thin carbonates of the
overlying Goose Egg Group (Lower Lykins of thé.Front Range)
which is situated below the reservoir. A series of hogback
ridges to the east (left of photograph)'is formed by the
Dakota Group (including the J Sandstone and Cheyenne
Formation). To the west (right of photograph), the
Ingleside Formation, a clastic equivalent to the Wolfcampian
Chase Group, forms a scarp. Conglomeratic arkose of the

Pennsylvanian Fountain Formation crops out between the
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Ingleside and Precambrian rocks of the Front Range
foothills.

Lyons Sandstone outcrops and interpreted regional
groundwater flow are shown on Figure 4-23. Eastward flow
resulted from hydraulic gradient and recharge at the outcrop
in response to Laramide uplift. Near the basin axis,
additional water migrated to the Lyons from the deeper
Fouritain Formation aloﬁg a clastic - carbonate/anhydrite
facies change within the Fountain (Lee and Bethke, 1994) .
Flow proceeded to the east within the Lyons to the abrupt
facies change from éandstone to salt, which occurs in
Cheyenne and Garden Counties, Nebraska, as well as in Logén
and Yuma Counties, Colorado. A

Groundwater flow to the east was impeded in the Garden
County low areé, where the Lyons is thin or absént. |
Dissolution of salts 9 and io initially occurred at the
—updip sandstone/salt interface in Logan, Cheyenne,'and
Garden counties. Dissolution-induced collapsékis believed
to have created fractures and opened existing fractures in
overlying strata, allowing for cross-formational flow of
water to the level of salts 7, 6, and 5. This resulted in
removal of these younger salts and further collapse of

overlying strata.
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Origin of Sidney Trough

Figures 4-24 through 4-29 summarize the interpréted
origin of the Sidney trough in western Nebraska and northern
Colorado, which acts as a regionai barrier to eastward
migration of oil in the Nebraska portion of the Den&er
basin. |

In Leonardian time (Figure $-24), a subtle high
associated with the Transcontinental arch separated the area

now occupied by the northern Denver basin into the Sterling

‘and Alliance evaporite basins. A northwest-trending

transverse sag, termed the "Garden County low" in this
study, served to connect the two basins. Sand (Liyons
Sandétone); derived from the west and northeast, was
redirected to the south by northerly winds, and accumulated
as dune and shallow water deposits in eolian and basin-

margin environments (Sonnenberg and Weimer, 1981). Salts 9

. and 10 and red mud and silt (Salt Plain Formation)

accumulated in,:estricted, hypersaline waters of the
evaporite basins.

The linear and abrupt sahd/evaporite facies change
suggests basement fault control on sedimentation along the
basin margin. Northeast-trending basément fault control of
the northwest margin of the Sterling basin may be indicated
by its alignment with (1) the northeast-trending Idaho

Springs - Ralston Creek shear zone (1, Figure 2-1), (2) the
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generalized boundary between granitic and metamorphic
basement terranes (5, Figure 2-1), (3) the Front Range
Mineral Belt lineament and subparallel lineaments (Figure 2-
3), and (4) the Wattenberg high (Figure 2—4) of Sonnenberg
and Weimer (1981). .

Basement faulting along-the Transcontinental arch
apparently had little influence during accumulation of
younger salts and related sediments (Figure 4-25). Salts 7,
é, 5, (and probably salts 3, 2, and 1) appear to have
accumulated in a single broad evaporite basin which covered
both the Sterling and Alliance basin areas and possibly
areas to the east.

Removal of salt by erosion or near-surface dissolution

occurred in response to pre-Late Jurassic exposure and

- truncation (Figure 4-26). Eastern limits of Guadalupian

salts (salts 1, 2, and 3) were influenced more than those of
deeper salts. Although the distribution of salt 7 may have

been influenced by the unéonformity farther east, it was not -
removed during the Jurassic in the Nebraska panhandle.

During the Early Cretaceous (Figure 4-27), dissolution

of salt occurred in the southwestern part of the panhandle.

Evidence for this is an inverse relationship between the
occurrence of salts and thick Cheyenne Formation (Figuré 4-
21). In a compaction-driven centrifugal flow model (in’
response to Paleozoic and Mesozoic basin infilling), Lee and

Bethke (1994) invoked westward flow during the Cretaceous
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flow within tﬁe Lyons away from its'eastern pinchout into
salt. Westward-directed flow may have been impeded in
Kimball County, where the Lyons becomes thinner. Migration
aof water upward‘out of the Lyons (shown.by an arrow) may
have caused dissolution of overlying salts in this area
duriﬁg the Early Cretaceous. |

Laramide orogeny caused the formation of the Denver
basin, with a gently-dipping eastern flank (Figure 4-28).
Uplift to the west, along the steeply-dipping western flank
of the basin, resulted in eastward gravity-driven
groundwater flow within the Lyons Sandstone (supplemented by
water from the Fountain Formation near the basin axis) to:
the eastern pinchout of sandstone into salt. Higher
elevations during the Eocene would have resulted in a
hydraulic gradient which was greater than that of present;
day. The Lyons potentiometric surface-is approximate and is
from Belitz and Bredehoeft (1988). The J Séndstone
potentiometric surface, from Pruit (1978), lies below that
. af the Lyons. |

Dissolution of salt 9 and 10 took place at the
Lyons/salt facies change (Figure 4-29). 1In places, salts
11, 12, and 13 remain where overlying salts have been
removed (Figures 4-17, 4-18, and 4-19). This suggests. that
water migrated from the Lyons upward (narrow arrows) through
the collapse area, rather than from deeper zones.

Fractures, induced by dissolution of salts 9 and 10 and
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resultant collapse, allowed for upward migration of
groundwater. This resulted in removal of overlying salts,
including salts 7, 6, 5, and 3.

Upper Cretaceous and Tertiary strata have been removed
in Figure 26 to 1llustrate in three dimensions the effect of
salt dissolution on oil entrapment in the D and J
Sandstones. 0il and thermally-generated gas migrating from
mature source rocks in deeper parts of the basin te the west
accumulated in D and J Sandstone stratigraphic traps.
Complete removal of salt along the linear Lyons/salt contact
caused collapse of overlylng strata (broad arrows), forming
the Sidney trough. Dissolution of salts away from the
trough, perhaps along Laramide-induced fracture zones,
'resulted in the formation of a number of small anticlines at
the D and J levels, in which oil and gas accumulated where
reserveir-quality sandstone was present. By contrast, oil
and gas accumulated in stratigraphic traps to the west.
Structure at the level of the b and J Sandstones is not as
complex in this westerm area, because salt dissolution and
collapse pre-dated deposition of the reservoirs.

Timing of salt removal relative to formation of the D
and J Sandstone reservoirs (Figure 4-30) is interpreted from
salt distribution interpretations (Figures 4-4, 4-8, and 4-
9) and the D Sandstone structure ﬁap (Figure 4—13). (This
map does not reflect pre-Late Jurassic removal of younger

salts to the east.) Complete removal of salt took place
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prior to deposition the D and J in the southwestvcorner of
the Nebraska panhandle. Removal of salt in the Sidney
trough area post-dated reservoir depositionm. Incomplete
post-reservoir removal of salt below subsidiary synclines
west of the Sidney trough responsible for complex reservoir-
level structure in this area. Post-reservoir salt removal
also occurred along the eastern margin of the Nébraska
panhandle study area, associated with the north-south
Cretaceous-level flexure. |

Because it forms a regional flexure, and because of its
structural relief, the Sidney trough acts as a regional B
barrier to eastward migration of oil and thermally-generated
gas. With minor exceptions, the few fields east of the

trough produce gas of biogenic origin.

Influence of Salt Dissolution on Formation Water Salinity

Dissolution of salt would have raised the salinity of
Lyons-sourced groundwater migrating upward through the salt
collapse area (narrow arrows on Figure 4-29). Brines, which
reached the D and J Sandstones by crbss—formational flow
through fractures, would have raised the formation water
salinities of these units. By contrast;,D and J formation
water salinities would be unaffected to the west, where salt

dissolution pre-dated deposition of reservoir sand.
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The largest source of data with which to estimate
formation water salinities are water resistivity (R,)
values, reported in ohm-meters. Water produced with
hydrocarbons and water recovered in drill-stem tests are the
most common sources of samples for R, measurements.

Formation R, data were compiled, in order to test if D
and J formation waters were affected by salt dissolution in
the Denver basin. Data for the Denver basin are available
from a number of sources (Crawford, 1964; Denver Well
Logging Society, 1964; Slizeski, 1981; and Denver Well

Logging Society, 1986). Formation R, values are reported

. at some standard temperature (generally 68°F, but also at::.

75°F and 150°F). Resistivity values were converted to

salinity ranges using a conversion chart (Schlumberger,

1972, p. Gen-9). Five salinity ranges and their

. corresponding resistivity values at the three most commonly

reported temperatﬁres are listed in Table 4-1. .

Over 650 R, values of produced water or water recove:ed'
from drill-stem tests in the southern Nebraska panhandle
were converted and grouped by:salinity range. In places,
particularly in producing areas, more than one value per
section (1 sqg mi) is available. Where thisloccurs,_the
analysis with the highest salinity in each section is

L

plotted on Figure 4-31 (335 total).® This was done in an

‘effort to reduce the potential of sample dilution due to

contamination by drilling fluid filtrate.
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TABLE 4-1. SALINITY RANGES USED IN FORMATION WATER PLOT
AND CORRESPONDING RESISTIVITY VALUES.

Salinity Rw @ 68°F Rw @ 75°F  Rw € 150°F

{(ppm NacCl) {chm-m) (ohm-m) {ohm~m)
<5,000 >1.2 >1.1 >0.56

5,000 - 1.2 - 1.1 - 0.56 -

20,000 0.33 0.30 0.15
20,000 - 0.33 - 0.30 - 0.15 -
50,000 0.15 0.13 0.07
50,000 - 0.15 ~ 0.13 - 0.07 -

100,000 0.08 0.07% 0.04

>100,000 <0.08 <0.075 <0.04
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A north-south dashed line, derived from Figure 4-13,
marks the approximate boundary between the structurally
simple area to the west (where salt dissolution did not
occur or where removal pre-dated the reservoirs) and the
structurally complex area (where salt removal post-dated the
reservoirs). Major synclinal axes are shown, including the
Sidney trough and a north-south syncline just east of Big
Springs field. With one exception (which occurs just west
of the the boundary in northeastern Kimball County), all D
and J formation water salinities fall below 50,000 ppm NaCl
equivalent in the structurally simple area. Of these, all
but one in the 20,000 to 50,000 ppm range plot in the T13N
area of Kimball County, where salt is absent, and where
dissolution is interpreted to ha&e occurred concurrent with
deposition of the Cheyenne Formation. The remainder of
values in the western part of the southern Nebraska
panhandle fall within the 5,000 to 20,000 and <5,000 ppm
ranges.

Higher-salinity vélues plot east of the dashed line, in
the structurally complex area. All values in the 50,000 to
100,000 ppm rangé and all but one of the values in excess of
100,000 ppm plot within this area. Many of the high-
salinity vaiues are associated with oil fields which'produce
from anticlines just west of the Sidney trough. High-
salinity water was reported at Big Springs field in TI13N,

R42 - 43W. D Sandstone water, with a salinity of over
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110,000 ppm, was recovered on a drill-stem test in TI16N,
R44W, Garden County. Crawford (1964) reported that this
water was essentially a solution of sodium chloride.
Spatial distribution of salinity data indicates that D
and J Sandstones produce highly saline formation water only
in the eastern, more structurally complex post-reservoir
collapse area. A number of additional factérs can influence
formation water salinity, including chemistry of connate
water and effects of fine-grained sediments (which act as
semi-permeable osmotic membranes during compaction).
Nonetheless, salihity 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.
Influence of Salt Dissolution on Reserve Potential

Figure 4-32 depicts how timing of salﬁ dissolution has
influenced the entrapment of oil in Nebraska portion of the
D-J fairway. To the west (Figure 4-32a), where salt either
has not been removed or was removed pribr to deposition of D
and J Sandstone reservoirs, oil has accumulated in
structurally simple stratigraphic traps, at the updip

pinchouts of fluvio-deltaic and marginal marine sands.




[US-

-
-

'{-'.-.-...u

—

168

a. PRE-RESERVOIR DISSOLUTION

Figure 4-32. Comparison of field size and and reserve
potential related to timing of salt dissolution.
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Because oil is not localized on structural highs, fields
cover a broad area.

To the east (Figure 4-32b), where incomplete
dissolution of salt post—dated reservoir deposition, oil’
within each reservoir has been localized on salt—céred
anticiines. Structural relief enhances segregation of oil
and water, resulting in expanded oil columns and reduced
water saturation on the anticlines. Collapse-induced
fracturing may enhance permeability. In places, stacking of
oil-saturated reservoirs occurs above salt remnants.‘

Enchanced oil columns, reduced water saturation,

fracturing, and stacking of pays may act to enhance the pér-

. well reserve poteﬁtial of fields in the structurally complex

. eastern part.of the fairway. Although oil fields in the

western part of the fairway may be more areally extensive

and have higher cumulative production, per-well yield should

be lower than'that of the more structurally complex eastern
area, because the oil‘has not been localized oh strucﬁures.
(This assumes that all other factors, including the
following, are comparable between the two areas: thiékness
and'number of sandstone pays; reservoir porosity and
permeabiiity; reser%oir pressure; gas-oil ratio; oil -
viscosity; and oil shrinkage factor. Other development—
related factors include success of completion; piessure
maintenanée; flaring or venting of gas; well spacing; and

water flooding.)
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Production data in the southern Nebraska panhandle area
were analyzed to determine if a significant difference
exists between reserves produced from anticlinal fields in
the eastern part of the fairway and reserves from
stratigraphic fields to the west. Data for 420 fields,
including discovery date, field size (in acres), cumulative
oil production, cumulative gas production, cumulative
barrels oil equivalent (BOE), oil production per 40 acres
(BO/40 ac) were compiled from oil ahd gas townéhip plats
from the Nebraska 0il and Gas Conservation Commission and
from published production records (Petroleum Information
Corporation, 1994). @Gas production from the Niobrara
Formation and Paleozoic oil production were not included in

the totals.
Discovery Date

A frequency plot of oil and gas field discovery dates
for 420 fields in the southern Nebraska panhandle (Figure 4-
33) reveals a peak in new field discoveries during 1956 and
1957. Drilling in the Denver basin reached its peak during
this boom in 1955, with the drilling of 1097 exploratory
wells and 1189 development wells (Volk, 1972).

The first six fields discovered.(during 1949 ahd 1950)
and 19 of 26 fields.discovered_through 1952 produce from

anticlines. This is not uncommon in the early stages of a
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1948 A

1950 AAADAA

1951 AAAAAA SSSS

1952 . AAAAAAA SSS

1953 AAAAAA SSSsssss

1954 AAAAAAAA SSSSSSSSSSSSSSSS

1955 AAAAAR SSSSSS5SSSS5SSSSSSSSSSSSsSss
1956 ABAAR SSSSSSSSSSS5SSSSSS55SSSS5SSSSs
1957 AA SSSSSSSSSSSSSSSSSSSSS8SSSSsss
1958 : ARAA SSSSSSSSSSSSSSSSSSSSSsSssss
1958 AAAA SSSSSSSSSSSSSSSSSSSSSsS
1960 AAAA SS58SSSSSSSSSSSSss -

: 1961 AA SSSSSSsSss
’ 1962 AAAA SS55S55S8SSS

1963 AA SSSSSsss

1964 AA SS8sSSSsSss

1965 AA S8

1966 AAAA SSSS

1367 A Sss

1968 A SSSsss

1969 AA Ssss

1970 AA SS

1971 AAA SS

1972 AA Ss

1973 AR SS

1974 A 5SS

1975 . AAA SsSsSs

197¢€ AA Ssessss

1977 AAAAD SSSSS

1978 AAA SSSSsS

1979 AADD SSSSSSSs

1980 - 88ss.

1981 S8SsSSsSsss

1982 A ssss

1983 AA SS8Sssss

1984 . A 8sss

1985 §SSSS

1986 A S A = Anticlinal field{east)
1987 A S = Stratigraphic field(west)
- 1988 s

1989

1980

1991

1992 s

1993 A S

Figure‘4-33. Frequency disﬁribufién of field discoveries in
southern Nebraska panhandle by discovery date and trap type.
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basin's exploration and development. Structural traps,
which are ﬁore apparent at the surface or on seismic data,
are generally identified earlier than more subtle
stratigraphic traps.

.Fields discovered du:ing 1949 and 1950 are shown on
Figure 4-34. With the exception of Big Springs field, early
discoveries are located just west of the Sidney trough in
the highly-folded area formed by post-resérvoir éalt

dissolution.

Field Size

Productive area, in acres, was derived from Nebraska
dil and Gas Conservation Commission township plats. o0il
fields which cover at least 640 acres (1 sé mi) are listed
in Table 4-2. Of the 33 largest fields, all of the top nine
and 17 of the 20 largest fields are stratigraphic traps.
Sloss field is'the largest, with 4520 acres. The largest
field in the structurally complex area is Juelfs-Gayloxd,
with 1320 acfes.'

The nine most areélly extensive oil fields are shown on
Figure 4-35. All of these fields are lécated in the

western, structurally simple area, where folding has not

localized oil accumulations into smaller pools.
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TABLE 4-2. OIL FIELDS IN SCUTHERN NEBRASKA
PANHANDLE COVERING 640 OR MORE ACRES.

FIELD

SLOSS
TORGESON

POTTER SOUTHWEST

KIMBALL

LONG

ENDERS
SINGLETON
WILLSON RANCH
SIMPSON
JUELFS-GAYLORD
EBALTENSPERGER
AUE-GRIFFITH
SLAMA
HUNTSMAN
VEDENE
BARRETT
VOWERS
HEIDEMANN
DORAN

HOCUTBY
JACINTO
DORMAN

PEBELE
SWEARINGEN
SUSAN

IBEX

SPEAROW

CIZER

MINTREN

MALEY

GURLEY
ENGELLAND WEST

ROHLFING NORTH,

TRAP CIY TWP RGE ACRES

STRAT
STRAT
STRAT
STRAT
STRAT
STRAT
STRAT
STRAT
STRAT
ANT

STRAT
STRAT
STRAT
ANT

STRAT
STRAT
STRAT
STRAT
ANT

STRAT
STRAT
ANT

ANT

STRAT
STRAT
STRAT
ANT

- STRAT

STRAT
ANT
ANT
ANT
ANT

gWOONNgNwwNNNgNN

OOQONQGNNNQONNONW

14
14
14
15
12
i3
17
17
15
17
i3
i3
15
14
17
16

17

15
14
14
16
14
12
14
14
12
15
17
12
i3
15
15
12

55
56
53
55
55
55
53
53
54
51
57
55

52

43
56
56
54
56
50
54
54
50
51
55
54
54
49
53
56
49
49
49
51

STRAT-Stratigraphic; ANT-Anticlinal;
K-Kimball; C~Cheyenne; B-Banner; M-Morrill

4520
2520
2400
2120
1860
1920
1880
1s80
1360
1320
1320
1240
1240
1200
1200
1200
1120
1080
1040
1040
1040
960
960
840
800
800
720
720
720
680
640
640
640
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Cumulative 0il Production

Cumulative oil production through 1993 is listed by
field in Table 4-3 for 33 fields which produced in excess of
2,000,000 BO (2MMBO). All of the top eight and 13 of the
top 20 oil produéers produce from stratigraphic traps.

Fields which have proauced in excess of 5,000,000 BO (5
MMBO) are shown on Figure 4-36. All but two of these fields
are located in the western, structurally simple area. Most
of the top oil producers are also at the top of the listing
by size (Figure 4-34), indicating that high-per field yields

in this area are related to size of field (number of wells) .
Cumulative Gas Production

Cumulative gas production through 1993 is listed by
field in Table 4-4 for fields which produced in excess of
1,000,000 MCFG (1 BCFG). It is uncertain if gas production
figurés are as reliable as those of o0il production, due to
the possibility of flaring or ?enting4of gas, use on site,
or reinjection for pressure maintenance, which may go
unreported. Nonetheless, of the 37 fieids, 21 produce from
anticlines in the eastern half of the panhandie, including
all of the top seven,.and ten of the top 12.

Ten fields which have produced over 4,000,000 MCFG (4

BCFG) are shown on Figure 4-37. With the exception of two
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TABLE 4-3. OIL FIELDS IN SOUTHERN NEBRASEA

PANHANDLE WHICH HAVE PRODUCED OVER 2,000,000 BO

STRAT-~-Stratigraphic; ANT-Anticlinal;

K-Kimball; C-Cheyenne; B-Banner; M-Morrill

(2000 MBO).
FIELD TRAP CTY TWP RGE OIL(MBO)
SLOSS - STRAT K 14 55 17021
SINGLETON STRAT B 17 53 10825
ENDERS STRAT K 13 55 9202
WILLSON RANCH STRAT B 17 53 8266
POTTER SOUTHWEST STRAT CK 14 53 7330
JACINTO STRAT K 16 54 6972
KIMBALL STRAT K 15 58 6755
LONG STRAT K 12 55 5804
DORMAN ANT e, 14 50 5186
COOK ANT c 15 48 5055
DORAN ANT c 14 50 4985
HUNTSMAN ANT c 14 49 4786
JUELFS-GAYLORD ANT ™ 17 51 4667
TORCESON STRAT K 14 56 4662
AUE-GRIFFITH STRAT K 13 55 4384
JOHWSON ART C. 15 49 4247
VEDEKE : TRAT R 17 56 3814
SPEAROW ANT c 15 49 3752
HOUTBY STRAT K 14 54 3563
BARRETT STRAT BK 16 56 3529
VOWERS STRAT B 17 54 3374
HEIDEMANN STRAT K 15 56 3303
REIMERS ANT C 16 50 3273
PREBLE ANT c 15 48 3106
GURLEY ANT c 15 49 2816
FERNQUIST STRAT K 16 53 2637
. ALICHIN STRAT K 12 56 2327
JORMAR ANT C 15 50 2257
MALEY ANT c 13 49 2135
RIGGS STRAT K 13 57 2099
BROOK STRAT K 16 56 2075
STMPSON STRAT K 15 54 2045
RUSSELL STRAT K 16 58 2013
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TARLE 4-4. FIELDS IN SCUTHERN NEBRASKA PANHANDLE
WHICH HAVE PRODUCED OVER 1 BCFG THROUGH 1993.

FIELD TRAP CTY TWP RGE GAS (BCF)
SIDNEY SOUTHWEST ANT  C . 13 50 53.941
BIG SPRINGS ANT D 13 42 39.390
HUNTSMAN ~ ANT Ne 14 49 19.225
DORAN ~ ANT ¢ . 14 50 15.193
ENGELLAND WEST ANT c 15 4% 13.571
MARL.OWE ANT c 15 49 6.795
- DORMAN 4 ANT c 14 50 6.587
IREX ' STRAT K 12 54 5.006
SLOsSs | STRAT K 14 55 4.948
REIMERS ' ANT ¢ 16 50 4.375
JOENSON ANT c 15 49 3.395
FLEMING - ANT ¢ 13 50  3.067
WILILSON RANCH STRAT B 17 53 2.720
SPEARCOW . ANT o) 15 4S8 2.703
ALTCHIN STRAT K 12 56 2.661 .
LONG . _ ~ STRAT K 12 55 2.636
PEBBLE ANT C 12 51 2.292
SIDNEY NORTH ANT ¢ 14 49 2.266
STNGLETON STRAT B 17 53 2.013
STOUX . ANT ¢ 15 49 1.969%
ROHLFING/BENTLEY STRAT C 12 52 1.772
KTMBALL STRAT K 15 55 1.707
PCTTER SOUTHWEST STRAT CK 14 53 1.705
SUNOL: , ANT c 14 48 1.699
JUELFS~GAYLORD ANT oM 17 51  1.515
KUGLER ANT ¢ 14 48 1.467
JACINTO STRAT K 16 54 1.410
ENDERS STRAT K 13 55 1.406
VEDENE STRAT B 17 56 1.396
DIMICK WEST ANT c 13 50 1.228
EGGLESTON ANT c i3 51 1.203
'BARRETT STRAT BR 16 56 1.103
DRAW STRAT CK 13 53 1.098
ROHLFING NORTH ART c 12 51 1.094
PHILLIPS ‘ STRAT K 12 54 1.091
AUE-GRIFFITH STRAT K 13 55 1.055
MOHATT ANT ¢ 13 50 1.028

STRAT- Stratigraphic; ANT-Anticlinal;
K-Rimball; C~Cheyenne; B-Banner; M-Morrill
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fields to the west and Big Springs field to the east (which
produces biogenic gas and is not in the D-J fairway, fields
with the highest gas yield are located on anticlines just
west of the Sidney trough. This suggests that the
proportion of Qas produced (relative to oil) increases to
the east toward the updip limit of the D-J fairway, where
partial regional-scale segregation of oil and gas has

occurred.

Combined Cumulative 0il and Gas Production

0il and gas production. figures were combined as barfels
oil equivalent (BOE), at a factor of 7 MCFG/BO. Twenty
fields which produced over 4,000,000 BOE (4MMBOE) are listed
in Table 4-5. No trend by trap type is apparent when fields
are ranked by BOE. Anticlinal and stratigraphic traps are

equaily repreéented, with nine and 11, respectively, in the

top 20.

Fields which have produced over 5 MMBOE (14 total) are
shown on Figure 4—38). Rather than clustering toward the

west (as with cumulative oil production on Figure 4-36) or

to the east ({(as with cumulative gasﬁproduction on Figure 4-

37) fields are more or less distributed evenly across the

southern panhandle.
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TABLE 4-5. FIELDS IN SOUTHERN NEBRASKA PANHANDLE
WHICH HAVE PRODUCED OVER 4 MMEOE THROUGH 1993.

FIELD TRAP CTY TWP RGE MBOE
SLOSS STRAT K 14 55 17728
SINGLETON STRAT B 17 53 11113
SIDNEY SOUTHWEST ANT c 13 50 9661
"ENDERS STRAT K 13 55 9402
WILLSON RANCH STRAT B 17 53 8654
POTTER SOUTHWEST STRAT CK 14 53 7574
HUNTSMAN ANT Cc 14 49 7533
DORAN ANT C 14 50 7258
JACINTO : STRAT K i6 54 7173
RIMBALT, STRAT K 15 55 6999
LONG STRAT K 12 55 6181
DORMAN ANT c 14 50 6127
BIG SPRINGS ANT D 13 42 5827
COOK ANT c 15 48 5187
JUELFS-GAYLORD ANT oM 17 51 . 4884
TORGESON STRAT K 14 56 4789
JOHENSON ANT ¢ 15 49 4732
AUE-GRIFFITH STRAT K 13 55 4535
SPEAROW ANT c 15 49 4138
VEDENE STRAT B 17 56 4014

STRAT-Stratigraphic; ANT-Anticlinal;
E-Kimball; C-Cheyenne; B-Banner; M-Morrill



- 183

. el

£l
14|
Gl
9l

A

S xoho peonpoxd oAy YOTUYM SPTOTI FO UOTILDOT]

*€£66T Yybnoxyyz HOHWW

*ge-vy LaINBTA

nn N

EYS Xy VT \
. py - ® hOw §)oeng -&Ml.dﬂ'&%
Q B,

ok

~= 1] anaa .
WX Ol < | aNNEARHO | Tivaevid
visvyaan <] 1] naowvo
1 Wo A-l-x%ﬂ%ﬂ
. 1 L BT ¥ .I-.I-.nn. — n o E
—g e ek ikl 7 L ey
! _ LTI R 3 __
| a . ‘Oo ° - 0% e o o rm_
| ) ! o oea & ¢V Py Oq ..m ‘
w, llelm..l.L.%..-.Wr. mMMm S B 9.% i pOgR 0 0o ,m¢_
! D s Tx ° [° Mvm Lv o9 o |™
m O -0 _\ ﬂn-”Wo vwdo Mg enng.r.wﬂ ° °d W 9 9 o MO m mw—
141 JIS SN N v:@_
.— , ° .0/_0 /U [ X~J ° PI S o -
L
A

_v cv €b Vb G 9b. Ly 8b 6b 0S IS 29 mm 14" 1] wm‘hm mm.m
.
|




184

Oil Production per 40 Acres

At the beginning of the discussion on the influence of
salt dissolution on reserve potential, Figure‘4-32 was used
to depict how post-reservoir salt dissolution could cause
localization of oil accumulatiops on anticlines formed by
drape across salt outliers. Although field size and total
production per field may be reduced, enchanced oil columns,
increased oil saturation, possible fractures, and stacking
of pays would result in hiéher per-well reserves.

Cumulative oil production in each field was divided by
the number of 40-acre tracts contained within the field
limits (BO/40 ac). This approach is similar to that used by
Pruit (1978), who used 80-acre areas to discuss "quality of
reserves" in the Denver basin. Although standard statewide
spacing for oil wells is 40 acres, in places fields are more
densely drilled. For this reason, production per unit area
(40 acres) rather than per well was calculated.

Fields which have produced over 200,000 BO/40 ac (23
total) are listed in Table 4-6. Of these, 15 fields produce
from anticlinal'traps, indluding all of the top seven and
nine of the top 10. Only one of the fields included in the
top 10 cumulative oil producers (Table 4-4), Jacinto field,
is in the top 10 fields ranked by B0O/40 ac. Although
Jacinto field, located in T16N, R54W, is west of the.line

separating the structurally simple and structurally complex
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WHICH HAVE PRODUCED OVER 200,000 BO/40 ACRES.

FIELD

FARO
REIMERS
COCK

GRAFF
PREBLE
JOHNSON
SIDNEY NORTH
JACINTO
JORMAR
-SELL
ALICHIN
RAYMOND.
SINGLETON
GOODWIN
LURASSEN
COVE
DORMAN
HIDDLE CREERK
SPEARCW
PERSON -
FARO NORTH
WORDEN

FERNQUIST

TRAP CTY TWP RGE BO/40ac

STRAT

NOOL"OQOONNNWP‘!0.0MOOOO(IO0

16
16
15
17
15
15
14
16
i5
15
12
17
17
i3
i5

14

14
17
15
12

17

17
16

50
50
48
48
48
49
49
54

50

48
56
54
53
54
55
48
50
50
49
58
43

49
B3~

.. STRAT-Stratigraphic; ANT-Anticlinal;
K~Kimball; C-Cheyenne; B-Banner; M-Morrill

550678
467548
459567
349389
310630
303368
285580
268151
250681
241359
232741
231208
230324
228943
225672
224644
216070
210329
208454
207249
206163
203381
202841
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areas, it is associated with a strong southwest;plunging
nose (Figure 4-13) and overliés thick upper Leonardian and
Guadalupian salts (Figures 4-8 and 4-9). Miller (1963) used
Jacinto field as an example of a trap formed by an "updip
facies change on a nose." Although no closure is present at
the field, trapping may have been influenced by post-

reservoir salt dissolution. Additional evidence of late

- dissolution may be represented by the only highly-saline

water analysis in the western half of the area, just
northeast of Jacin;o field in T16N, RS53W (Figure 4-31).

Oil fields which have produced over 150,000 BO/40 ac
(54 total) are highlighted on Figure 4-39. Major synclinal
axes; derived from Figure 4-13, are also shown. A north-
south line separates fields which are associated with
closures from predominantly stratigraphic traps to the west.
All six fields with over 300,000 BO/40 ac, nine of 17 fields
in the 200,000 to 300,000 BO/40 ac range, and 10 of 31
fields in the 150,000 to 200,000 BO/40 ac range produce from
anticlines. Although anticlinal fields reéresent'only 26
percent of all fields in the study area, they account for 46
percent of the fields which average over 150,000 BO/40 ac.

A "t" test was used to determine if average per-acre
0il yield of fields in areas of post-reservoir salt
dissolution (structurally complex area) is significantly

different from the per-acre yield of all fields in southern

. Nebraska panhandle part of the D-J fairway. Although per-
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acre oil production, rather than per-acre ROE production was
used as the dependent variable to'redﬁce error caused by
incomplete gas production reporting, or gas flaring and
venting, the two sets of data are similar. The analysis,
limited to 410 oil fields in the D-J fairway, excluded threé
gas fields within the fai:way and seven fields east of the
Sidney trough. » v ,

In the "t" test, the average BOE/40 ac for 410 fieids

(74,095 BO/40 ac) was used to represent pu, the population

average. Sample average, X, for 102 anticlinal fields, is
99,379 BO/40 ac. With 101 degrees of freedom, a "t" value
of 2.41 is significant at the .02 level. Thus, the

discrepancy between X and B cannot be explained by sampling

error. Thus, a statistically significant difference exists
between average cumulative oil production per 40 acres
(BO/40 ac) between salt-cored anticlinal fields and average

BO/40 ac for all 410 oil fields within the D- J fairway.

SUMMARY AND CONCLUSIONS

'This chapter examined the influence of Permian salt
dissolution on oil and gas entrapment in the southern
Nebraska panhandle area of the Denver basin. Subsurface
analysis of the distribution and thickness of salts and the

Lyons Sandstone, along with analysis of formation water
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salinity data and oil and gas production figures, leads to
the following conclusions.

1. Of 13 salt zones of Guadalupian, Leonardian, and
late Wolfcampian age identified in the Denver basin
subsufface, 12 zones have been identified in the Nebraska
panhandle. Salt 8 was not identified on well logs in this
area..

2. Distribution of individual salt zones is controlled
by : a) configuration of evaporitg basins and facies changes

(both of which were influenced by positive elements

- associated With,the Transcontinental arch); b) truncation

and near-surface dissolution below a pre-Late Jurassic
unconformity; and c) subsequent subsurface dissolution at

various times since the Jurassic. The Transcontinental arch .

. exerted more influence on the shape of the evaporite basins’

during precipitation of upper Wolfcampian, lower Leonardian,
and lowermost upper Leonardianrsalts. The original eastern
limits of salts, pérticularly fhése of late Leonardian and
Guadalﬁpian age, was likely we;l beyond their present sub-
Jurassic 1imité, and the present distribﬁtion of these salts
does not reflect the original geomeﬁry of the evaporite
basins.

3.  Eolian and shallow water sand (Lyons sandstone)

accumulated along a northeast-trending paleohigh which

'separated the Sterling and Alliance evaporite basins during

the Leonardian. Basement fault influence on sedimentation
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is reflected iﬁ an abrupt linear facies change from
sandstone to evaporites (salts 9 and 10) along the
northwestern margin of the Sterling basin, and in the Gérden
County low, which connected the Sterling and Alliance basins
during late Wolfcampian and Leonardian time.

4. Timing of salt dissolution has significantly
influenced the distribution and trapping mechanism of oil
and gas fields which are productive from Cretaceous-age D
and J Sandstone reservoirs in the Nebraska panhandle. To
the west, in Kimball and western Cheyenne counties wheré
salt dissolution pre-dated deposition éf resexvoirs,
stratigraphic traps are predominant. To the east, in areas
where salt dissolution post-déted the reservoirs, in Deuel,
southern Garaen, and e;stern Cheyenne Counties, solution
collapse has contributed to the formation of numerous
hydrocarbon-productive structural traps.

5. 1In the eastern part of the area, Cretaceous
resexrvoir-level structure is rootless and is discordant with
subsalt homoclinal structure. To the west, where salts have
not béen dissolved or were removed prior to deposition of
Cretaceous reservoirs, reservoir-level and subsalt structure
are relatively concdrdant, and Cretaceous structure may be
more reliable as an estimate of subsalt Paleozoic structure.

6. Location of a linear, northeast—trénding salt
dissolution depression; which coincides with a regional

- Cfetaceous-level syncline (Sidney trough), is controlled by
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the Lyons Sandstone/evaporite facies change. Eastward
gravity-driven groundwater flow within the Lyons bccﬁrred in
response to hydraulic gradient and recharge along the Front
Range uplift following Laramide orogeny. Salts 9 and 10
were dissolved at'the facies change. Collapse of overlying
strata produced fractures through which cross-formational
flow décurred. Younger salts were dissolved, enhancing
relief across the regional depression. Subsidiary synclines

which branch off from the main trough, formed by retreat of

"salt edges possibly along Laramide-induced fractures. O0il-

and gas-productive anticlines occur in this area.

7. High-salinity formation water in the D and J

Sandstones is restricted to the eastern area, where salt

dissolution post-dated reservoir deposition. Cross-

formational flow from the Lyons Sandstone through the salt

interval into the Cretaceous reservoirs is believed to be

‘the source of brines. Salinity anomalies are absent to the

west, where salt was removed prior to D and J deposition.
8. Timing of salt dissolution is believed to have
influenced the size, cumulative production, and peréacré
reserves of oil fields in the southern Nebraska panhandle.
The largest fields, both in terms of areal extent gnd |
cumulative o0il production, are in the the area of
stratigraphic traps to the west. However, oil is_iocalized
on salt dissolution anticlines to the east, resulting in

significantly higher reserves per well. Structural
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complexity of this area allowed for identification of

potential traps and drilling of prospects earlier than those

to the west where traps are more subtle.
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CHAPTER 5
BIG SPRINGS D SANDSTONE GAS FIELD,
DEUEL COUNTY, NEBRASKA

INTRODUCTION

Big Springs gas field is located’in southeastern Deuei
County, Nebfaska, near the eastern edge of the Nebraska
panhandle subregional study area (Figure 5-1). With
cumulative gas production of over 41 BCFG, Big.Springs field
ranks second in the state, behind Sidney Southwest field,
and accounts for more than 15 percent of Nebraska's total
cumulative gas produétion. Prior to conversion tq a gas-
storage field, gas was produced from the Lower Cretaceous D
Sandstone.

Big Springs field is one of three fields discuésed in
Chapter 2 which are situated along a possible north-south
Permian sélt dissolution edge in the northeastérn part of
the Denver basin. Study of»salt distribution within the
Nebraska panhandle subregiqpal study area (Chapter 4)
confirms that Leonardian and Upper Wolfcampian salts are

absent to the east of a north-south line which extends

~across the Big Springs area. This chapter focuses on a

possible salt-solution origin for the gas-productive
anticline at Big Springs. Seismic data are used to support
a salt solution-collapse origin for the Big Springs

structure.
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DEVELOPMENT OF BIG SPRINGS FIELD

Because of its size and significant gas production, Big
Springs field represents an important area to study the
relationship df sait removal to Cretaceous hydrocarbon
entrapment in the Denver basin. The gas fieid, discovered
in 1950, produced over 41 BCFG from 24 wells until 1975,
when it was converted to a gas-storage field. The
productive reservoir (and the present-day stérage reservoir)
is the Creﬁaceous D Sandstone, at a depth of about 3200 ft
(1000 m).

Diécovery of gas at Big Springs resulted from a flurry
of exploratory drilling activity in western Nebraska

following the Gurley field discovery in 1949. ‘In the early

1950s the Denver basin led the Rockies in drilling activity,

resulting in the discovery and development of hundreds of D
and J Sandstone structural and stratigraphic fields.

Although a well had been drilled to the D Sandstone and
abandbned in October 1949 in NENW Sec.l1l9, T13N, R42W, the
discovery well was not completed until September 1950.. This
well, the Ideal Drilling Bosley 2, located in SESWYSec. 19,
T13N, R42W (Figure 5-2), produced 1.9 BCFG, was shut-in in
1964, and was plugged and abandoned in 1973.

Development arilling of the D Sandstone gas pool
continued in the early 1950s. By the end of 1951 eight

wells were producing and two were shut-in, and by 1954 the
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Figure 5-2. Cumulative production from gas wells at Big
Springs field prior to conversion to gas storage in 1975
(circled wells). Gas volumes are in MMCFG. Wells with
diamond symbol on-this and subsequent maps denote gas-
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field was nearly fully developed by 21 wells (King, 1956).
Concurrent with drilling was the acquisition of a séismic
reflection survey across the new field and adjacent areas.
The seismic survey was shot in 1952 and 1953 to definé the
producing structure at Big Springs, thereby minimizing risk
in drilling offset wells. This seismic survey and its
application to the study of underlying salts is discussed
later in this chapter.

Original D Sandstone gas wells and dry holes, along
with subsequent gas injection/withdrawal and observation

wells within the gas storage field are shown on Figure 5-2.

- Twenty-four gas wells which existed prior to conversion to

gas storage are highlighted. Per-well cumulative production
figures are shown for these wells. Several wells produced
over 3 BCFG. The best well, located in Sec. 24, T13N, R43W,

produced over 5 BCFG.
STRUCTURE
Structural mapping on top of the D Sandstone gas

reservoir (Figure 5-3) reveals a north-south-trending

anticline. This feature coincides with DeGraw's (1969,

1971) "Big Springs anticline." Elevation at the top of the

prbductive,sandsﬁone ranges from about 330 ft (100 m) above
sea level at the gas-water contact to slightly over 400 ft

(120 m) at the crest of the structure.
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Structure on top of the D Sandstone in an expanded area
surrounding the field (Figure 5-4) reveals a signficant
structural anomaly just east of production. A north;south—
trending syncline parallels the eastern margin of the field.
Well control 1nd1cates that the D Sandstome in the syncllnal
axis lies at least 150 ft (45 m) low to the crest of the
producing structure. Comparable structural relief exists at
theﬁnorthern and southern limits of the field, along the
axes of two east-west-trending subsidiary synclines. The
southernmost syncline separates Big Spfings field from D
Sandstone gas production at Chappel field, located across
the state line in Colorado. -

An east-west structural cross section through the field
{Figure 5-5) shows the relationship of structure to gas
d prodﬁction. Downdip'wells at the field mafgins encouﬁteréd
a thick upper D Sandstone bench which was water-bearing.
Structurally high wells, which encountered the reservoir at
an elevation highér than the gas-water contact (330 ft or

100 m above sea level), are gas-productive.
STRATIGRAPHY

The D Sandstone oxr "D Sand" (Cenomanian) is a driller's
term for the first "Dakota sand" encountered in the Denver
basin subsurface. Many geologists who "work" the basin lump

the D into the Dakota Group, because it is closely
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Figure 5-4. D Sandstone structure at Big Springs field and
surrounding areas. Contour interval 50 ft (15 m).
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associated with the J Sandstone and deeper sandstones of the
Dakota. Where present in the basin, the D Sandstone is
situated within the Graneros Shale (Benton Group). The
lower Graneros tongue (below the D Sandstone) is commonly
referred to as the Huntsman Shale (Figure 5-5). Because of
its intertonguing relationship with the Graneros and
Huntsman, it is more appropriate to include the D in the
Benton Group rather than the Dakota Group.

Deposition of ﬁhe D Sandstone was in response to a
regression of the Western Interior Cretéceous seaway. The D
interval is over 100 ft (30 ﬁ) thick along the eastern
margin of the basin where it merges with the J Sandstone, at
the zero isopach of the Huntsman Shale (Figure 5-6).
Regionally, the unit forms a wedge which thins westward to
zero just east of the basin axis (Figures 5-6 and 1-2). By
contrast, the underlying J Sandstone extends to the west in
the subsurface to its outcrop along the Front Range.

The relative drop in sea level created a lowstand
surface of erosion which was then onlapped and infilled with
sand. Fluctuations in relative sea level resulted in a
facies mosaic of nearshore marine, wvalley £ill, and ﬁluvio—
deltaic sénds, along with lagoonal and floodplain/
interdistributéry muds within the D interval. The sediment
source was to the east. Although exceptions are common, the
sand units within the lower part of the D interval are

either valley-£fill deposits (formed on top of the lowstand
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surface of erosion) or prograding coastal plain/deltaic
deposits. By contrast, more marine-influenced sand units,
deposited within a transgressive systems tract, are

generally confined to the upper part of the D interval.
BIG SPRINGS GAS RESERVOIR

In the Big Springs area the D Sandstone lies about 100
to 150 ft (30 to 45 m) above the J Sandstohe (Figure 5-5).
Here the D is actually a group of sandstone units separated
by thin shales. The Big Springs gas reservoir lies at the
top of the interval. The reservoir averages 35 £t (11 m) in
thickness. Thick (greater than 50 ft or 15 m) sand is
pPresent within a northwest-southeast-trending area which
cuts across the central part of the gas field, and in
localized areas at the northeast and south margins of the
field (Figure 5-7). Although thick sand is present in
places within the field limits, there is no apparent spatial
relationship between sand thickness and production. Rather,
the overriding influence of structure controls the gas
accumulation.

Two D Sandstone cores from Big Springs were examined at
the USGS Core Research Center in the Denver Federal Center.
The cores are from BSU 26 and BSU 25 wells, drilled in 1976
by Kansas-Nebraska Natural Gas Corporation (now K-N Energy),

at the onset of gas storage operations. Two samples of the
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BSU426 core and three samples of the BSU 25 core were
furnished by the USGS for thin section study. Following
thin section preparation and petrographic analysis, the five

thin sections were donated to the USGS Core Research Center.
BSU 26 Core
BSU 26, located in Sec. 18, T13N, R42W, encountered

about 45 £t (14 m) of upper D Sandstone, and about 28 ft (9

m) of net pay (gas-saturated) sand. All but the bottom 10

ft (3 m) of sand was cored. Porosity of the cored sand

ranges from 21 to 26 percent and averages 23 percent (Figure
5-8) . Permeability ranges from about 20 md to over 200 md.

Permeability is highest near the top of the reservoir,

- corresponding to the "cleanest" gamma-ray response on the

wireline log and core gamma-ray curves. Core analyses from
other wells in the field have reported permeabilities in
excess of 750 md. |

The D gas reservoir in BSU-.26 is predominantly a fine
grained sandstone containing abuﬁdant shale laminae and
carbohaceous fragments (Table 5-1). The sandstone is highly
bioturbaged (Figure 5-9), with numerous shale laminae
distorted by abundant burrows which are predominantly small
and horizontal. A thin reddish-brown shale zone (Figure 5-
10) is interbedded with very fine-grained sand near the base

of the cored ipterval.
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TABLE 5-1

D SANDSTONE CORE DESCRIPTION%, BSU 26 WELL
NENE SEC 18, T13N, R42W, DEUEL COUNTY, NEBRASKA

Core depths adjusted 22’ to log depths - core depth interval
of 3290-3322 adjusted to 3268-3300’ log depth.

3268-3273":

Ss, vi-fgr, num Sh Lam distorted by abun Bur (pred sml and
hor) and by compaction; abun carb Frag, rk Frag, cl Mtrx,
Fspr

3273-3300"

Ss, fgr, a/a, but w/o carb Frag, num sh Lam, distorted by
abun Bur and compaction; Bd 1-2” thk, cln fgr Ss, also
bioturb but w/o sh scat randomly thru section; slt Mtrx
(compared to ¢l Mtrx of shly ss) or no mtrx. Zone of fgr Ss,
bioturb at 3286’, w/ Calc Nod (Calc cmt Ss), Nod are 1/2” or
less in Dia; Calc also at 3271, 3273, 3268, and 3298’. Sh?,
rdsh-brn at 3290’ 1/2” Bd intbd w/ 1/2” Zn of vfgr calc Ss;
Sh zone is 27 thk; Btm 47 (at 3300’) Sh w/ abun Calc Nod,
nod Lyrs.. i

*Description by R.A. Smosna and K.R. Bruner at USGS Core
Center, Denver Federal Center, Lakewood, CO, June 1994
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BSU 26 NENE Sec. 18, TI3N, R42 W
3299' log depth (3321' core depth)

Figure 5-9. Photograph of D Sandstone core from 3299 ft log
depth in BSU 26 well, showing abundant shale laminae
distorted by burrows.
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3291' log depth (3313' core depth)

Figure 5-10.' Photograph of D Sandstone core from 3290 ft
log depth in BSU 26 well, showing shale zone (reddish-brown)
interbedded with sandstone.
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BSU}25 Core

BSU 25, located in Sec. 11, T13N, R43W, encountered
about 45 ft (14 m) of upper D Sandstone, and abouﬁ 20 ft (6
m) of gas-saturated sand. The entire upper sand was céred.
Porosity of the sandstone ranges from 20 to 29 percent and
averages 25 percent (Figure 5-11). Permeability ranges from
about 50 md to over 1350 md. Permeability is highest in the
uppermost and lowermost parts of the cored interval.

?art of the D interval cored in BSU 25 is similar to
the intérval cored in BSU 26, in that it is comprised of
fine- to very fine-grained sandstone, with numerous shale
laminae. ‘As in BSU 26, the shale laminae are distorted by
abundant burrows (Table 5-2 and Figure 5-12). In contrast
to BSU 26, however, much of the interval cored in BSU 25 is
clean, fine grained, bedded sandstone (Figure 5-13) with
relatively few shale laminae ("BEDDED" interyals of Table 5-
2). Depths of the bedded intervals, shown on Figure 5-11,
.generally correspond with "cleaner" gamma-ray readings,
higher permeability and higher porosity.

Much of the beaded interval cored in BSU 25 cor:esponds
with'a lower, oil-stained interval (Figure 5-14), situated
below the gas-water contact. O0il saturation within this
interval approaches 26 percent df total pore volume; however

cil has not been produced at Big Springs. In this part of
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TABLE 5-2

D SANDSTONE CORE DESCRIPTION*, BSU 25 WELL
SESE SEC. 11, T13N, R43W, DEUEL COUNTY, NEBRASKA

Core depths adjusted 14’ to log depths - core depth interval
of 3351-3392’ adjusted to 3337-3378’ log depth. .

3337-3359’:

(a) BEDDED: Ss, fgr, cln, horiz to hi-ang incl Lam, org Mat
along bdg planes, abnd org Frags, sml Calc Nod and loc Calc
Cmt, Sh Clasts; Cl resemble cl mtrx in Ss, Clast of brn Sh:

'sim to brn Sh at 3290’ in BSU 26 well; loc f mtrx, incl

trough Bdg, 1-4” thk; v few Bur in bd Ss. Bdd Zones shownwon

"BSU 25 coregraph.

(b) BIOTURBATED: Ss, .shly, as in BSU 26 well, Sh Lam
disturbed by bioturb and compaction, w/ 1-2” cln Ss (though

still burrowed); Bur mostly horiz, some vertical.

© 3359-3378':

(a) BEDDED: Ss, fgr, cln, sli calc, horiz to include trough
bdd; Bdg highlighted-by org Mtr on partings and Sh Clasts;

Bed sets up to 12’ thk; Ss, fgr mostly, medgr in troughs of
incl Bdg; No mtrx in bdd Ss, little mtrx around Bur. Fining

upward seq (m - fgr) 7”7 thk at 3375’; f-mgr at 3375-3378'; :
Ripples at 3378’; brn Sh Clast at 3378 (sim to BSU well at

3290’. Bdd Zones shown on BSU 25 coregraph.

(b) BIOTURBATED: Ss, vf-fgr, shly, sh Lam dlsturbed by abun
Bur and compactlon, Beds 1’ thk.

*Description by R.A. Smosna and 'K.R. Bruner at USGS Core
Center, Denver Federal Center, Lakewood, CO, June 1994
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3354' log depth (3368' core depth)

Figure 5-12.- Photograph of D Sandstone core from 3354 ft

log depth in BSU 25 well, showing abundant shale laminae
distorted by burrows.
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BSU 25 SESE Sec. 11, TL3N, R43W
3361' log depth (3375' core depth)

Figure 5-13. Photograph of D Sandstone core from 3361 ft
log depth in BSU 25 well, showing zone of clean, bedded
sandstone separated by thin burrowed zone. :
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BSU 25 SESE Sec. 11, T13N, R43W
3366" log depth (3380' core depth)

Photograph of D Sandstone core from 3366 ft

log depth in BSU 25 well, showing oil staining. .
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the Denver basin, the D Sandstone has yielded oil only in
the McCord - Richards field area, located about 20 miles (32

km) to the north.
. Petrographic Analysis

Petrographic analysis reveals that the D Sandstone in
both cores is comprised predominantly of fine- to very fine- -
graihed sand (Figure 5-15A), with the majority of grains
ranging from 0.07 to 0.2 mm in diameter. Sand grains
exhibit good to very good sorting. Most Qrains are
subangular; however in most cases the original shape of thé
grains has been éltered by quartz-cement overgrowths.

The predominant mineral present is quartz, followed by
dispersed or laminated shale fragments and clay. An

estimate of the percent abundance of mineral grains is as

follows:
Mineral 2bundance (%)
Quartz . 85
Clay and shale 8

Polycrystalline quartz- 2
(including chert)
Pyrite 2
Feldspar 2
Other (mica, collophane 1
rock fragments)

Based on the above mineral percentages, the D Sandstone at
Big Springs can be classified as a sublitharenite, using

McBride's (1963) classification.
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B. BSU 26-1 (3276' log depth)

Figure 5-15. (A): Thin section 26-1 photomicrograph of D
Sandstone core from 3276 ft log depth in BSU 26 well. (B):
higher magnification view of (A) showing collophane (fish
bone?) fragment deformed by surrounding grains due to
compaction.
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Abundant quartz cement overgrowths indicate that
primary porosity was substantially reduced during
lithification. However, the presence of oversized pores
(Figure 5-16), "floating” grains,'and partial.dissolution of
grains (Figure 5-17) indicates that substanfial leaching has
occurred, resulting in the enhancement of secondary
porosity. Pore diameters range from less than 0.05 mm té as
large as 0.2 mm where a gréin has been‘completely removed by

leaching (Figure 5-16). Permeability is reduced by the

. presence of shale and pyrite laminae (Figure 5-18). .

Depositional Environment .

Reservoir geometry and orientation of the upper D
Sandstone (Figure 5-7) suggest marine influence during the
dgposition of sand. Thick sand covers a broad area at Big
Sprihgs, in contrast to most D channel sgndstones in the
basin which éfe commonly less than 1 mi (2 kﬁ) wide.
Moreover, the stratigraphic position of the Big Springs
reservoir at the top of the D interval suggests reworking of

sand during the Graneros transgression. Wave, current, and

~ tidal energy likely redistributed sand in this area.

Buildup of thick upper D sand in the Big Springs area

" is reflected in an isopach of the overlying Graneros Shale

(Figure 5-19). The Graneros, which is more than 90 fr (27

m) thick to the east and west of the field, thins to about
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Figure 5-16. Thin section 25-1 photomicrograph of D

"sandstone core from 3343 ft log depth in BSU 25 well,

showing cemented grain contacts and oversized pore, formed

by leaching of chemically unstable grain.
clay and possibly siderite.

‘Pore is rimmed by
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B. BSU 25-3 (3366' log

(A): Thin section 25-3 photomicrograph 5% D
66 ft log depth in BSU 25 well,

Figure 5-17.
Sandstone core from 33

showing partially leached grain, resulting in both
intergranular and intragranular porosity. O0il staining is
evident on.grain surfaces. (B): Same as (A), but with

crossed polarizers, showing po

lycrystalline quartz grain
below leached grain. '
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BSU 25-2 (3353' log depth) =

Figure 5-18. Thin section 25-2 photomicrograph of D
Sandstone core from 3353 ft log depth in BSU 25 well,

showing interstitial shale and pyrite laminae, which act to
reduce permeability. :
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Contour interval 5 ft

Graneros shale isopach.
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75 £t (23 m) along a northwest trend which generally
coincides with areas.of thick upper D sand {Figure 5-7).
Thinning of Graneros above thick upper D sand is likely
related to the compaction contrast between D sand and
laterally equivalent fine-grained sediments of the Graneros.
Sandstone cored in BSU 25 is cleaner than that cored in
BSU 26, which overall has more shale laminations and is more
highly bioturbated. The BSU 25 sandstone is also more
permeable than the BSU 26 sandstone. This suggests that
sand deposited in the vicinity of BSU 25 was subjected to
higher-energy conditions which removed more mud and were
less favorable to burrowing organisms, perhaps associated
with a marine-bar or tidal-channel environment. In
contrast, the sand in BSU 26, located slightly to the east
(paleo-landward) of BSU 25, likely accumulated in a lower-
energy setting, protected from wave, current, or tidal
energy by the buildup of sand along a northwest~tr§nding

bar.
ORIGIN OF RBIG SPRINGS STRUCTURE
Shallow Structure
Preliminary work (Chapter 2), foliowed by subsurface

study of the distribution of Permian salts on subregional

(Chapter 4) and regional scales (Chapter 8) reveals that
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salt is present under Big Springs field, but is absent in
deep wells to the east. A similar relationship occurs to
the north at the McCord-Richards field area of Garden
County, and to the southwest at the Red Lion field area in
Sedgwick County, Colorado. Each of these fields is
associated with a structural flexure which is present at the
level of the D Sahdstone. Production at each field is
associated with an anticline which is situated to the west

(regionally downdip) of a regiomal syncline. Structural

mapping based on Cretaceous well control indicates that this

syncline extends more or less continuously from an area

north of McCord-Richards field to south of Red Lion field:

Relative to the Big Springs and surrounding'areas, the

the ﬁestern two-thirds of the Nebraska panhandle subregional

study area (Chapter 4) has been more densely drilled, to

both the Cretaceous and Paleozoic levels. Paleozoic well
control in Cheyenne County, including several deep tests
drilled within the Sidney_tréugh, is sufficiently dense to
indicate that Permian salt is absent below the trough.
In.contrast; subsurféce study of the eastern third of
the area, which includes Big Springs, suffers from a lgck of
deep well control. No deep teéts have been drilled within
the regionai syncline in this part of Nebraska. As a
result, a salt-solution origin for the north-south-trending
syncline at Big Springs and adjoining areas cannot be

confirmed on the basis of well control alone.
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In the Big Springs area, the Upper Cretaceous Niobrara
Formation lies about 800 ft (240 m) above the D Sandstone
(Figure 5-20). Structure at the Niobrara level (Figure 5-
21) is generally concordant with structure at the level of
the D Sandstone (Figure S5-4). A northéast-trending Niobrara
structural high extends across Big Springs field.

Structural depressions occur to the north and east of the

field at the Niobrara level. (Recently, several gas wells
have been completed in thg Niobrara at Big Springs. This

new play is discussed in Chapter 9;)

The Niobrara is overlain by nearly 2bbo ft (600 m) of
Upper Cretaceous Pierre Shale (Figure 5-20). The top of the
Pierre in this area is truncated and capped by Oligocene and
younger strata of alluvial and pyroclastic origin.
Generally, the Cenozoic interval at Big Springs is not
logged, because it lies behind surface casing. As a result,
a correlation point (P-1 marker of this study) near.the top
of the Pierre is the uépermost subsurface datum available
for structural mapping that can be derived from oil and gas
well logs. |

As with the Niobrara, structure at the P-1 level
(Figure 5-22) reveals a north-south-trending depression just
east of the gas field. Structural relief is as much as 200
ft (60 m) in places. Structural flexure at the Cenozoic
level in this area was also observed by DeGraw (1969, 1971)

and by Swinehart et al. (1985).
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FPigure 5-21. Structure drawn on top of Niobrara Formation.
Contour interval 50 ft (15 m).
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Structural concordance between the D Sandstone and
shallower units indicates that deformation at Big Springs
was post-Cretaceous. Detailed surface mapping of Cenozoic
units in the Big Springs area, which is beyond the scope of
this study, may be useful in more accurately determining the

timing of deformation.
Permian Salts

Deep well control is insufficient for a detailed study
of Permian salts below Big Springs gas field. Only one deep
test, located in NWNE Sec. 25, T13N, R43W, lies within the
field. The Stoddard 1 Zimmerman (well 1235 on Figure 4-14)
was drilled to Precambrian basement in 1965 following
development of the field. The well encountered 445 ft (135
m) of Leonardian strata and over 100 ft (30 m) of salt,
including about 72 ft (22 m) of Salt 10, 24 ft (7 m) of
Salts 11/12, and 6 ft (2 m) of Salt 13.

Well logs from deep tests drilled north and south of
Big Springs also reveal the presence of salt. Well 1235,
located in NESE Sec. 18, T14N, R42W, encountered about 465
ft (140 m) of Leonardian strata, including llolft (34 m) of
salt. At Chappel field in Colorado, well 1736 (Sec. 2,
T11N, R44W) drilled 540 ft (165 m) of Leonardian section,

including 90 £t (27 m) of salt.
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Further to the west in Deuel County, five deep wells
(1233, 1234, 1237, 1238, and 1239) encountered over 500 ft
(150 m) of Leonardian strata (Figures‘4~13 and 4-14).  In
addition to salts 10, 11/12, and 13, salts 7 and 9 are
present in these wells. The Leonardian is thickest (552 ft
or 170 m) in well‘1239, located in Sec. 14, T14N, R44W
(Figure 4-14). Well control is insufficient to determine
the eastern limits of salts 7 and 9, situated somewhere
between well 1239 and well 1235 ét Big Springs.

\ To the northeast of Big Springs, the Leonardian is less
than 300 £t (140 m) thick. Well 1642 (Figure 4-14) located
in Sec. 22, T1SN, R41W, drilled 293 ft (130 m) of Leonardian
~and encountered no salt. A cross section (Figure 5-23) which
includes well 1642 and well 1235 '(Big Springs deep test)
reveals thinning in the Leonardian to the east associated
with the absenge of salt. Although deep well control is
inadequate to determine the.limit of salt east of Big
Springs, it is reasonable to speculate that the Big Springs
anticline represents a flexure associated with a thick salt
edge.

Seismic Survey

A reflection seismic survey report (National
Geophysical Company (NGC), 1953) was acquired and reviewed,
to seek support for the hypothesis that salt dissolution and

resultant collapse of overlying rock units played a role in
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forming the Big Springs structure. The report was furnished
by KN Energy, Lakewood, Colorado, operator of the gas-
storage field. |

Reflection seismic data were recorded from isolated
correlation spreads, wherein a shot hole was drilled,‘a
recording spread was laid out, and seismic data were
recorded with 24-channel instruments. This recording
teéhnique is also referred to as single-point or jump
correlation (McGuire and Miller, 1989), as oppdsed to
continous profiling. Seismic records were obtained from
over 240 shot points‘during the sﬁrvey (Figure 5-24).

The seismic survey was shot in 1952 and 1953 during=€he
development of the field in order to more accurately define

the producing structure at Big Springs, thereby minimizing

" risk in drilling offset wells. Locations of wells which had

béen drilled prior tb the seismic survey are shown on Figure
5-24. A likely secondary objective of the survey was ﬁo
evaluate the Paleozoic potential associated with deep'
étructure in the area.

The final NGC report presents.only a summary of the
survéy results. With the exception of two seismic records
(shot points 51 and 78), which were included to show typical
records, the original records are not included in the NGC
report. The report as-received includs seismic-based

subsurface interpretations for Lakota (Lower Cretaceous)

structure and "Basal Permian" structure. A Greenhorn (Upper
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Cretaceous) structural map and a Greenhorn - Baéél Permian
isochron, originally included in the report, wére missing
from the copy in KN Energy's files.

Structural elevations for the Lakota and Basal Permian
are depﬁh values which were derived from correlation picks
by NGC interpreters from the original seismic records, and
were converted from two-way time to depth using a linear
velocity function. _Theée structural data at each shot point
were used in the present study to generate.independent

interpretations of Lakota structure, Basal Permian

. structure, and a Lakota - Basal Permian isopach.

‘A part of a sonic log from well 1235 (Figure 5-25)

" 'shows formation tops for the interval between the D

Sandstone and the Wolfcampian Chase Group. A synthetic

seismogram (Figure 5-26) generated from sonic-log data is

" compared to the seismic record at shot point 51, located
"about 2.5 mi (4 km) east of well 1235. Original (NGC) picks
for reflectors believed to be associated with the Niobrara,

*Greenhofn, Dakota (D Sandstone), Lakota, and "Basal Permian"

are shown on the shot point 51 seismic record. The shot
point record and the reverse polarity synthetic seismogram
correlate at the Niobrara, D Sandstone, and Lakota levels.
The Basal Permian refiector on the seismic record appears to
be associated with an acoustic contrast deeper than the

Wolfcampian pick from the synthetic seismogram.
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Seiémic structure at the level 6f the Lakota reflector
(Figure 5-27), generated by the author using original NGC
seismic record picks, reveals the Big Springs anticline and
the pronounced structural depression immediately to the
east. Based on this intérpretation, over 200 £t (60 m) of
structural relief exists at the Lakota level. 4

Assuming the Big Springs structure is related to
flexure over a Permian salt edge, the amount of salt-related
seismic isochron thinning within the Permian can be
predicted. Figure 5-28 shows the calculated amount of
thinning within the Leonardian, based on three assumptions:
(1) that a total of 100 ft (30 m) of lowgr Leonardian and
Wolfcampian salt (salts 10, 11/12 and 13 encountered in well
1235) is present along the eastern margin of the fiéld; (2)
that salt is absent immediately east of the field; and,
possibly, (3) that the eastern limit of salts 7 and 9
(present in well 1239) may extend as far east as the western
part of the seismic survey area. _ _

Calculated two-way travel time throughlloo ft (30 m) of
salt, with an average velocity (for pﬁre halite) of 14,925
ft/sec, is 13 msec. Calculated two-way travel time through
220 ft (67 m) of salt (the combined thickness of salt
drilled in well 1239, which encountered salts 7, 9, and a
thicker salt 10) is 29 msec. Thus, aSSuming that salt
thickness is the primary control on the thickness of the

interval between the Lakota and subsalt Permian strata (as
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Figure 5-27. Seismic structure drawn on Lakota reflector,
using NGC correlation picks. Contour interval 50 £t (15 m).
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well as the D Séndstone - subsalt  interval), removal of all
of the salt could result in as much as 29 msec of isochron.
thinning from the western part of the‘seiémic survey area to
the synclinal area east of the field.

One problem which may introduce error using the above
assumptions is that the salt intervals on the well 1235
sonic log do not appear to be pure halite.. Average velocity
through the salt zones'appears to be ;loser to 14,300 ft/sec

(due to the presence of impurities, shale breaks, and thin

anhydrite zones), rather than 14,925 ft/sec for pure salt.

However, dissolution would remove only the soluble halite,
leaving insoluble residue in the collapse areas. Although
the net halite thickness cannoﬁ be determined from the sonic
log, it is apparent that the amount of interval thinning due
to salt removal would'be somewhat less than the gross salt
thickness.

Another possible source of error involves the original
correlation picks on the seismic records by NGC interpfeters
and the conversion of these time values to depth values,
using a linear velocity function. Bécause original éeismic
recoras are not available (with the exception of two), the
author must rely on the originél NCG picks and depth
conversion for data which are used in structural and isopach
interpretations.

Fortunately, the twg seismic reco;ds (SP 51 and SP 78),

which are included in the NGC report as typical records
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(Figure 5-29) were acquired in areas which allow for study
of a salt dissolution origin for the Big Springs structure.
The interval between a reflector believed to be associated
with the Lakota and a Basal Permian reflector thins from 196
msec at shot point 51 (located in an area of presumed thick
salt) to 174 msec at shot point 78 (located in a presuméd
no-salt area). Assuming that thinning is due to complete
removal of salt at shot point 78, 22 msec of thinning
corresponds to an calculated salt thickness of 164 £t (50 m)
at shot point 51. This estimate appears to be reasonable,
since it is intermediate between the 102 ft (32 m) of salt
in well 1235 and over 200 ft (60 m) of salt in wells to the
west.

Thickness values for the Lakota - Basal Permian
interval at each shot point were calculated by the author
from seismic-based structural data (depth values) in the NGC
report for the Lakota and Basal Permian reflectors. A
Lakota-Basal Permian isopach (Figure 5-30) reveals an area
of significant thinning just east of the field, which is
coincident with the suspected no-salt area on the D
Sandstone and Lakota structure maps (Figures 5-4 and 5-27).

Interval isopach values, which range from over 1000 £t (300

m) along the western edge of the seismic survey area to less

than 850 ft (250 m) just east of the field.
An area in the central part of the survey coincides

with the area of field discovery and initial development.
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Figure 5-30. Seismic-based Lakota - Basal Permian isopach,
using NGC correlation picks. Contour interval 25 ft (8 m).
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This is aﬁ area of sparse seismic control, probably due to
concerns dealing with the distance between shot points and
produciné wells which existed at the time of the seismic
survey.

Lakota - Basal Permian interval thinning at the eastern
margin of the field is apparent in cross-section view
(Figures 5-31 and 5-32). On each of these cross sections, D
Sandstone structure, derived by.the author from wells |
located near the shot point traverses, is compared to

seismic-based Lakota structure and seismic-based Lakota-

. Basal Permian interyal thickness, using data from the'NGCw

report. Structural discordance between the D and the Lakota

" can be attributed to (1) higher density of seismic data
~along each line of cross section relative to a limited
. number of wells and (2) position of wells off the seismic

" traverse lines.

Lakota - Basal Permian thickness maxima of about 1000
ft (300 m) below the field along the southern traverse
(Figure 5-31) contrast with a minimum of 870 ft (265 m) at
the eastern end df the line. The interval thins from 992 ft
(300 m) belowvthe field to 840 ft (255 m) in the synclinal
area alon§ a traverse to the north (Figure 5-32). An
increase in intgrval thickness to over 900 ft (275 m),
coupled with a seismic-based Lakota-level anticline at the
eéstern-end of this cross section may be due to incompléte

removal of salt and may indicate a salt outlier to the east.




246

S BIG SPRINGS S
vdl}# 52 (88t 182 e {I-ss ©zzz 223 ﬁ}"m 0 78 ?ae
A A A a o A A A p-y A A
+400- l -
«350
D Sandstone Sfrucéure S

O = e ot e e - - ——— - ——
o——/(—\/‘ G/W contact

. +300~ (Data from well-log picks.) ' -

-3

“Lakota” Sfrucfufe | A\

- sL.- N N -
. / \A\\A—"“A\A / A\A

-100— (Data from NGC report.) _
/ S P

1000 A= a PGl -

- A -
A/ A\ / \ 2" a / .
. "\,
900_ Lakota"-'Basal Permian” Thickness _
' ' a
Na

Figure 5-31. ' East-wést seisfnic and well iog cross section
across southern portion of Big Springs field.



247

uoT309s

v

wos -\,

"PTOTF sbutads HTg JO uofizxod uIxaylIou sSsoIoe
SSOI0 HOT T[OM pue DTWSTIS JSOM-3sSei ‘'Zg-G 2anbtd

v
\\X\\MT
v \ ssouyoly | UDJULISY [DSDE,-, DONDT,

f

A.UHOQO.,H OON WOXF mumdv ot\\l/ld .\\4
v I/ \ \ ../Qll..\. ./
000! — 9ot v eer
= vgol-
— enjonys ,0joyp,,
- — - TS
. Qo
\ N  (*syo71d BOT-TTaM Wox3 e3eq)
N\ .
goz| \ - e = = —00g*
Noo- ooy === 77T
" , |
o .Ak\uz‘:m 8uojspuns (
v v v \'4 v v v v’ v v \4 v
- gl 28! ott . il ¥0¢ 98l. 8v! ofll ‘a! iat 8l ¥ai 32
o 03
N

SONIYLS 919 _ N




248

Seismic-based thickness trends across the Lakota -

Basal Permian interval (Figure 5-30) appear to support a
salt dissolution hypothesis for the Big Springs structure.
Northeast-trending isopach minima to the east of the field
are believed to be due to thinning or absence of salt,
whereas isopach maxima to the west are likely due to an
increase in salt 10 thickness or the presence of salts 7
and/or 9. |

An additional line of support for salt dissolution at
Big Springs is water-éalinity data. A plot.of D and J

sandstone formation-water salinity (Figure 4-27) reveals

several high-salinity values at Big Springs. This may be an

indication of upward movement of salt solution-derived

brines into Cretaceous reservoirs.
Possible Mechénisms for Salt Removal

Removal of salt in the Sidney trough area (Chapter 4)
was ascribed to ;ggional groundwater flow from the Lyons
Sandstone along a linear facies.change to salt. 1In
conﬁrast, existing deep-well data do not indicate the
presénce of an updip facies change from sandstone at the
Lyons (Cedar Hills) level to salt in the area of Deuel and

Garden Counties, Nebraska, surrounding Big Springs field

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

Three alternate explanations are offerred as possible
mechanisms for thebabrupt 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 CedarlHills Sandstone from the
Chadron arch; and (3) south-directed regional groundwater
'flow within Jﬁrassic strata from outcrops along the Chadron
arch during the Early Tertiary. These mechanisms, which are
discussed briefly below, are discussed on a more regionsl

. .scale in Chapter 8.
----- -  “‘ Using seismic data, Squires (1986) interpreted a major
basemént-related shear'complex in Sedgwick County, Colorado.
This shear zone extends northeastward through the Red Lion

- salt dissolution feature (Figuré 2-14) toward the northeast

cornef of Colorado (southern limit of Big Springs field).'
Bssement faults were also shown in this area (Figure 2-1) by
- Tweto (1980), although the basis for the locations of his
faults is unknown. Basement faulting along the eastern edge
of Big Sprihgs field may be reflected 6n a basal Permian |
I” (subsalt) sﬁructural interpretation (Figure 5-33). Although

some of the structural relief at the subsalt level can ‘be

ety

attributed to false velocity pullup below salt, the Permian-

.leﬁel depression may also be partly due to vertical

—

basement-involved movement. This may indicate the presence
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of fractures which may have allowed for introduction of

fluids to the salt interval along fractures, initiating salt

" dissolution and resultant collapse of overlying strata.

A second possible explanation for salt removal at Big
Springs invokes regional, southwestward-directed groundwater
movement from the Cedar Hills Sandstone (Lyons equivalent to
the east, Figure 4-21). Thick Cedar Hills sandstone is
present on the Chadron arch, in the ﬁortheaStern corner of
the regional study area. Laramide uplift-along the arch may
have initiated downdip (southwesterly) groundwater flow
within the regional aquifer. Hydraulic gradient may havg

forced the migration of water from the Cedar HilIS'aIOngﬂé

. regional facies change from sand to salts (whose original

extent was east and northeast of Big Springs field.

- Continued introduction of water and resultant collapse-

. induced fracturing may have allowed for a southwestward

"frontal attack" of salt, resulting in removal salt to its

"present'limit east of Big Springs, Chappell, and McCord-

Richards fields.

A third possible explanation for salt removal at Big
Springs invokes regional south-directed groundwater flow
within Jurassic sandstone units (Morrison Formation and
possibly Sundance Formation) during Eafly Tertiary to
Oligocené time. Jurassic rocks presently lie directly below
Oligocene strata along the crest of the Chadron arch |

(DeGraw, 1969, 1971; Swinehart et al., 1985). Thus, the
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basal sandstone member of the Morrison (and perhaps
sandstone 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. )

Downdip groundwater.flow to the southwest from recharge
areas on the arch may ha&e been redirected to the south,
within thick Jurassic sandstone units (within a north-south-
trending Jurassic isopach maximum, Chapter 8). Groundwater
may have been introduced to the Leonardian salt interval,
which lies below the pre-Late Jurassic unconformity in this
part of the basin (Figures 3-3 and 4-11). Recharge may have
been restricted with the deposition of relatively

impermeable sediments of the White River and Arikaree Groups

on the pre-Oligocene surface.
SUMMARY AND CONCLUSIONS

This chapter focuses on the Big Springs field, the
second largest gas field in Nebraska. Subsurface analysis,
which incorporated well data from D Sandstone wells, seismic
data across the field, deep well data in the vicinity, and D
Sandstone core and petrographic analysis, results in a
number of interpretations which relate the occurrence of

Permian salt at depth to the gas-productive anticline at Big
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S?rings. The following conclusions result from a subsurfaceb
study‘df ﬁig Springs field:

1. Gas at Big Springs is structurally trapped along
Ithg axis of a north-south-trending anticline. Production is
from a thick sand unit at thg top of the D Sandstone
interval.

‘2. The D Sandstone reservoir is a fine- to very fine-

‘grained, well sorted sublitharenite. Sandstone cores
contain both clean, bedded zones and highly bioturbated
.zones with abundant shale laminae, which act to reduce
wpermeability. Reservoir porosity and permeability are

_enhanced by leaching of chemically unstable grains.

3. Reservoir geometry and orientation and the

:‘istratigraphic.position of the reservoir at the top of the D

Sandstone interval suggest that the upper D gas reservoir
formed in a marine environment. Sand was likely reworked
during tfansgression which resulted in_depositioﬁ of the |
overlying Gréneros Shale.

4. The gas-productive anticline is located along a
north-south-trending regional flexure. A deep Cretacebus—

level syncline is present just east of the field. Structural

~relief is over 200 ft (60 m) in places. ‘Structural

concordance at the D Sandstone level with shallow structure

'suggests post-Cretaceous deformation.

5. Single-point reflection seismic data reveal Lakota-

level (Lower Cretaceous) structural concordance with D
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Sandstone structure based on well data.- However, seismic
data indicate that structural discordance is Present between
the Lakota and subsalt basal Permian reflectors.

6. Thinning of the Lakota - basal Permian interval on _
seismic data coinéides with Cretaceocus-level structural lows
just east of the field. Interval thinning is attributed to
reﬁoval of Permian salt.

7. In contrast to the Sidney trough (where salt appearé'
to have been removed along its facies change into
sandstone), explanation of a cause for salt removal at Big
Springs is more problematic.. Several alternate mechanisms
for introduction of water to the salt interval at Big
Springs can be offerred. These include fracturing
associated with basement movement, southwestward regional
groundwater flow from the Chadron arch within the Cedar
Hills Sandstone, and Early Tertiary groundwater flow from

the Chadron arch within thick Jurassic sandstone units.
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