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On The Cover

The Springer Britt reservoir occurs throughout much of the Anadarko Basin and Shelf areas in western
Oklahoma. Shown here is the distribution of productive sandstone trends (pink) and correlative carbonate
facies (blue). Areal distribution patterns of the Britt sandstone are usually oriented northwest to southeast
except along the eastern part of the subsurface trend map where they are predominantly north to south.
During Britt time, sand was transported into the basin via deeply incised south-trending river channels.
This sand was then reworked by marine processes forming off-shore bars that parallel ancient shorelines.
Farther to the northwest, Brit interval changes facies from sandstone to shale and finally to carbonate
strata. In the Oklahoma Panhandle, the Britt carbonate forms one of the most prolific gas reservoirs of the
region. Regionally persistent shale marker beds permit this correlation. In the past, Britt and Boatwright
carbonates were informally identified as the Chester limestone.
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PREFACE

This volume contains proceedings of the 17th annual two-day theme symposium “Morrow and
Springer in the Southern Midcontinent” Because these traditional sandstone reservoirs are some of the
most prolific in the southern Midcontinent, their hydrocarbon resources have been, and currently are,
the premier exploration and development targets for recovery of oil and gas economically. Information
critical in delineating production trends, subsurface mapping, stratigraphic nomenclature, trapping
mechanisms, logging and well stimulation, seismic imaging, and secondary recovery is important to
facilitate exploitation of these resources. To aid in disseminating this information and technology, the
Oldahoma Geological Survey (OGS) and the U.S. Department of Energy, National Energy Technology
Laboratory (DOE-NETL) in Tulsa cosponsored this event. It was held May 10-11, 2005, at the Clarion
Hotel Meridian Convention Center in Oldahoma City. About 250 attendees were present making it
one of the most popular workshops in this series. Twenty-one speakers made presentations, and four
individuals contributed poster sessions. From this pool, 10 speakers submitted manuscripts that are
printed here as full papers. The remaining 11 talks are represented by abstracts.

Topics presented at this symposium are extremely varied and include a mixture of studies com-
pleted by consulting geologists, geoscientists in the local petroleum industry, and geoscientists from
prominent universities and state geological surveys. Research concepts and conclusions, stratigraphic
nomenclature and correlations, and age determinations used by the various authors in this volume
do not necessarily agree with those of the OGS.

Persons involved in the organization and planning of the symposium include Richard Andrews,
general chair and poster chair; Michelle Summers, meeting coordinator; Bill Lawson of DOE-NETL;
and Charles Mankin, director of the OGS. Other OGS personnel who contributed greatly include Tam-
mie Creel, registration chair; and Connie Smith, publicity chair. Appreciation is expressed to each of
them and to the many authors who helped achieve this successful symposium.

RICHARD D. ANDREWS
General Chairman
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Oklahoma Geological Survey Circular 111, 2008

Morrow and Springer Strata in the Southern Midcontinent

Richard D. Andrews

Oklahoma Geological Survey
Norman, Oklahoma

ABSTRACT.-—The Late Mississippian and Early Pennsylvanian mark a period of time when prolific
sandstone reservoirs in the Southern Midcontinent region were deposited. Formal names of these res-
ervoirs include the Springer and Morrow Groups, whereas industry personnel use numerous informal
subsurface names to identify specific sandstone intervals throughout the region (Fig. 1).

The Springer Group is Late Mississippian to Early Pennsylvanian in age and contains multiple sand-
stone units primarily within the Anadarko and Ardmore Basins. Cumulative production from these
reservoirs is ~5.3 trillion cubic ft of gas (TCFG) and ~902 million barrels of oil (MMBO) from ~2,600
wells (IHS Energy, 2005). Sandstone occurs mostly in the form of marine bars, although incised chan-
nel deposits that trend southward into the Anadarko Basin are also recognized. In the deepest part of
the Anadarko Basin, and throughout most of the Ardmore Basin, the lowermost sandstone unit in the
Springer Fm. is interpreted to consist of north-trending turbidites. The Springer changes facies in a
northwesterly direction, where it grades from sandstone to shale and then to limestone. In northwest-
ern Oklahoma, and in the Oklahoma and Texas Panhandles, this carbonate is most often referred to
simply as the “Chester,” although this specific rock unit actually lies beneath the Mississippian Springer.
Cumulative production from the Springer carbonate is ~3 TCFG and ~24 MMBO from ~3,500 wells
(IHS Energy, 2005).

The Morrow Group is Early Pennsylvanian in age and includes sandstone reservoirs primarily in
the Arkoma and Anadarko Shelf and Basin areas. In the former, the lower Morrow produces from the
Cromwell Sandstone. Cumulative production from this reservoir is 884 BCFG and 123 MMBO (IHS
Energy, 2005). The Cromwell Sandstone, noteworthy for its excellent porosity and permeability, was
deposited in a very shallow marine (shelf) environment. In contrast, the Anadarko Basin and Shelf ar-
eas contain widespread sandstone in both upper and lower Morrow intervals. Cumulative production
of the Morrow from ~14,000 wells in Olklahoma and the Texas Panhandle is 23 TCFG and 550 MMBO
(IHS Energy, 2005). Like the Springer, most Morrow sediments were derived from fluvial corridors that
extended into the basin from the north. Therefore, depositional environments were dynamic, resulting
in intermingled sandstone facies of fluvial, tidal, and marine deposits. One component of the upper
Morrow along the southern margin of the Anadarko Basin is chert. This mineral is believed to have
been derived from erosion of the Ordovician Viola during the Wichita orogeny. The coarse clasts of
chert are a conspicuous component of sandstone and conglomerate wash that prograded northward
into the basin. Because of diagnostic chert inclusions within these strata, the upper Morrow defines the
relative age of pre-Pennsylvanian erosion. Therefore, by late Morrowan time the Wichita Mountains
were already an eroded positive province such that the very first movements probably were early Mor-
rowan or slightly earlier.

Also Early Pennsylvanian in age, the Jackfork Group represents deep-marine facies of the Morrow
in the Ouachita Uplift of southeastern Oklahoma. Strata associated with this rock assemblage include
turbidites that formed the main gas reservoir in the Potato Hills Field. There is considerable explora-
tion interest in this rock sequence in adjacent areas of the Ouachitas, because this province is largely
underexplored and the gas-reserve potential is high.

SPRINGER

During Late Mississippian and Early Pennsylvanian time,
much of southern and western Oklahoma was covered by
seas. Deposition during the first part of this period (early
Springer) was almost entirely of open-marine origin, and
sediments consisted mostly of clay with occasional pulses of
(deep-water?) sand. Several thousand feet of black shale is
recorded in the deep Anadarko Basin, whereas this shale thins
to only a few hundred feet eastward into the Arkoma Basin of
Oklahoma. This shale interval is the Goddard Shale.

Strata in the upper part of the Springer Group are much
different, because sandstone is a major component. In the
subsurface Anadarko Basin, three main sandstone intervals
are present, each composed of one or more distinct sand-
stone units. From oldest to youngest, these members include
the Boatwright, Britt, and Cunningham (Figs. 2-4). Roughly
equivalent subsurface sandstones occur in the Ardmore
Basin: the Sims, Humphreys, Aldridge, and Markham. The
surface equivalents are the Rod Club, Overbrook, and Lake
Ardmore Members. Springer-age sandstone also occurs in
the Arkoma Basin of eastern Oklahoma, where it is informally

Andrews, R. D., 2008, Morrow and Springer strata in the southern Midcontinent, in Andrews, R. D. (ed.), Morrow and Springer in the southern
Midcontinent, 2005 symposium: Oklahoma Geological Survey Circular 111, p. 1-11.
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The Cunningham sandstone shales out to the
northwest and has no carbonate facies.

MORROW

The regional distribution of Morrow sediments in Okla-
homa and parts of Texas and Arkansas is shown in Figure 5.
Various depositional facies are indicated, which extend across
much of southern and northwestern Oklahoma, northwestern
Arkansas, and the Texas Panhandle. The Morrow is eroded
over much of south-central Oklahoma for several miles (or
even tens of miles) on either side of the Nemaha Fault Zone.
It is likely that the Morrow was not deposited in north-central
or far southwestern Oklahoma because of the rising structural
provinces of the Nemaha and Wichita Uplifts, respectively.
Farther south, in the Ardmore Basin, Morrow sandstone
probably did not extend much farther south than the city of
Ardmore. Evidence for this comes from the Primrose Mem-
ber, which at outcrop has no obvious textural profiles or sedi-
mentary structures typical of shelf bar deposits. Rather, the
Primrose near Ardmore is more typical of deeper water de-

Figure 1. Stratigraphic-nomenclature chart of the Springer and Morrow Groups and
bounding strata relevant primarily to western Oklahoma. Modified from Andrews
(1995, 1999, 2001, 2003).

posits: very fine-grained to silty sandstone with predominatly
thin, parallel bedding; abundant glauconite; beds containing
plentiful sponge spicules; and the absences of shallow-water
invertebrates. Farther east in the Arkoma Basin (Fig. 5), the
Morrow contains thick accumulations of marine bar sand-
stone that shale out north of the Choctaw Fault. In the Qua-
chita Mountain Uplift in far southeastern Oklahoma, deep-
water turbidites of the Morrowan Jackfork Group comprise
the principal reservoir in the Potato Hills area.

Morrow in Southeastern Oklahoma

Morrow sandstone occurs throughout much of the Arkoma
Basin and is widespread in parts of the Ouachita Uplift. In the
former, the sandstone is formally called the Cromwell Sand-
stone Member of the Union Valley Formation. In the latter, the
sandstone occurs as turbidites within the Jackfork Group.
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Figure 5. Map showing paleogeographic reconstruction of the Morrow in Oklahoma and western Arkansas. Interpretations in Arkansas

are modified from Sutherland (1988).

CROMWELL SANDSTONE

Most of the Cromwell Sandstone occurs in thick, north-
south-trending marine bars just east of the Arbuckle Uplift in
the western half of the Arkoma Basin (Fig. 6). The proximity
and sandstone thickness in this part of the basin indicate that
the source of the sand was from the west-northwest, although
any evidence of this presumption is lost by erosion. There are
no known sediment-supply corridors extending from the im-
mediate north and east; additionally, the Cromwell shales out
southward into the basin. On a regional scale, the Cromwell
interval gradually thins and contains increasingly less sand-
stone to the east and north. In the shallow subsurface flank-
ing the southwestern edge of the Ozark Uplift, the unit con-
tains mostly shale. On outcrop in the Oklahoma Ozarks, the
Morrowan is composed mostly of bioclastic limestone with
subordinate amounts of marine sandstone and shale. The
emergence of limestone in this interval typifies a shallowing
depositional tendency to the east that is gradational from a
carbonate ramp to tidal-flat (subaerial) deposits. In north-
western Arkansas, sandstone in the Morrow is dominantly of
fluvial origin, but these river systems trend to the south and
are sediment-supply corridors for the Morrow mostly in Ar-
kansas; they do not provide much coarse clastics for the Crom-
well in Oklahoma.

Jackfork Group

Directly south of the Choctaw Fault, which is the southern
boundary of the Arkoma Basin, the Morrow consists mostly of
calcareous shale. This “shale corridor” defines the open-ma-
rine facies of the Morrowan sea that persisted throughout the
region. However, south of the Morrow shale corridor are tur-

bidite sandstone sequences that belong to the Jackfork Group.
The most widely known surface location of these deep-ma-
rine sandstone deposits is in southern Le Flore County near
Big Cedar. The same sandstone facies continues west into
the subsurface and is productive in the Potato Hills Gas Field
(southwest of Talihina). Another good exposure of the Jackfork
is ~6 mi south-southeast of Rattan (east of Antlers), where it is
~200 ft thick (N. H. Suneson, personal communication, 2005).
It would seem intuitively reasonable to presume that these
turbidites were transported off the shelf by means of south-
west-trending feeder channels. However, no subsurface- or
surface-mapping evidence is known by this author to support
this assumption.

Morrow in the Western Part
of the Southern Midcontinent

Upper Morrow (Fig. 7)

In the Oklahoma and Texas Panhandles, southwestern
Kansas, and southeastern Colorado, the upper Morrow con-
tains coarse-grained sandstones and conglomerates consis-
tent with incised channel deposits. These fluvial systems trend
to the southeast, and their source was from igneous terranes
in Colorado. The clastics contain significant amounts of feld-
spar and are classified as feldspathic or arkosic sandstones.
At the opposite end of the Anadarko Basin, both in Oklahoma
and Texas, chert washes were deposited along the northern
flanks of the rising Wichita Mountains. These deposits spread
northward up to 20 mi into the deep Anadarko Basin as lobes
of fan deltas. In between, in restricted areas within the deep,
southeastern part of the Anadarko Basin, the upper Morrow
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produces from fine-grained clastics that typify most Morrow
sandstones.

Lower Morrow

The lower Morrow is generally defined as that sequence
within the Morrow Group that underlies the Squaw Belly: limy
strata roughly in the middle of the group that are widespread
throughout much of the Southern Midcontinent. Sandstone
is common within the lower Morrow, forming some of the
most prolific reservoirs of gas and condensate. This sandstone
occurs in two main intervals. Figure 7 shows the upper part
has no commonly accepted name, whereas the lower part is
known as the Primrose. In the Ardmore Basin the latter is a
formal surface name. The areal-distribution pattern of lower
Morrow sandstone in the Anadarko Basin and Shelf areas
having known hydrocarbon potential. These sandstones also
extend deeper into the basin, where cementation significantly
reduces porosity and permeability. Nevertheless, these deeper

Anadarko Basin

areas remain good exploration targets because overpressuring
commonly compensates for poorer reservoir quality.

MORROW SIMILARITIES

Morrow strata have remarkable similarities throughout
much of the Southern Midcontinent (Fig. 8). The section that
is referred to as upper Morrow is composed largely of marine
shale with local bursts of coarse clastics. The middle part of
the Morrow is defined by a limy zone called the Squaw Belly
(Anadarko Basin) or the Union Valley Limestone (Arkoma Ba-
sin; Figs. 1, 8). Beneath this marker zone is the lower Morrow,
which is usually dominated by sandstone. In the Anadarko
Basin the upper part of the lower Morrow has no commonly
accepted or formal name; in eastern Oklahoma, where it oc-
curs in the Arkoma Basin, it is designated the Upper Cromwell
Sandstone. A second main sandstone interval occurs beneath
this one and is designated the Lower Cromwell Sandstone or
Primrose Sandstone (Anadarko and Ardmore Basins). Un-
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Figure 8. Geophysical logs showing comparison of Morrow stratigraphy in the Anadarko Basin of southwestern Oklahoma and the

Arkoma Basin of southeastern Oklahoma. From Andrews (2003).
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Figure 12. Graph showing annual oil and gas production from
the Morrow Group (excluding the Cromwell) in Oklahoma and
the Texas Panhandle. Data tabulated through 2004 from IHS
Energy (2005).
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Figure 13. Graph showing annual oit and gas production from the
Cromwell Sandstone in southeastern Oklahoma. Data tabulated

through 2004 from IHS Energy (2005).

a per-well basis, the Cromwell ranks high in oil production
(~61 MBO/well) but relatively low in average gas production
(~439 MMCF per well). Importantly, production depths of
the Cromwell are considerably less than those of the Morrow
and Springer in the Anadarko Basin, so the economic value
of Cromwell gas, when considering drilling, completion, and
operating costs, should still be high.
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Secondary Oil Recovery from the Upper Morrow Purdy Sandstone

in Rice NE Field, Texas County, Oklahoma

Richard D. Andrews

Qklahoma Geological Survey
Norman, Oklahoma

ABSTRACT.—Rice NE Field is primarily an oil reservoir in western Texas County in the Oklahoma
Panhandle (Fig. 1). It was discovered in 1963 by Apache Corporation, and production comes from
two upper Morrow sandstone units. The reservoir consists of coarse to very coarse grained arkosic
sandstone of fluvial origin deposited within incised valleys.

This study summarizes the results of a waterflood that began in 1994. Until that time, primary
oil recovery from the Purdy “C” sandstone was only ~650,000 barrels of oil (650 MBO) or <7% of the
original oil in place (OOIP). Modeling indicated a potential incremental oil recovery of up to 3.2
million barrels of oil (MMBO). The inception of waterflooding encountered numerous problems
with old production tubing, but the project nevertheless was very successful. To date, cumulative
secondary oil production is ~1.2 MMBO (IHS Energy, 2005), which is almost twice primary pro-
duction but only about one-third of expected recovery. Recovery efficiency for both primary and
secondary oil is ~19%.

The less-than-expected waterflood oil production is probably attributable to permeability and
porosity variations that permitted water breakthrough and nonuniform fluid movement within the

reservoir. Also, a contributing factor may be lower-than-expected oil saturation.

STRATIGRAPHY

Within the study area the Morrow Group is 500-600 ft thick
and contains two main sandstone intervals: the upper Mor-
row Purdy and the lower Morrow Keyes (Fig. 2). These two
intervals are separated by a limy zone informally called the
Squaw Belly. The upper Morrow contact is with the Atoka
Thirteen Finger limestone, which is distinguished by thin,
high resistivity limestone beds. The lower Morrow boundary
is the top of the Mississippian “Chester” limestone, which is
probably correlative with one of the Springer carbonates.

The principal reservoirs in the immediate study area in-
clude the upper Morrow sandstones. These are informally
identified as the Purdy “B” and “C” Although both sandstones
produce within the field, only the lower sandstone, the Purdy
“C, was waterflooded. Some additional secondary oil remains
in the upper sandstone, although potential recovery from this
reservoir is aggravated by limited areal extent and small-scale
compartmentalization.

Both upper Morrow Purdy sandstone units have fluvial ori-
gins within an incised-valley depositional setting. These chan-
nels extend to the south-southeast from terrigenous source
provinces in Colorado and western Kansas. They eventually
end in a shallow-marine embayment in northwestern Okla-
homa and northern Texas (Fig. 3).

Upper Merrow Purdy “B” Sandstone

The upper Morrow Purdy “B” sandstone occurs primarily
in the northern part of the field and was exploited soon after
discovery. Within the field, this sandstone unit reaches thick-

MAPPED AREA
OF

RICE NE FIELD

CIMARRQO
COUNTY

TEXAS BEAVER
COUNTY COUNTY

RICE NE FIELD

RICE NE FIELD

LT

Figure 1. Generalized location map of Rice NE Field in western
Texas County, Oklahoma.

Andrews, R. D., 2008, Secondary oil recovery from the upper Morrow Purdy sandstone in Rice NE Field, Texas County, Oklahoma, in Andrews,
R. D. (ed.), Morrow and Springer in the southern Midcontinent, 2005 symposium: Oklahoma Geological Survey Circular 111, p. 13-25.
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resistivity; COND. = conductivity; DEN = density; NEU = neutron.

nesses of 22 ft but is usually much thinner and probably aver-
ages <10 ft thick. Typically, the Purdy “B” thickens and thins,
or becomes discontinuous over relatively short distances of
a third of a mile (see Fig. 4, cross section A-A’). Porosity and
permeability reductions further restrict the areal extent and
thickness of net sandstone such that compartmentalization
occurs in three separate pools (Fig. 5). Each of these contains
separate gas-oil and oil-water contacts. Although the “B”
sandstone continues farther to the northwest, it is displaced
upward by a major north-south-trending fault, and the sand-
stone directly west of this fault is wet.

Upper Morrow Purdy “C” Sandstone

This interval is the principal reservoir in the field and is the
interval subject to secondary-recovery efforts. The net Purdy
“C” sandstone reaches almost 40 ft in thickness but averages
less than half this throughout the field. Consequently, sand-
stone thickness, areal distribution, and reservoir properties

are highly variable, as shown in cross section B-B’
(Fig. 6). Sandstone deposition is most significant
directly down-flow of a meander bend from where
the river was redirected southward (Fig. 7). This
event may have occurred in response to initial up-
lift of the north-south-bounding fault to the west.

As shown in Table 1, the upper Morrow Purdy
sandstone is composed largely of quartz (~70%),
plagioclase (~15-18%), and clays (~12%). Trace
amounts of potassium feldspar and ankerite are
also present (Harpham, 1996). Therefore, the rock
is technically a feldspathic or arkosic sandstone.
Of importance is the clay content, because most
of this constituent consists of kaolinite (~70-80%
of the clay content) and chlorite (16-22%). The ka-
olinite is particularly troublesome during produc-
tion or pressure surges that dislodge clay platelets,
causing them to plug pores. In a similar manner,
chlorite reacts with hydrochloric acid (routinely
used in acid cleanup of wells), forming an insol-
uble residue that also plugs pores.

Routine porosity of the upper Morrow in the
southern part of Rice NE Field shows a good re-
lationship to permeability (Fig. 8). These data in-
dicate that sandstone with a net porosity of 210%
has permeability in the range of 1-100 millidarcies
(md). Actual values are provided in the inset table
of this graph.

o
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o
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e
o
¢
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STRUCTURE

Although trapping in Rice NE Field is purely
stratigraphic, structural displacement probably
had a significant role in sandstone distribution
and ultimately in hydrocarbon emplacement.
As shown in Figure 9, two prominent northeast-
trending faults bracket this field. The western fault
has a displacement of ~600 ft (up to the west), and
initial movement probably redirected fluvial pat-
terns southward.

The southwest part of Rice NE Field is the struc-
turally highest part of the field. Most of the field lies within a
trough that extends to the northeast. The hydrocarbon col-
umn is ~250 ft, with the upper 50 ft or so constituting the gas
cap. The oil-water contact partially circumscribes the field to
the north and northeast.

HYDROCARBON PRODUCTION

Total gas production of ~3.4 BCF is largely reflected by
recovery from one well drilled to the gas cap of the Purdy
“C" reservoir. Primary oil production totals almost 1 MMBO,
with 333 MBO attributed to the Purdy “B” and 651 MBO to
the Purdy “C” (which was waterflooded). Production started
in 1963, primarily along the northern part of the field, and de-
clined steadily during the next 18 years. It was not until 1981
that the main part of the field was discovered directly south of
the initial producing area. This field extension constitutes the
bulk of the Purdy "C” reserves, both primary and secondary.
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Figure 3. Map showing Morrow fluvial systems in the Midcontinent.

The jump in production, starting in 1982 (see graph, Fig. 10),
reflects this development. In subsequent years, extending into
1994, production again declined to just over 10 barrels of oil
per day (BOPD) for the entire field. At this time, Ensign Op-
erating Company of Denver began secondary waterflooding.
Within about a year, production spiked to several hundred
BOPD, which is a larger volume than during any of the pri-
mary recovery periods. Nevertheless, secondary production
started to decline rapidly, beginning in 2000, nearly 6 years
after the flood began. To date, secondary recovery is 1.19
MMBO. Production data are tabulated in Table 2.

THE WATERFLOOD

Beginning in early 1994, Ensign started injecting water into
the reservoir at the rate of ~200,000 barrels of water per month
or about 600-700 barrels of water per day (BWPD) per well.
About 10 wells were designated as injection wells, and 9 wells
for production. Figure 11 shows the fillup bubble map after
1 year. (Harpham, 1996). At this stage of injection the res-
ervoir had a rapid response in oil production. Wells directly
downdip from the gas cap in a band extending northeast to
southwest across sec. 22 began producing large volumes of
oil, banked by the advancing water (Fig. 12). This is the area

of primary response, which eventually spread to producers
farther north in sec. 15.

Now, >10 years later, the period of secondary recovery
has matured to a rate of only ~20 BOPD, down from a high of
almost 900 BOPD. Cumulative incremental oil production is
almost 1.2 MMBO, which is almost twice the primary produc-
tion. The total recovery is ~19% of the OOIP. The response
of this waterflood is graphed in Figure 13. Oil production is
current through 2004; however, water-injection and produc-
tion data were available only through the first half of 1998.
Nevertheless, the trends can be easily inferred during sub-
sequent years.

Modeling of the Rice NE reservoir resulted in the predic-
tion of an additional recoverable 3.2 MMBO. This is almost
3 times the volume actually recovered. Errors in this predic-
tion probably are attributed to unaccountable fluid move-
ment from variations in porosity and permeability. Oil sweep
was particularly effective, although not nearly as good as
predicted. Presumably, oil was flushed from selective zones
having preferred paths of fluid mobility. This reservoir attri-
bute is typical of fluvial deposits, and some element of “real-
ity” should have been factored into this prediction. In light of
many waterflood studies, a recovery factor of 1:1 (secondary
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Figure 5. Isopach map showing net upper Purdy “B" sandstone having porosity of >10%. Contour interval, 10 ft. Oil-water and
gas—oil contacts are shown.

vs. primary) is always hoped for but often not attained. A 2:1 REFERENCES CITED
ratio, as shown by this flood, is exceptional. . . o
A . . ) . . . Harpham, S. T., 1996, Waterflood implementation and preliminary
summary of engineering and reservoir properties of this . i .
field and .. ided in Table 3 results: Northeast Rice Morrow Unit, Texas County, Oklahoma, in
1cld and reservolr Is providedin Lable . DOE-Industry sponsored projects “Traveling Technology Work-

shops,” Spring 1996 (sponsored by BDM Oklahoma and the Pe-
troleum Technology Transfer Council [PTTC]).

THS Energy (Petroleum Information/Dwights LLC), 2005, Annual
Morrow production data.
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TABLE 1.—X-Ray Diffraction Analysis of Two
Sandstone Intervals Within Ensign’s NERMSU?
Salt Water Supply Well No. 1, NW¥NE" sec. 22,
T. 3 N., R. 10 ECM, Texas County, Oklahoma

Sample depth Sample depth

5,177 ft 5,210 ft
Whole-Rock Mineralogy
Quartz 70% 71%
Potassium feldspar — trace
Plagioclase 18% 15%
Ankerite (Fe—Mg
carbonate) — 1%
lllite—smectite trace trace
lllite + mica 1% 1%
Kaolinite 8% 10%
Chlorite 3% 2%
Relative Clay Abundance
lllite—smectite 3% 1%
lllite + mica 6% 1%
Kaolinite 69% 79%
Chilorite 22% 16%
% smectite in mixed-
layer illite—smectite 10% 10%

*Northeast Rice Morrow Sand Unit.
Source: Harpham (1996).

100 Dl

Permeability (md)
Parosity C sand VC sand
1.9 0.02
8.5 2.43
9.5 4.54
10.1 0.242
1.1 6.38
11.6 1.49
12.2 1.13 20.3
12.8 26.9
13.8 1.18
14.3 31.1
14.8 20.2
10 1Tt 15 3.99
Sl - 7.8

1 —@&— Coarse sand

| —&- Very coarse sand

| |
| | | |

] |
| |
0 2 4 6 8 10 12 14 16 18 20

Routine porosity (%)
Figure 8. Porosity-versus-permeability plot of sandstone in Rice NE Field. Data from Harpham (1996).
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Figure 9. Structure map depicting the top of
the Morrow in Rice NE Field. Contour interval,
50 ft. Waterflood unit outline and major faults
are shown, as are lines of cross sections A-A’
and B-B".
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Secondary Oil Recovery, Rice NE Field, Texas County, Oklahoma
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Figure 13. Plot showing annual oil
production, water production, water
injection, and water cut for NERMSU.
Data from Harpham (1996) and IHS
Energy (2005).

TABLE 3.—Geological/Engineering Data for the Upper Morrow
Sandstone in Rice NE Field, Texas County, Oklahoma

Morrow sandstone

Upper Purdy "B”

Lower Purdy "C”

Reservoir size
Oil-water contact
Gas—oil contact

Reservoir thickness (net
sandstone 210% ¢)

Porosity

Permeability

Water saturation
Reservoir temperature

Qil gravity

Initial formation-volume factor

OOQIP? (volumetric)

Cumulative primary oil

Primary oil-recovery
efficiency

Secondary oil recovery

Primary- + secondary-
recovery efficiency

Cumulative gas

450 acres
about 1,650 ft
about —1,587 ft

5-20 ft (avg. 9 ft)

5-24% (avg. ~14%)

940 acres
about 1,720 ft
about —1,540 ft

5-38 ft (avg. 14 ft)

5-24% (avg. ~17%)

1-184+ md

average ~12 md
25-50% (avg. 35%)
130°F

30-39° API

average ~20 md
22-50% (avg. 35%)
130°F

34-42° APl (avg. 37°)

1.156 reservoir bbl/stock-tank bbl

2,473 MSTBQOP
333 MSTBO
(82 BO/ac-ft)

13.5%

117 MMCF(?)

9,759 MSTBO
651 MSTBO
(50 BO/ac-ft)
6.7%

1,186 MBO

18.8%

3,260 MMCF

2QOriginal oil in place.

5Thousand stock-tank barrels of oil.
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Reydon and Cheyenne West Fields are in the Anadarko Basin
just west of Strong City Field. Six of the most recent 10+ BCF
producers are in Potato Hills Fieid, 12 mi southeast of Wilbur-
ton Field (IHS Energy, 2004).

GAS PRICE AND DRILLING ACTIVITY

Natural gas was commercially produced in Oldahoma for
73 years before its value rose significantly. This price increase
was the result of an unlikely chain of events when a Middle
East war precipitated an oil embargo in 1973. The resulting
dramatic domestic price increase of crude oil led to the dereg-

ulation of natural-gas prices and their ensuing rise. Increasing
demand for natural gas brought the isolated North American
market to the point at which supply (productive capacity) and
demand are now roughly equal. The nation’s inability to im-
port significant quantities of liquefied natural gas (LNG) from
overseas means that, in the short term, domestic U.S. produc-
tion (~85%), combined with imports from Canada (~15%),
must keep pace with demand. A lack of excess productive
capacity is the underlying reason for the record natural-gas
prices that the industry now enjoys (Boyd, 2004) (Fig. 11).
The history of gas drilling in Oklahoma, as in the rest of
the country, closely matches the major ups and downs in the
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recovery. Data from IHS Energy (2004).

price of natural gas. The first major increase in the price of gas
began in the late 1970s and lasted through 1985. This was fol-
lowed by a 10-year period of relatively low prices that ended
gradually with modest improvements that began in the late
1990s. The year 2000 saw a dramatic price increase that, with
the exception of 2002, has continued to rise to record levels
in each succeeding year. In Oklahoma these prices have aver-
aged almost $4 per MCF for the last 4 years; during 2004 this
average moved above $5 per MCF (Fig. 11).

Following rising prices, gas drilling was also highlighted by
a flurry of activity in the late 1970s and early 1980s. This period,
better known as the “drilling boom,” started when natural-gas
prices began their sharp rise. The drilling boom was followed
by a relative [ull in activity that ended gradually through the late
1990s. Activity has accelerated since 2000, when prices began
their rapid rise to the record levels of today.

The increased value of natural gas, combined with a de-
cline in the size and number of oil discoveries, has brought
the share of gas-targeted wells to about 80% of those drilled
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Figure 11. Graph showing average wellhead price of natural gas in Oklahoma by year (not inflation adjusted). Data from Claxton

(2004).
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Figure 12. Graph showing annual gas-well completion history in Oklahoma (based on first production date). Data from |HS Energy

(2004).

in the State. With 2004 projected to add >2,000 gas comple-
tions to the production mix, Oklahoma’s gas activity is now
at its highest level since 1982 (Fig. 12). The relative quality
of Morrow-Springer reservoirs and their importance in the
State’s core production is revealed by the fact that although in
any given year they represent one-eighth to one-tenth of gas
completions, one-third of active wells produce from Morrow-
Springer completions. The most active gas play in the State,
coalbed methane, is shallow and prospective across vast areas
of the eastern part of Oklahoma (Fig. 2). In spite of generally
low production rates, its shallow depth, low geologic risk, and
modest declines have combined to make it the State’s most
active gas play (IHS Energy, 2004).

Morrow-Springer gas drilling has generally followed
the overall State trend, although its share in any given year
varies with development activity. Years in which the Mor-

row-Springer’s share of gas drilling and production surged
generally mark periods when major fields, such as Watonga-
Chickasha, Mocane-Laverne, Camrick, or Guymon-Hugoton,
were being developed. The increase in Springer drilling that
occurred immediately after 1973 is largely due to develop-
ment of the Springer in Watonga-Chickasha Field. This field,
which helped spur development of the Springer elsewhere,
accounted for the bulk of Springer drilling through the 1970s
(THS Energy, 2004) (Fig. 13).

PRODUCTION TRENDS

Despite a continued high level of drilling activity, Oklaho-
ma’s natural-gas production continues to decline, albeit at a
reduced rate. Since the peak production year of 1990, the State
haslost 1,907 MMCFPD of capacity, which equates to a 2.8%
average annual decline since that time (Claxton, 2004). Drill-
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ing activity, much of it targeting Morrow-Springer objectives,
has slowed this decline to 0.9% from 2002 to 2003, but this still
represents a loss of 41 MMCEPD for the year (Fig. 14).

Like the State as a whole, Morrow-Springer gas production
is much below peal levels. However, resurgent development
drilling combined with contributions from new reservoirs has
generated 2 years of rising production (1999-2000) and has
kept Morrow-Springer production at a level comparable to
10 years ago. Some incremental production is the result of
infill drilling during 1999-2001 in Mocane-Laverne, Watonga-
Chickasha, and Guymon-Hugoton Fields, in which produc-
tion was flat to slightly inclined. However, the largest single
factor in the resurgence of the Morrow-Springer during this
time was Jackfork development of Potato Hills Field. Here,
production rose from nothing in 1998 to >100 MMCFPD in
2000 (Fig. 15).

Year-to-year gas production in Olkdahoma has risen only
twice since its peak in 1990. The last time this occurred was in
2000 and was almost entirely due to Morrow-Springer drilling,
especially in Potato Hills Field. This field is the single most sig-
nificant source of Oklahoma gas in many years. It has already
produced >140 BCE, but it is now in steep decline, with daily
production in 2004 down to its 1999 level of ~40 MMCFPD
(THS Energy, 2004). The rapid depletion of Potato Hills Field
contributed to the relatively steep decline seen in overall State
production in 2001 and 2002.

The only other year since 1990 in which State production
has risen was 1993, which was a result of more broad-based
development in several major fields. This activity included 115
additional wells in Strong City Field (mostly Red Fork), 113

450

wells in Mocane-Laverne Field {mostly Springer-Chester), 93
wells in Watonga-Chickasha Field (mostly Morrow), 90 wells
in Kinta Field (mostly Atoka and Hartshorne), and 88 wells in
Red Oak-Norris (mostly Red Oak) (IHS Energy, 2004).

Morrow-Springer drilling and production have remained
strong in recent years, maintaining their central position in
Oklahoma gas production. However, the decline in Potato
Hills, combined with that in the major fields elsewhere, has re-
established the ongoing decline in State gas production. Mor-
row-Springer reservoirs have certainly been stemming this tide
of declining production, but thus far they have only been able
to reduce the rate of long-term decline. Although recent activity
has reduced Oklahoma’s annual decline to one-third the long-
term average, even modest percentage declines equate to large
losses in a State that produces 1.6 TCF per year. This limits the
impact of fields even the size of Potato Hills Field.

THE BIGGER PICTURE

Morrow-Springer gas in Oklahoma cannot be fully appreci-
ated without an understanding of the larger State, national, and
international energy issues that ultimately control it. The world’s
energy economy has become progressively more integrated,
making it impossible to look at any area in isolation. Thus, to fully
understand Morrow-Springer activity and production trends, or
pricing and resultant economic projections, one must first be fa-
miliar with the larger setting in which they occur.

In Oldahoma, as in the rest of the country, the industry’s
capacity to increase production has been diminished by its in-
ability to make major discoveries. The last major gas discovery
in Oklahoma, the mostly Morrow-Springer Eakley-Weatherford
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Figure 13. Graph showing annual gas-well completions for the Morrow and Springer in Oklahoma (based on first production date).

Data from IHS Energy (2004).
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Figure 14. Graph showing annual gas production (MMCFPD = million cubic feet per day) for the Morrow and Springer in Oklahoma
(includes associated gas). Data from Claxton (2004) and IHS Energy (2004).

Field, occurred in 1980 (Boyd, 2002). The scarcity of new, large
discoveries is not surprising, given the fact that exploration has
been active in the State for more than a century, and during that
time nearly half a million wells have been drilled. However, the
net effect has been to place natural gas on the same path as oil,
with an ever-increasing share of its production load sustained
by numerous low-rate wells. The average gas well in Oklahoma
now produces ~150 MCF per day (Fig. 16).

Stemming gas-production declines today is now largely
dependent on the drilling of many wells that decline rapidly.

According to the Energy Information Administration of the
U.S. Department of Energy, 22% of Oklahoma'’s wellhead gas
capacity is now being produced from wells that are <1 year
old. Should drilling cease for 1 year, this would equate to the
loss of 1 BCF per day of productive capacity. In the same vein,
roughly 50% of the State’s gas capacity is coming from wells
that are <3 years old (Energy Information Administration,
2004). Oklahoma is not unique in this regard, as a similar situ-
ation exists for much of the rest of the country. However, this
situation does highlight the critical importance of sustaining

high levels of drilling activity to maintain oil, and es-

2250

~~~~~~~ pecially gas, production (Fig. 17).

0 e N e
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Given the age of the gas industry and the generally
steep decline in new wells, production trends tend to
match pricing trends. When prices fall, activity and
production decline, and when prices rise, drilling ac-
tivity follows and production declines slow or even
reverse. Thus, the key to maintaining Oklahoma’s
natural-gas production is continuous drilling activity,
and the key to maintaining drilling activity is price.
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The long-term outlook for gas prices has never

750 -l
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been better, and this can be demonstrated by a closer
look at the production data presented for the Mor-
row-Springer (Fig. 15). The wide seasonal differences
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Figure 15. Graph showing average annual gas production rate in Oklahoma
for Morrow-Springer (and equivalent) reservoirs. Data from IHS Energy

(2004).

seen in Morrow-Springer gas production in the early
years mirror those seen in both State and national
production. Such variations are caused by the con-
trast between periods of maximum production
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during high-demand winter months, and summers, when
demand abates and production can be curtailed. (Minor
monthly variations, which are apparent only in recent years,
are caused by the differing numbers of days in each month.
This is highlighted by the pronounced drop seen each Febru-
ary.)

The difference between winter- and summer-month gas
production is indicative of the magnitude of excess produc-
tive capacity. Through the late 1980s, seasonal variations were
gradually reduced as winter demand exceeded production.
This made it necessary to store larger volumes of gas (>3 TCF
nationally} to continuously meet demand. The lack of major
seasonal swings since the late 1990s shows that production
has been near capacity year-round for some time. This has
created a widening gap between U.S. consumption and pro-
duction, which in turn has forced an increasing reliance on

imports. At present, these imports come via pipeline from
Canada; however, Canadian gas production is also at near
capacity (Boyd, 2005) (Fig. 18).

LNG (liquified natural gas)imports from overseas will be
necessary to meet long-term U.S. natural-gas demand. How-
ever, the lack of facilities to import significant quantities of
LNG means that, for at least the next few years, gas supplies
should stay tight and prices should remain relatively high
(Boyd, 2005). It will take years to build the infrastructure nec-
essary to open the U.S. market to the abundant gas reserves
that exist overseas. However, once this is done, the price for
natural gas in Oklahoma, like oil, will be tied to the interna-
tional market. This is encouraging, because an outgrowth of a
tightening gas market has been that, on a barrel of oil equiva-
lency, the price of gas is now roughly equal to oil. High oil de-
mand and an abundance of natural gas for decades have led
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Figure 19. Graph showing average annual gas-price undervaluation relative to oil in Oklahoma. Data from Claxton, (2004).

to gas being sold for a fraction of its heating value relative to
oil. Through the 1950s this oil-price premium was 5 to 7 times
more, and in the late 1970s and early 1980s 2 to 3 times more,
than natural gas. The rough parity of oil and gas, combined
with the fact that LNG prices are designed to follow oil prices,
should ensure that average gas prices in the long term should
also remain strong (Fig. 19).

SUMMARY AND CONCLUSIONS

Natural gas is Oklahoma'’s primary energy resource, and
Morrow-Springer-equivalent reservoirs will continue to
be key components. These reservoirs represent 28% of the
State’s cumulative production and today are the most prolific
producers in the State. Morrow-Springer reservoirs account
for >40% of high-volume (long-lived) wells, making them the

most important component of the State’s core gas produc-
tion. In addition to exploratory potential, many untapped
reservoirs in existing fields, as well as those that require infill
drilling, are in this stratigraphic interval. Morrow-Springer
development drilling in several major fields, combined with
the addition of the high-rate Jackfork Sandstone reservoir in
Potato Hills Field, were responsible for the last year-to-year
increase in Statewide gas production.

Maintaining the State’s gas production requires continued
exploration, as the addition of small (<10 BCF) and occasional
medium-sized (100+ BCF) discoveries is still possible. In the
vast areas that are already producing, a continued effort to
add new reservoirs to existing fields, especially deeper reser-
voirs, is needed. The Morrow-Springer is bound to account
for alarge proportion of both exploratory and development
future successes. Continued active development of noncon-
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lodine Production from Morrowan Sandstones,
Anadarko Basin, Northwestern Oklahoma

Stanley T. Krukowski
Oklahoma Geological Survey
Norman, Oklahoma

ABSTRACT.—Iodine production in the United States comes from iodine-rich natural brines
in the Anadarko Basin of northwestern Oklahoma. A 12-year program conducted by Amoco
Production Company analyzed brine samples collected from subsurface units near Woodward,
Oklahoma. Amoco observed high concentrations of iodine in these brines as high as 1,560 parts
per million (ppm)} in Chesterian (Mississippian) limestones and 700 ppm in Morrowan (basal
Pennsylvanian) sandstones. Morrowan sandstones, up to 100 m thick, are preserved as channel
sands in a south-trending paleovalley (the Woodward Trench) in the Chesterian surface. The
Chesterian limestones do not yield large volumes of water; however, the Morrowan sandstones
yield a large volume of brine whose average iodine content is ~300 ppm.

The Woodward Trench averages 1.6 ki wide and ~115 km long. Brine-production and -injec-
tion wells are >2,000 m deep at the northern end of the Woodward Trench; wells in the south-
ern end of the Woodward Trench near Vici, Oklahoma, are at least 3,000 m deep. Near Dover,
Oklahoma, an oil-field-brine-injection/disposal site collects waste oil-field brines from oil and
gas wells in northwestern Oklahoma. These brines are processed for iodine extraction prior to

injection into wells for disposal.

INTRODUCTION

lIodine is a heavy, grayish-black crystalline solid with a me-
tallic luster. It has a density of 4.9 g/cm?® and is a solid at ordi-
nary temperatures. It is a member of the halogen family, along
with fluorine, chlorine, bromine, and astatine. lodine melts at
114°C, and at 184°C it will volatilize to a blue-violet gas that
has an irritating odor. It is only slightly soluble in water. Its
solubility increases with temperature. At low temperatures,
iodine is made up of diatomic molecules and readily dissoci-
ates, or sublimates, at moderately elevated temperatures.

Todine does not occur as an element in nature but as io-
dates, iodides, or other combined forms. It is the 47th most
abundant element in the earth’s crust. lodine was discovered
by Bernard Courtois in 1811. He observed an unknown sub-
stance in the crude soda ash that resulted from the burning of
seaweed. Samples of this unknown substance were identified
to be a new element, and in 1813 Gay-Lussac named the sub-
stance iode in French, from the Greek word ioeides, meaning
violet-colored.

Most people know iodine is a dietary supplement in io-
dized table salt used to prevent goiter. It also is remembered
for its use as an antiseptic and disinfectant (tincture of iodine)
found in first-aid kits and most medicine cabinets. The uses
of iodine are much more diverse: it is used in animal feed,
photography, catalysts, and other applications.

GEOLOGY

Compounds of iodine are minor constituents in seawater
and brines, in certain marine organisms, and in minerals of

the Chilean nitrate deposits. Seawater contains ~0.05 ppm
iodine, and certain marine organisms, such as seaweed,
sponges, fish, and some brown algae, are able to further con-
centrate iodine (Lyday, 1999). Some seaweed can extract and
accumulate iodine up to 0.45% of its dry weight. The northern
Chilean nitrate deposits in the Atacama Desert, contain io-
dine minerals: lautarite, Ca(I10,), (calcium iodate); dietzeite,
Ca,(10,),- (CrO,) (calcium iodate-chromate); and bruggenite,
Ca(10,),- H,0O (Erickson, 1981).

Various subsurface brines also contain iodine compounds.
Some gas-field brines in the United States and Japan may con-
tain 30 to 1,300 ppm iodine. Several coals in Germany also
contain iodine compounds. lodine has been recovered from
brines mainly in Japan and the United States but also in Java,
Indonesia, Italy, England, and the former USSR.

Subsurface Brines

About 45% of the iodine currently consumed in the world
comes from brines processed in Japan, the United States, the
Commonwealth of Independent States (CIS; the former Soviet
Union), and Indonesia (Lauterbach and others, 2001). The
remainder (55%) is produced from desert evaporite deposits
in Chile. In Japan, iodine is produced from brines associated
with natural-gas wells. The iodine content of Japanese sub-
terranean brines ranges up to 150-160 ppm. In Oklahoma,
iodine content in older iodine-producing rock formations
(Mississippian-Pennsylvanian) may range up to 1,500 ppm,
but typically the iodine content of produced brines is ~300
ppm. Todine production in the CIS is associated with oil re-
covery, principally in Turkmenistan, Azerbaijan, and Russia,

Krukowski, S. T., 2008, lodine production from Morrowan sandstones, Anadarko Basin, northwestern Oklahoma, in Andrews, R. D. (ed.),
Morrow and Springer in the southern Midcontinent, 2005 symposium: Oklahoma Geological Survey Circular 111, p. 39-47.
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which account for 97% of CIS production (Lauterbach and
others, 2001; Lyday, 2004a). Uzbekistan also produces minor
amounts of iodine. Table 1 shows iodine production by coun-
try and the corresponding known reserves.

In Indonesia, iodine is present with trace amounts of bro-

TABLE 1.—Crude lodine: Worid Production
and Reserves (thousand kilograms)

Mine Production

mine in oil-field brines in Pliocene sandstones and diatoma- Country 2003 2004° Reserves
ceous m.arls 'in t.he Guj.angon Anticline (Lyd.ay, 1985); howgver, Azerbaijan 300 300 170,000
Indonesian iodine typically comes from brines not associated )
with oil and gas deposits (Lauterbach and others, 2001). Chile 11,650 16,200 9,000,000
All iodine production in the United States now comes  China 500 500 4,000
from iodine-rich (300 ppm iodine) natural brines in the deep )
subsurface of the Anadarko Basin of northwestern Oklahoma Indonesia 75 75 100,000
(Fig. 1). Oklahoma’s first iodine operation. the Woodward Japan 6,500 6,500 4,900,000
.Iod.me C.orpor.atlon, opened early in 1977. The discovery of Russia 300 300 120,000
iodine-rich brines at Woodward resulted from a 12-year pro- A
gram of analyzing brine samples collected by Amoco Produc- ~ Turkmenistan 300 300 170,000
tion Company (Cotten, 1978). Amoco noted unusually high  ynited States 1,750 1,340 250,000
concentrations of iodine in the Woodward area as high as )
1,560 ppm in Chesterian (Mississippian) limestones and 700 Uzbekistan 2 2 NA
ppm in Morrowan (basal Pennsylvanian) sandstones. Mor- World Total®
rowan sandstones in the area are as thick as-IOO m and are (rounded) 21,400 25.500 15.000,000
preserved as channel sands in a south-trending paleovalley
(the Woodward Trench) cut into the Chesterian surface (Fig. aEstimated.
2.). Although iodine Cor.lcen.tratlons are higher in the Che.st.e- Excludes other countries.
rian strata, the Chesterian limestones have low permeability Source: Lyday (2005)
and do not yield large volumes of water. On the other hand, -yeay :
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Figure 1. Generalized south—north structural cross section through the Anadarko Basin of western Oklahoma (modified from Johnson,
1989). lodine-rich brines are produced from basal Pennsylvanian sandstones on the north flank of the basin.
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Morrowan sandstones here have higher porosity (~14%) and
higher permeability of ~20-40 millidarcies (md), and yield
large volumes of brine averaging ~300 ppm iodine. Produc-
tion wells yield 5,000-10,000 barrels (200,000-400,000 gal) of
brine per day (Johnson and Gerber, 1999).

The Woodward Trench has an average width of 1.6 km
and a known length of ~115 km (Cotten, 1978). Brine-pro-
duction wells and injection wells are 2,130 to 2,290 m deep
toward the northern end of the Woodward Trench. Extraction
of iodine-rich brines from Morrowan sandstones in a south-
ern extension of the Woodward Trench near Vici, Oklahoma,
occurs at depths of 3,000 to 3,183 m. A miniplant near Dover,
Oklahoma, serves as an oil-field-brine-injection/disposal site,
collecting waste oil-field brines from a number of producing
oil and gas wells in nearby parts of northwestern Oklahoma.
Johnson and Gerber (1999) reported that these oil-field brines
contain concentrations of iodine in the range 100-1,000 ppm.
The oil-field brines are processed in the miniplant, where io-
dine is extracted before the brines are injected into wells at
the site for disposal.

For many years the origin of iodine-rich brines associated
with sedimentary rocks of the northern flank of the Anadar-
ko Basin has provided a challenge for oil-field scientists. The
high concentration of iodine in the Chester limestone (Missis-
sippian) led to speculation that its source was the limestone.
Moran’s (1996) work with iodine isotope ratios indicated that
the organic-rich Woodford Shale (Upper Devonian-Lower
Mississippian) was the probable source rock for the high
concentrations of iodine. The iodine-rich brines probably mi-
grated from the Woodford Shale into several brine reservoirs
in northwestern Olklahoma (Johnson and Gerber, 1999).

PRODUCTION AND TRADE

The major iodine-producing nations, in descending order,
are Chile, Japan, and the United States, with lesser amounts
being produced in China, Azerbaijan, Russia, Turkmenistan,
Indonesia, and Uzbekistan (Fig. 3; Table 1). Annual world
production in 2002, 2003, and 2004 was, respectively, 20.7
million kg, 21.4 million kg, and an estimated 25.5 million kg,
of which about 32% is consumed in the United States (Lyday,
2003, 20044, 2005).

Iodine was first produced in the United States between
1917 and 1921, from seaweed harvested in California; after
distillation to produce acetic acid, the residue was processed
for potash fertilizers and iodine (Lyday, 1986). The first U.S.
commercial production of iodine from brines was in Louisi-
ana between 1928 and 1932; some of the Louisiana oil-field
brines contained ~35 ppm iodine (Lyday, 1986). Oil-field
brines in parts of California contain 30-70 ppm iodine (Fig.
4) in the Monterey Formation (Miocene) and Repetto For-
mation (Pliocene); production from these units occurred at
various times between 1928 and 1966. In Michigan, natural
brines containing 15-30 ppm iodine are present in the Sylva-
nia Formation (Devonian) at a depth of ~1,300 m. The Michi-
gan brines were processed mainly for bromine, and byprod-
uct iodine, by Dow Chemical Company until the wells were
plugged and abandoned in 1987.
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Figure 2. Cross sections showing iodine-bearing Morrowan
channel sandstones preserved in the Woodward Trench that
has been cut into Chesterian limestones (modified from Cotten,
1978; Johnson, 1989). Datum is top of Morrowan strata. Length
of A-A" and B-B' is ~10 km; length of C—C" is ~15 km.

Today U.S. production comes from iodine-rich (300 ppm
iodine) natural brines on the north flank of the Anadarko Ba-
sin in northwestern Oklahoma (Fig. 1). In Oklahoma, three
companies operate two major plants and one miniplant for
the recovery of iodine. The total production from the three
companies in 2002 was 1.42 million kg; and production in
2003 was estimated to be 1.75 million kg, with an estimated
value of $19.7 million (Table 1). Woodward Iodine Corpora-
tion began operating early in 1977 as a joint venture between
Amoco Production Company and Houston Chemicals, a sub-
sidiary of Pittsburgh Plate Glass Industries (Cotten, 1978); in
1984 the company was purchased by Asahi Glass Company
of Japan (Lyday, 1986), and then sold in 1994 to Ise Chemical
Industries Company, Ltd., of Japan (U.S. Geological Survey,
1998; Johnson and Gerber, 1999). Woodward Iodine Corpora-
tion operates 12 production wells in the Woodward Trench,
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Figure 3. Map showing countries that produce iodine, with estimated production given in kilograms (kg) during 2004.

just north of Woodward, and injects the waste brine back into
the trench through four injection wells; three additional wells
are operated as disposal wells. Brine-production and -injec-
tion wells are 2,130 to 2,290 m deep.

A second iodine plant near Vici in Oklahoma was started
in late 1987 by Iochem Corporation of Japan. It also extracts
iodine- rich brines in a southern extension of the Woodward
Trench, operating nine production wells and four injection
wells at depths of 3,000 to 3,183 m.

North American Brine Resources (NABR)
operates the remaining iodine installation in
Oklahoma at a miniplant near Dover, where
oil-field brines, collected from many produc-
ing oil and gas wells of northwestern Olla-
homa, are processed. The company also had a
major operation in the Woodward Trench ~35
km north of Woodward, which included two
production wells and three injection wells at
a depth of ~1,800 m; this facility began opera-
tions in 1989 and recently was dismantled (Kru-
kowski, 2005). NABR began in 1989 as a joint
venture of Beard Oil Company (40% share) 10
and two Japanese firms (Godoe USA, Inc., 50%
share, and Inorgchem Development, Inc., 10%
share) (Ohl and Arndt, 1988). In 2003, NABR,
as a joint venture between Mitsui & Company
of Japan and Beard Oil Company, was sold to a
group of U.S. private investors and is now oper-
ated as a limited liability company (Krukowski,
2004).

TECHNOLOGY
Exploration Technigues

Iodine production has historically been a consequence
of either oil and natural-gas production or nitrate-fertilizer
processing. The commercial extraction of iodine from sea-
weed was practiced from 1811 to 1959; however, seaweed is
no longer an economical option. Cotten (1978) and Johnson
and Gerber (1999) describe how Amoco Production Compa-
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Figure 4. Map showing areas of known iodine concentrations in the United States
{from Cotten, 1978). Exceptionally high iodine concentrations in northwestern
Oklahoma are in Mississippian (Miss.) and Pennsylvanian (Penn.) strata.
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ny approached the prospect of producing iodine from brines
associated with oil and natural-gas exploration drill holes in
the Woodward Trench of northwestern Oklahoma. Reports
on the chemistry of subsurface water samples from these ex-
ploratory wells showed that a variety of potentially economic
minerals was present. Feasibility studies indicated that iodine
was the most favorable mineral for development, based on
the fact that its concentrations were relatively high and that
the United States was almost entirely dependent on foreign
imports for its supplies.

Scientists at the Amoco Research Center determined that
60,000 barrels per day of 300 ppm iodine-rich brine had to
be produced over a 10-year period to be an economically vi-
able project. Additional holes on 640-acre centers were drilled
into the Morrow Formation (Pennsylvanian) in the trench,
and their electric logs examined to determine the thickness
of water-bearing sands with porosities >10%. These criteria
helped determine the concentration (grade) of iodine and
the amount (reserves) of resources present. A joint venture
by Pittsburgh Plate Glass Industries and Amoco Production
Company brought the necessary expertise together to form
the Woodward Iodine Corporation in 1977.

Iodine geochemical data obtained from surface soil sam-
ples are used as an exploration tool in the petroleum industry
(Tedesco, 1994; Tedesco and Goudge, 1994; Tedesco and An-
drew, 1995; Leaver and Thomasson, 2002). Positive anomalies
of trace iodine geochemistry have been used as an indirect
indicator of hydrocarbon accumulation in the subsurface.
Perhaps future study of this phenomenon will lead to new
exploration techniques in the search for subterranean iodine-
rich brines.

Mining

Iodine is produced from underground brines pumped to
the surface, using electric submersible pumps. Through a
system of pipelines the brine is transported to the processing
facility. Natural gas is either flared off or extracted from the
brines in a gas separator in which the natural gas is physical-
ly separated from the brine. The brine is collected in storage
tanks before entering the processing plant for iodine extrac-
tion. Corrosion-resistant pipe and storage tanks are necessary
to contain fluids and vapors during transport and storage; in
addition, calcium-scale inhibitors are introduced to prevent
calcium carbonate-scale buildup on exposed metallic surfac-
es (W. W. Hamon, Jr., Vice President, lochem Corporation,
written communication, 2002).

Production Process

The blow-out process (also known as the air-stripping
process) is the principal method for extracting iodine from
brines. Initially the brine undergoes skimming and settling
which removes impurities such as oil, clay, and other undesir-
able materials. Chlorine is then injected into the brine, which
causes oxidation:

1. 2HI + Cl, — I,+2HCL

The I, remains in solution and is extracted from the brine
with a counter-current air blow-out process where free jodine
is stripped from solution as it is exposed to large volumes of air
(Johnson and Gerber, 1999; Lauterbach and others, 2001).

The iodine-depleted brine is discarded (or injected) into
wells, returning the brine to the original underground forma-
tion. This also serves to maintain fluid pressures in the res-
ervoir and helps to prevent subsidence. The iodine-rich air
leaves the stripping column and enters an absorption column
where the vapor is submitted to a co-current desorption pro-
cess. A reducing environment is maintained by adding sulfur
dioxide (SO,) and water. The iodine is reduced to iodide:

2. 1, (air) + SO, + 2H,0 — 2HI + H,50,.

This hydriodic- and sulfuric-acid solution is maintained
in an interim-storage vessel. When chlorine gas is injected
into this hydriodic-acid solution, it undergoes oxidation and
iodine crystallization:

3. 2HI+Cl, =1, | +2HCL

The oxidized crystallizer liquor is a mixture of water, sulfu-
ric acid, hydrochloric acid, and iodine crystals (Johnson and
Gerber, 1999).

The next step separates the iodine crystals from this li-
quor. This is accomplished through batch filtration, followed
by vacuum drying of the filter cake. Wet iodine filter cake is
transferred to a fusion kettle. Sulfuric acid, coming into con-
tact with the melted product, helps in controlling humidity
(drying) and removes impurities. The final step converts the
fused iodine into a flaked or prilled product; and then it is
packed for shipping (Johnson and Gerber, 1999; Lauterbach
and others, 2001).

MARKETING
Uses

Todine products were first used commercially in the early
20th century as a remedy for goiter, as a disinfectant for cuts
and abrasions, and for sanitation (Lyday, 1999). Since then,
iodine has been used in a variety of specialty chemicals for
many commercial applications. Major uses include X-ray
contrast media, iodophors and biocides, catalysts, stabilizers,
animal feeds, disinfectants, pharmaceuticals, photography,
and colorants. It is difficult to report the end use of iodine
accurately, because iodine-containing intermediates are mar-
keted before being used in their ultimate form. Table 2 shows
the U.S. consumption (by principal end use during 2002). The
following description of uses is from Lyday (1999, 2002), Laut-
erbach and others (2001), and Harben (2002).

X-Ray Contrast Media

Iodine absorbs X-rays, so it is included in a class of drugs
called radiopaques—that is, drugs used in the diagnoses of
medical problems by media contrast. Radiopaques contain-
ing iodine are introduced into the body in anatomical areas
that have insufficient natural contrast. The iodine absorbs
the X-rays to a greater extent than do natural soft tissues or
blood, thereby casting a light shadow on X-ray film and thus
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TABLE 2.—U.S. Consumption (apparent?)
of lodine in 2002

Use Thousand kg % of total
Sanitation 2,934 45
Animal Feeds 1,760 27
Pharmaceuticals 652 10
Catalysts 522 8
Stabilizers 326 5
Other® 326 5
Total 6,520 100

#Domestic production plus imports minus exports plus adjust-
ments for government and domestic industry stock changes.

®Includes inks and colorants, photographic chemicals, labo-
ratory reagents, production of batteries, high-purity metals,
motor fuels, and lubricants.

Source: Lyday (2002).

enhancing the contrast. The main X-ray procedures using io-
dine-contrast media diagnostically are angiography, CT scans,
gastrointestinal series, and colicitography.

As populations of industrialized nations age, the need
grows for diagnostic testing to keep patients healthier longer
and to reduce hospitalization costs (Lyday, 2002). Increas-
ing medical testing of older populations with X-ray contrast
media will result in additional iodine consumption in radi-
opaque drugs.

lodophors and Biocides

Aniodophor is an iodine complex weakly bound to a carrier
molecule, or surfactant that increases iodine solubility in water,
permitting its gradual release and giving a residual effect to the
compound (Lauterbach and others, 2001). The germicidal ac-
tion of iodine is a result of its ability to quickly penetrate the cell
walls of microorganisms, rupturing their proteins and nucleic
acid. For that reason, iodophors and iodine-based biocides are
used for their disinfectant and antiseptic properties in sanita-
tion and cleansing applications in hospitals, dairies, labora-
tories, food-processing plants, dish-washing detergents, food
processing, restaurants, herbicides, swimming pools, and water
supplies. In some instances, toxic biocides (for example, pen-
tachlorophenol, PCP; and tributyltinoxide, TBTO) have been
replaced with iodine-based alternatives in certain preservative
applications, including cosmetics, paints, wood preservation,
metalworking fluids, leather processing, inks, and starches
(Lauterbach and others, 2001).

Catalysts

Monsanto developed the process for producing acetic acid
{using an iodide-promoted rhodium complex as catalyst) in
the 1960s and ~90% of new acetic-acid production capac-
ity uses this process. Acetic acid is used as a solvent in the

production of terephthalic acid, a major component of poly-
ethylene terephthalate, a plastic used for soft-drink contain-
ers. lodide catalysts also are used in the dehydrogenation of
butane and butene to butadiene, and in the preparation of
stereoregular polymers.

Stabilizers

Iodine is used as a stabilizer in the manufacture of nylon
for tire cord and carpets, and for converting rosins, tall oil,
and other wood products to more stable forms.

Animal Feeds

About 27% of U.S. domestic consumption of iodine is used
as additives for animal feed (Lyday, 2002). Cattle and sheep
are fed iodized salt and other iodine compounds to regulate
metabolism and to reduce certain livestock ailments such as
soft-tissue lumpy jaw and goiter. Iodine supplements are es-
pecially important for breeding cows and calves, because an
iodine deficiency during pregnancy and lactation increases
risk of weakness or stillbirths in cattle, pigs, and horses.

Photography

Almost all photography is based on the light-sensitive
character of silver halides, particularly silver iodide and silver
bromide. Up to 7% of the silver salt in emulsions for negatives
isiodide and ammonium iodide is used as a photographic de-
veloper. See Harben (2002) for more details on photographic
emulsions.

Pharmaceuticals and Human Health

Potassium iodide (KI) is widely used as an expectorant
in cough medicine and iodine compounds are used in the
synthesis of amphetamine, methamphetamine, ethyl am-
phetamine, antibiotics, corticosteroids, and other drugs. KI
also is used to prevent thyroid cancer. It is recommended by
the U.S. Food and Drug Administration as a safe and effective
means of blocking radioiodines by the thyroid in a radiation
emergency such as a nuclear accident. During nuclear acci-
dents a portion of the radioactivity is released as *'I, a major
radioisotope of nuclear power plants.

lIodine is necessary for healthy human life. The thyroid
gland requires iodine to produce the hormone thyroxin. Io-
dine Deficiency Disorder, or IDD, occurs when people lack io-
dine in their diets. It is especially serious for pregnant women
and young children. Deficiencies may result in retarded fetal
development, and physical and mental retardation (cretin-
ism being an extreme condition). IDD also may lead to goiter
(enlargement of the thyroid gland, manifested in a swelling of
the neck), abnormal physical development, and reproductive
loss (Lauterbach and others, 2001). IDD has been eliminated
effectively in the industrialized nations by adding potassium
iodide or potassium iodate to table salt and vitamin supple-
ments.

Colorants

Iodine is a coloring agent in some dyes used in foods and
on materials. Red food coloring has been used in cherries,
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candies, carbonated soft drinks, powdered drinks, gelatin des-
serts, icings, and pet foods, as well as in dyeing and/or printing
cotton, half-silk, jute, and straw products. Itis also used as a
coloring agent in drugs, cosmetics, printer inks, and photo-
graphic sensitizers.

Other Uses

Iodine is used as an intermediate in the synthesis of flu-
orochemicals used in water- and oil-repellent emulsions in
textiles and leather, and in fire-extinguishing foams. Iodine
also is used in the modification of selenium to make semi-
conductors; the manufacture of high-purity metals, such as
titanium, zirconium, boron, and hafnium; the production of
motor fuels; additives in rechargeable dry cells; smog inhibi-
tors; and cloud seeders to induce rainfall.

Product Grades and Specifications

Iodine and its compounds are generally marketed in the
form of crude iodine, resublimed iodine, calcium iodates, cal-
cium iodide, potassium iodide, sodium iodide, and numerous
organic compounds.

Commercial-grade crude iodine normally has a minimum
purity of 99.5% to 99.8% L. The main impurities in order of
quantity are iron, sulfuric acid, and water. Specifications of
U.S. Pharmacopoeia call for crude iodine to be not less than
99.8% I,. The Committee on Analytical Reagents of the Ameri-
can Chemical Society allows a maximum of 0.005% total bro-
mine and chlorine and 0.010% nonvolatile matter (Lyday,
2003).

Prices

Actual prices for iodine are negotiated on long- and short-
term contracts between buyers and sellers (Lyday, 2004b). U.S.
prices for iodine (including cost, insurance, and freight charg-
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es for imported iodine) have fluctuated, peaking at $17.46 per
kilogram in 1988 (Johnson, 1994). Prices decreased becausse
of economic recession (1989-1992; 2002-2004) and oversup-
ply {for example, when Chile began increasing production in
the early 1990s and at the turn of the new century). Trends
that caused prices to increase included additional demand
for X-ray contrast media, potassium iodide production for U.S.
Government contracts, and efforts to eliminate the effects of
IDD. U.S. producers believed that large inventories of iodine
sold by the National Defense Stockpile since 1989 depressed
the price of iodine produced domestically; domestic pro-
duction is competing with about 1 million pounds of excess
stockpile (Lyday, 2002). Figure 5 shows the price trends for the
years 1977-2003 (Lyday, 2004b).

Substitutes

Chlorine and bromine may be substituted for iodine in
some chemical applications, but they are less desir-able. Anti-
biotics, boron, chlorine, bromine, and Mercurochrome™ may
be used instead of iodine in sanitation and biocide uses. Salt
crystals and finely divided carbon may be used for cloud seed-
ing (Harben, 2002; Lyday, 2004a, 2005). There are no substi-
tutes, however, for iodine in some cattle feed and in catalytic,
nutritional, pharmaceutical, and photographic uses (Lyday,
2004a, 2005).

Recycling

Lauterbach and others (2001) report that several iodine-
consuming companies recover iodine from side streams gen-
erated in their production processes. [odine is recovered as
a derivative from the incineration of process impurities that
have been captured before being discharged into the envi-
ronment.
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Figure 5. Graph showing trend of iodine prices in 1977-2003 (Lyday, 2004b).
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U.S. Consumption, Imports, and Exports

Reported U.S. apparent consumption of iodine decreased
from 5,420,000 kg in 2000 to 4,730,000 kg in 2001. In 2002,
U.S. apparent consumption was 6,520,000 kg; however, ap-
parent consumption continued to decrease to an estimated
5,210,000 kg in 2004 (Lyday, 2005). A breakdown of consump-
tion and uses during 2003 is presented in Table 2. In 2004,
about 5,200,000 kg (estimated) was imported to the United
States, and about 1,330,000 kg (estimated) was exported (Ly-
day, 2005). U.S. imports during the years 2000-2003 were from
Chile (67%), Japan (22%), Russia (10%), and other countries
(1%).

Packaging and Transportation

Crude iodine is shipped in double polyethylene plas-
tic-lined fiber drums holding 45-90 kg each. Resublimed
iodine is shipped in the same type of container, and also in
11.3-kg glass jars and smaller bottles. Iodine also is shipped
in 350-kg bulk bags and 1,800-kg tote bags, depending on the
mode of transportation.

The mode of transportation depends on plant location,
infrastructure in the region, and destination of the product.
In Oldahoma, iodine is shipped by rail and truck, which can
also accommodate bulk shipments in fiber drums, bulk bags,
and tote bags. For destinations along major waterways and
overseas, barges and cargo ships, respectively, are the norms,
Freight classification is “chemicals, not otherwise indexed by
name” (NOIBN) and requires no special label.

ECONOMIC FACTORS
Depletion Allowances, Tariffs, and Stockpiles

Depletion allowances for iodine from both domestic and
foreign production is 14%. Tariffs on iodine are reported in
Table 3. Since 1989, the U.S. Government Defense National
Stockpile Center has sold surplus iodine stocks at a rate of
about 454 metric tons {1 million pounds) per year. These are
released on a quarterly basis and are sold at the prevailing
market price at the time.

REGULATORY AND
ENVIRONMENTAL CONSIDERATIONS

Health and Safety

lodine is relatively safe to handle because it is a crystal-
line solid at normal room temperature and pressure; it has
a relatively low vapor pressure of 1 kilopascal (kPa) @ 25°C
in comparison to other halogens (for example, 700 kPa for
chlorine). Personal protective equipment (PPE) is not neces-
sary when handling properly packaged containers; however,
chemically approved gloves, clothing, eyewear, and masks or
respirators should be worn when solid iodine is not packaged
properly (Lauterbach and others, 2001).

An upper limit of 0.1 ppm iodine in air was set by the U.S.
Occupational Safety and Health Administration, because un-
protected short-term exposure (up to 1 hour) can be hazard-
ous to lungs and eyes. Severe irritation to the eyes and the
respiratory tract, which may lead to pulmonary edema, can

TABLE 3.—Tariffs on lodine, 2004

Normal Trade Relations

ltem Number 12/31/03
lodine, crude 2801.20.0000 Free
lodide, calcium

and cuprous 2827.60.1000 Free

lodide, potassium  2827.60.2000 2.8% ad valorem

lodides and iodide

oxides, others 2827.60.5000 4.2% ad valorem

Source: Lyday (2005).

occur from exposure to concentrations >0.1 ppm over extend-
ed periods. Burns also may result if contact with the skin is
prolonged. Chronic absorption of iodine results in iodism, a
condition whose symptoms include insomnia, inflammation
of eyes and nasal passages, bronchitis, tremors, diarrhea, and
weight loss (Lauterbach and others, 2001),

Land Use and Zoning

Permits for brine wells are similar to those for oil and natu-
ral-gas wells, particularly if there is coproduction of these re-
sources or if injection wells are part of the iodine-extraction
operation. The Oklahoma Corporation Commission regulates
and permits borehole drilling, maintenance, abandonment,
and reclamation. Most iodine operations are in remote areas,
so industrial zoning is not a major concern. When it is neces-
sary to abandon iodine-producing brine wells, the boreholes
are plugged with concrete so that producing formations are
sealed to prevent contamination of aquifers, other rock units,
and the soils where the drill pad was located.

Pollution Control and Other
Environmental Considerations

In the production of iodine, special considerations for
chemical reagents, such as chlorine, sulfur dioxide, ammo-
nia, and sulfuric acid, must be taken into account and docu-
mented in risk-management plans. These considerations in-
clude emissions from nonpoint sources (fugitive emissions),
and single-point sources. Fugitive emissions are those from
leaking valves, corroded pipe, and other equipment. Point-
source emissions such as natural-gas compressors, boilers,
and scrubbers discharge noxious substances (usually as gas-
es) into the environment.

The U.S. Environmental Protection Agency requires that
risk communication be filed with appropriate governmental
entities. The Superfund Amendments and Reauthorization
Act of 1986 (SARA Title 3; also known as the Right-to-Know
Act of 1986) sets forth guidelines for essential emergency
planning for local communities. Potential chemical hazards
are identified by the producer, who files various risk commu-
nications annually with the local emergency committee, fire
departments, the Oklahoma Department of Environmental
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Quality, and others. This notifies respective agencies of po-
tential problems associated with hazardous materials used
at the site.

In the United States, iodine is a federally regulated List I1
chemical under the Comprehensive Methamphetamine Act
of 1996; so iodine producers are required to report all iodine
buyers and customers to the U.S. Drug Enforcement Agency
and other enforcement authorities. Iodine is an essential in-
gredient in the manufacture of methamphetamines, which
are commonly produced illegally (sold as “meth” or “speed”).
These customs requirements call for iodine sellers to record
all sales and to report detailed information about their cus-
tomers. Producers maintain close control over inventories
and have tight security at warehouses and other storage fa-
cilities.
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Figure 1. Map of Morrowan oil and gas fields in southwestern Kansas (from Carr and others, 1993), with limit line for Morrowan
strata. Morrowan oil and gas fields specifically discussed in this article are shown on this map.

MORROW OIL AND GAS IN KANSAS

Morrowan fields are limited to the Hugoton Embayment
of the Anadarko Basin in southwestern Kansas (Fig. 1). In the
last decade, sandstone reservoirs in the Morrow Formation,
mostly in interpreted incised valley fills, have been profitable
exploration targets (Watney and others, 2008). In general,
these fields produce both oil and gas, but the gas component
appears to decrease northward, for along the northern limit
of Morrowan fields in Kearny and Finney Counties, oil fields
mostly are the norm (Fig. 1).

Morrowan rocks in southwestern Kansas lie at depths
>5,500 ft (Table 1). Gas production is from both nonassociated
{gas only) pay zones and pay zones associated with oil (either
as a gas cap or solution gas), usually from sandstones infor-
mally identified as the Keyes sandstone of the Lower Penn-
sylvanian Kearny Formation.

HYDROCARBON GAS
COMPOSITIONAL CHARACTERISTICS

BTU content (heating value) is a summation of all the
hydrocarbon components in a natural gas—methane (CH,,

1,057 BTU/scf); ethane (C,H,, 1,847 BTU/scf); propane (C,H,,
2,639 BTU/scf); n- and i-butane (C,H,, ~3,415 BTU/scf); -,
i-, and c-pentane (C_H,,, ~4,215 BTU/scf); and hexane (CH,,)
and heavier hydrocarbons (~4,965 BTU/scf). Any noncom-
bustible components (e.g., nitrogen, argon, helium, carbon
dioxide) will serve to decrease the heating value. A natural gas
composed entirely of methane would have a heating value of
1,057 BTU/scf, so any natural gas with a heating value >1,057
BTU/scf will have higher molecular weight hydrocarbon gases

present.

COMPOSITION OF GASES
IN THE MORROW FORMATION

Gas produced in Morrowan fields in Kansas is generally of
acceptable pipeline quality, with 95% of the analyses having
heating values 950 BTU/scf (Fig. 2). The 950 BTU/scf value is
a critical cutoff value, for this is usually considered the mini-
mum quality necessary for pipeline sale without penalty.

Mapping BTU contents of Morrowan gases (Fig. 3) indi-
cates that gases with higher BTUs are slightly more abundant
along the Kansas-Olklahoma state line than they are farther



54 K. D. Newell

5% <——1—> 95%

)
60% <950 BTU/scf é > 950 BTU/scf
;/é;
Z Morrow
o/ | §N
S0% s
: ?/fﬁ all Kansas
«» 40% :’é Gases
2 ﬁ (BTU content)
S é
% 30% Morrow . o
5 n=212 g
S B
° 20% | Z;’?
]
10% | - ,;:ﬁ
.
O% T IH—I'EHIW'H 1 ; == T == T
0 250 550 850 1150 14501750 2050
;;;;; S, e

<950 BTU/sct >9850 BTU/scf

30% |

o

o

) %
> !
RN all . ?;g Hugoton field
& ©| Kansas — A (in black)
) 4/
5 gases : :/"
0 n=1253 f;;r"'
[3) 1 O% . . ;ﬁ
B
07 - 7
(o) ST : —
0% 0 250 550 850 1150 1450 1750 2050

BTU/scf

Figure 2. Histograms of the heating values recorded for Morrowan
gases, as compared to Kansas gases (based on unpublished data
compiled by K. D. Newell). Morrowan gases generally are of
quality, with 95% of these gases having heating values >950
BTU/scf. Only 67% of Kansas gases record heating values of
>950 BTU/scf. Hugoton Gas Field data are from Wilkonson
(1960).

north. Lower BTU contents seem more common in natural
gases produced in Stanton and Haskell Counties (cf. Figs. 1,
3). These areas may be near the distal ends of any migration
paths if hydrocarbons are generally migrating northward out
of more thermally mature and deeper buried Morrowan strata
farther south in Oklahoma.

BTU content is a summation of all the percentages and
types of component gases in a natural gas. Generally, a greater
proportion of higher molecular weight hydrocarbons present
in a natural gas will increase its heating value. The proportion

of higher molecular weight hydrocarbons in a natural gas is
expressed by the hydrocarbon wetness of the gas, which is a
ratio of methane to the total hydrocarbons in the gas, sub-
tracted from 1, and expressed as a percentage (Schoell, 1983).
Mapping hydrocarbon wetness in Morrowan gases (Fig. 4) in-
dicates that wetter gases are more common in extreme south-
western Kansas in Morton and Stanton Counties. This trend of
wetness may extend eastward into northern Stevens County,
northern Seward County, and Haskell County. The increase
in wetness may be an artifact of maturation and migration in
that drier gases (i.e., more methane-rich gases) will dominate
in gas accumulations having their source in strata with greater
thermal maturation. These drier gases, generated in and mi-
grated out of a hydrocarbon “kitchen,” will displace earlier
formed (and wetter components) toward the distal parts of a
migration path, particularly if traps are charged by a “fill-and-
spill” type of hydrocarbon movement (see Gussow, 1954). In
eastern Clark County, drier gases are present close to the zero
line of Morrowan strata. The reason for this pattern is unclear,
but perhaps post-accumulation processes may have removed
some of the ethane and heavier components of these natural
gases.

NONCOMBUSTIBLE GAS CHARACTERISTICS

The major noncombustible gas that dilutes the hydrocar-
bon component in Morrowan gases is nitrogen (Table 1), but
other gases such as argon, carbon dioxide, and helium also
dilute the hydrocarbon component. Total nonhydrocarbon
gases in Morrowan fields in Kansas (Fig. 5) show that these
noncombustible gases compose a significant percentage
(>15%) of natural gases in Stanton and Morton Counties.
This region of a high percentage of noncombustible gas may
extend eastward through northern Stevens County and south-
ern Haskell County.

Nitrogen occurs in a nearly fixed ratio to helium in many
gas fields in Kansas (Jenden and others, 1988). A crossplot
of nitrogen percentage and helium percentage (Fig. 6) shows
that Morrowan gases have highly variable nitrogen-to-helium
ratios in comparison to the Permian gas produced from the
overlying giant Hugoton Gas Field and other, smaller Perm-
ian gas fields east of the Hugoton Field. This likely indicates
multiple sources or a more diverse or complex post-accu-
mulation history for Morrowan gas fields, or a combination
thereof.

A map of the nitrogen-to-helium ratios for Morrowan fields
in Kansas (Fig. 7) shows that lower nitrogen-to-helium ratios
characterize the fields along the extreme western part of the
state in Stanton and Morton Counties and in western Stevens
County. No obvious geological characteristic accounts for this,
but the lower nitrogen-to-helium ratios and the relatively high
percentages of helium in fields in this region may facilitate
relatively easier extraction of helium.

Individual Morrowan fields have less variable nitrogen
and helium gas contents (Fig. 8) in comparison to the entire
spread of data for all the Morrowan fields. Fields in the same
vicinity, such as the Boehm, Cimarron Valley SW, Sparks,
and Arroyo Fields in Morton and Stanton Counties (see Fig.
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Figure 3. Map of BTU content
(heating value) of Morrowan
gases in southwestern Kansas.
Diameter of circle corresponds
to BTU content. A histogram
of BTU content (superimposed
on map) shows that almost
all Morrow gases have >950
BTU/scf. This value is usually
considered the minimum BTU
content accepted by pipeline
companies before any penalties
are assessed.

Figure 4. Map of hydrocarbon
wetness of Morrowan gases
in southwestern Kansas.
Diameter of circle corresponds
to hydrocarbon wetness. A
histogram of hydrocarbon
wetness (superimposed on map)
shows that average wetness is
between 8 and 12%.
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Figure 9. Crossplot of BTU content versus depth for Morrowan natural gases in southwestern Kansas. A slight increase in heating
content with depth is observable in Kansas Morrowan gases. A decrease in heating content with depth observed by Sonnenberg and
von Drehle (1990) in Morrowan gases in Colorado is not evident for Morrowan gases in Kansas.

1) have similar nitrogen-to-helium ratios, but with consistent
northward increases in the percentages of these two gases
(Fig. 9). This implies that the hydrocarbon gases in these Mor-
rowan natural gases are essentially decreasing northward and
are possibly mixing with successively higher percentages of a
nitrogen-helium gas of constant composition.

Nitrogen and helium percentages reported for Morrowan
fields in Colorado (from Sonnenberg and von Drehle, 1990)
are generally greater than those for the Kansas Morrow fields
(see Tig. 8). Sonnenberg and von Drehle (1990) also conclude
that gases with relatively higher BTU content are present on
the crest of the Las Animas Arch in southeastern Colorado
and that lower BTU gases are on the flanks of this arch. This
pattern apparently is more complicated in Kansas, for the

heating values of Morrow gases in Kansas weakly increase
with depth (Fig. 9).

A nitrogen-percentage-depth crossplot (Fig. 10) shows that
the nitrogen percentage in Kansas Morrowan gases decreases
overall with depth and likely accounts for some of the increase
in BTU content that is observable with increasing depth (see
Fig. 9). A data outlier of high-nitrogen gases, corresponding
to the Sexson and Stockholm Fields in Wallace County far
north of most of the Morrow production in Kansas (see Fig.
1), implies that these two fields have a nitrogen origin that is
different from other Kansas Morrowan fields. Hydrocarbon
wetness, crossplotted with depth (Fig. 11), also shows that
Morrowan natural gases have a highly variable hydrocarbon
wetness with depth, but perhaps a slight decrease in hydro-
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carbon wetness with depth is evident. This may be a reflection
of higher thermal maturation with depth.

Carbon dioxide (CO,) is another major noncombustible
gas that can decrease heating value. CO,, if present in suf-
ficient quantities, can complicate acceptance of a natural
gas into a pipeline system (usually by formation of dry ice,
which can clog valves). A map of CO, percentages in Kansas
(Fig. 12) shows that fields farther west in Kansas along the
Morton-Stanton county line have higher CO, content but that
most Morrowan fields in Kansas have relatively low CO, per-
centages (i.e., <0.4%). These fields in far western Kansas that
have relatively high CO, percentages are also characterized by
relatively low nitrogen-to-helium ratios (see Fig. 7), but there
is no obvious geological explanation for these characteristics.
The Sparks Field, which straddles the Morton-Stanton county
line, contains >3% Co,.

SUMMARY

Several regional and local trends in gas composition can be
discerned for Morrowan gases in southwestern Kansas. Mor-
rowan oil and gas fields have gas/oil ratios that increase south-
ward. In general, these gases are of a quality that is accept-

able to pipelines (i.e., >950 BTU/scf). The nitrogen content in
these gases decreases southward and with increasing depth.
Although hydrocarbon wetness also decreases with increasing
depth (thus, there are fewer higher BTU components in the
natural gas with increasing depth), the decrease in nitrogen
with increasing depth dominates so that Morrowan natural
gases generally have higher BTU contents with depth. Nitro-
gen-to-helium ratios and CO, contents are locally variable,
but regionally, nitrogen-to-helium ratios decrease westward,
and CO, contents increase westward.
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ABSTRACT.—The Mississippian Springer sandstones are overpressured large-volume, gas-produc-
ing reservoirs in the Anadarko Basin, Oklahoma. In the Cement area of Caddo and Grady Counties,
initial production rates for individual wells exceed 10 million cubic ft of gas per day. Production
and pressure data confirm the highly compartmentalized nature of these sandstones. Depositional
fabric and biogenic features support the interpretation that sand deposition occurred in a shallow-
marine setting. Springer sandstone bodies are distributed in linear northwest to southeast trends
and exhibit cleaning-upward geometries that are typical of shallow-marine shelf/bay sand ridges.
Reservoirs are more prevalent in the thicker and less silty or argillaceous sections unaffected by
burrowing. Primary porosity is preserved by chamosite or chlorite grain coatings that inhibited
precipitation of silica and carbonate overgrowths. Secondary porosity developed as a result of
dissolution of labile grains including feldspars, fossil fragments, and polycrystalline quartz. Authi-
genic quartz and calcite cements occluded porosity in sandstone lacking grain-coating clays. Early
calcite cement was subsequently dissolved in somme settings to generate secondary porosity. Zones
of near-total porosity occlusion form diagenetic seals in sandstones. These seals create intraridge
barriers that restrict flow and form isolated compartments in seemingly homogeneous deposits.
Evidence of compartmentalization is provided by completion and production data. Within a single
sandstone ridge (an apparent common reservoir), higher condensate/gas ratio fluids are produced
downdip of lower ratio fluids. In one case, drilling encountered sandstone with minimal porosity
separating adjacent porous and productive sandstone reservoirs.

INTRODUCTION

This study examines the impact of depositional processes
and diagenesis on reservoir evolution in the Springer Britt
and Cunningham sandstones in the southeastern part of the
Anadarko Basin (Fig. 1). The work of Rice (1993) provides
the framework for this study and further evidence that sup-
ports the sedimentological interpretations, pore-fluid pres-
sure analysis, and the pressure architecture of the Anadarko
Basin.

The highly compartmentalized nature of the Springer
sandstones is well known. The discovery of nondepleted
reservoirs in close proximity to depleted ones, and the rapid
decline of some producing wells, attest to the existence of
previously unknown boundaries to flow units. This resultant
heterogeneity impacts exploration strategies and ultimate gas
recoveries.

STRATIGRAPHIC FRAMEWORK

The operational term Springer is ambiguous in that it rep-
resents different stratigraphic intervals in its surface and sub-
surface applications (Fig. 2). In surface use, the name Springer

was applied at the formation and group rank to an interval
that includes strata from the Pennsylvanian Morrowan and
Mississippian Chesterian Series (Westheimer, 1956; Rice,
1993). When applied to strata in the Anadarko Basin, the
term Springer is restricted to the Chesterian Goddard Forma-
tion (Peace, 1965). For this study, the term Springer is used to
describe the strata of the Goddard. The Springer (Goddard
Formation) interval contains several parastratigraphic units
that are given the operational names of Goddard, Boatwright,
Spiers, Britt, and Cunningham (Peace, 1965). The Goddard
Formation is part of the Noble Ranch Group, which is a clas-
tic-dominated sequence that represents a shallow-marine,
storm-dominated shelf depositional system (Rice, 1993).
The stratigraphic nomenclature employed by the oil and
gas industry and adopted for this study use the operational
terms Morrow and Springer, as well as the Goddard, Boat-
wright, Spiers, Britt, and Cunningham parastratigraphic units.
As aresult of the relative abundance of core and pressure data
for the Britt and Cunningham sandstones, they were chosen
for examination. All boundaries and unit names followed in-
dustry convention and were inferred from wireline-log sig-

Puckette, Jim; and Rice, Aaron, 2008, Depositional and diagenetic controls of compartmentalization in Springer reservoirs, southeastern
Anadarko Basin, Oklahoma, in Andrews, R. D. (ed.), Morrow and Springer in the southern Midcontinent, 2005 symposium: Oklahoma
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Figure 1. Map showing location of study area and major tectonic features of Oklahoma.

natures, which remained relatively similar across the study
area. The top of the “Springer” interval is defined by a >650
millimhos per meter (mmho/m) deflection on the conductiv-
ity curve (Fig. 3) (Haiduck, 1987). The Cunningham and Britt
intervals were further divided into upper and lower sandstone
units that are separated by high-conductivity shales (Fig. 3).
These shales, which appear to represent widespread flooding
events in response to sea-level rises, provide a framework for
correlating the intervening sandstone bodies.

The Pennsylvanian-Mississippian systemic boundary was
chosen at the marked increase in conductivity that is called
the “Springer conductivity marker” This change in conduc-
tivity/resistivity is attributed to the presence of intercalated
sandstone laminae/beds in the Morrow interval (Haiduck,
1987).

SHELF-RIDGE SANDSTONES

In the Cement area of the Anadarko Basin, the upper part
of the Springer is predominantly sandstone and shale. Based
on the interpretation of gamma-ray and resistivity log sig-
natures, sandstone bodies commonly exhibit somewhat
gradational contacts with underlying shales. In contrast, the
contacts between sandstones and overlying shales are sharp,
giving the sandstone bodies a classic coarsening-upward geo-
metric profile (Fig. 3).

DISTRIBUTION OF THE CUNNINGHAM
AND BRITT SANDSTONES

The distribution patterns of the Cunningham and Britt sand-
stones were mapped to determine the spatial distribution of
sand bodies. Thickness maps were constructed for the upper
and lower Britt and the upper and lower Cunningham sand-
stones. In addition, the thickness of net porous sandstone was
mapped for each of the four parastratigraphic units. Sandstone
was defined by a gamma-ray deflection of three chart divisions
(45 AP units) from the shale base line. Porous sandstone was
defined by sandstone gamma-ray deflection and density poros-
ity or equivalent sonic porosity of 8% (Fig. 3).

Lower Britt

The lower Britt sandstone (Fig. 4) forms a series of north-
west to southeast-trending bodies that are concentrated in a
fairway that extends from T. 7N., R. 11 W, through T. 4 N,, R. 7
W. The maximum thickness for individual sand bodies is >100
ft, whereas length to width ratios may be >15/1. One well, the
Hadson No. 1-15 White, in sec. 15, T. 4 N., R. 7 W., cored the
lower Britt interval.

Lower Britt Net Porosity

The distribution of net porous reservoir in the lower Britt
sandstone (Fig. 5) forms a pattern that reflects the trends of
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Figure 2. Chart showing subsurface and surface stratigraphic nomenclature for the Springer. The term Springer has been applied to
strata of the Mississippian and Pennsylvanian Systems. Parastratigraphic terms used in this study are shown. Modified from Haiduk

(1987), Straka (1972), Waddel (1966), and Elias (1956).

total sandstone (Fig. 4). The thickest zones of porosity are
concentrated in thicker sandstone bodiesin T. 5N, R.9W.; T.
AN, R.I0OW,;T.3N,R.7W,;and T.4 N.,, R. 8W. The Hadson
No. 1-15 White cored low-porosity sandstone.

Upper Britt

The upper Britt sandstone forms a series of ovoid to linear
bodies that trend northwest to southeast (Fig. 6). Length to
width ratios are generally ~3/1. Maximum thickness is >100
ft. Three cores of the upper Britt from the following wells were
studied: the Kerr McGee No. 1-35 Tantequer in sec. 35, T.5 N.,
R. 10 W,; the Hadson No. 1-15 Whitein sec. 15, T.4N,, R. 7W.;
and the Ratliff Exploration No. 1-15 Vesper in sec. 15, T. 4 N,,
R. 9 W. These cored wells are identified in Figure 6.

Upper Britt Net Porosity

The distribution of porosity in the upper Britt sandstone
(Fig. 7) is similar to the distribution of total sandstone. Maxi-

mum porous sandstone thickness is >40 ft. The cored wells
are identified in Figure 7. Each cored well is on the margin of
a porous-sandstone trend.

Lower Cunningham

The lower Cunningham sandstone is widely distributed
across the study area (Fig. 8). Areas of thicker sandstone trend
northwest to southeast. The maximum thickness is >125 ft.
One well, the Gulf No. 1-14 Lillian Miller, in the NE NW sec.
14, T. 6 N., R. 9 W., cored the lower Cunningham sandstone.

Lower Cunningham Net Porosity

Porosity trends in the lower Cunningham sandstones are
concentratedin T.6 N,, R W, T.6 N, R.9W,; T.7N,,R. 8
W, and T. 7 N, R. 9 W. (Fig. 9). The distribution of porosity is
somewhat confined when compared to the widespread occur-
rence of total sandstone. The thickest porosity, which exceeds
80 ft, occurs where total sandstone thickness is >100 ft. The






