Mississippian Limestones, Dolomites, and Cherts

Geologic Setting

The fields used in the study lie in Ness and Hodgeman Counties, Kansas which are located on
the upper shelfl of the Hugoton Embayment of the Anadarke Basin. The fields are situated on
the southwest flank of the Central Kansas Uplift, a structural high during Mississippian time that
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strata are traced onto the Central Kansas Uplift. The Schaben Field sits on the western edge of
the Osagian subcrop and the Ness City and Bindley Fields are located in the center of the
Warsaw subrop beneath the sub-Pennsylvanian unconformity. Strata in the fields represent
shelf carbonates deposited on a gentle south-southwest sloping ramp. The transition from
shelf carbonates to basin facies in Osage strata occurred some 15-20 km to the south of the
Schaben Field area as mapped by Selk (1968). Post-depositional regional uplift, subaerial
exposure and differential erosion of the ramp strata at the pre-Pennsylvanian unconformity
resulted in palectopographic highs (buried hills). These structural highs have been the targets
of exploration and production efforts. The majority of Mississippian production in Kansas
occurs at or near the top of the Mississippian section just below the sub-Pennsylvanian
unconformity. Field locations can also be correlated in some areas with basement lineaments,
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Depositional Facies

SPONGE SPICULE-RICH WACKESTONE-

FACIES DESCRIPTIONS

Sponge Spicule-rich Wacke-Packstone (SWP):

“Drark to light gray, olive green, tan, or brown

*Mottled from burrowing, wispy to wawy horizontal laminated

*Sponge spicules (mostly monaxon) and their molds are the dominant, and

commanly exclusive, grain type

*Rare echinoderm, bryozoan, gastropod. and peloid grains

“Maldic, intercrystalline, and wvuggy porosity is commaon

*Extensively dolomitized (v.f. crystalline or finer; 20 ym - <100 pm)

*Commonly contains silica replaced evaparite crystals, nodules of coalesced

nedules that form layers

*“Silica variably replaces matrix and grains and locally contains matrix, moldic, and

VUgaY porosity

Mudstone-Wackestone (MW):

*Similar to SWP facies except identifiable skeletal grains or molds are rare
“Typically tight; local moldic, intercrystalline, and vuggy porosity

Echinoderm Wacke-Pack-Grainstone (EWPG):

*Tan to dark brown

*Typically wispy laminated or mottled texture

PACKSTONE (SWP) and
MUDSTONE-WACKESTONE (MW) FACIES

SWP Facies. In this sample the sponge
spicules are preserved, much of the
matrix is silicified and only a minor
amount of intercrystalline  porosity s
prasent. Width 5 mm.

SWP Facies. Abundant sponge sploule
maldic and intercrystalling porosity in
dolomite matrix which tend to form the
maost favorable reservoir facies. Widih 5
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Moldic Porosity
and Petrophysics

Early dissolution of grains and dolomitization
created moldic, intercrystalline and vuggy
porosity important for favorable reservoir -
conditions.

+ Very finely crystalline (<10-50 um) dolomite is
characteristic of early reflux or mixing zone
dolomitization. The predominance of original
evaporites in M1 strata is supportive of a reflux
mechanism.

+ Lithofacies and early diagenesis are the major
controls on the nature and distribution of
reservoir properties despite overprinting by sub-
Pennsylvanian subaerial exposure and burial
processes.

« Despite complex diagenetic overprinting, core plug
petrophysical data (porosity-p; permeability-k;
pore size; capillary pressure properties, including
“irreducible” water saturation-Swi) in the different
fields show similar, unique trends that are directly
linked to depositional lithofacies.

pores.

« Increasing moldic content, and associated
increasing ¢, increase k at a lower rate than
overall k-¢ trend indicating matrix properties
dominate control of flow in these rocks.

« High sponge-spicule mold content in Chat rocks is

associated with proximity to exposure surface,

similarto L-KC.

High spong-spicule mold content in Chat is

associated with very high Archie cementation

exponents consistent with high micro-vug content
but electical current flow dominated by matrix

Knowing these values

quantitative wireline log interpretation.
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Permeability and Pore Throats
Though permeahbility is shown correlated with
porosity, variables that control permeability in

=
[1+]
Spicule Q
o Mud-Wackestone £ 1
B 2
e =
:§ . f E
K 2 01
|E . =
I <
& AT 7 STy e Echinoderm Grainstone| ¢
I sMu Klinkenberg Pemm eability (md) : Cemented E n .ﬂ1
=
n
=

Mississippian rocks include pore throal size
and distribution, grain size distribution, maoldic
pore size and packing, and moldic pore
connectivity. Porosity is only one of the
vanables

controlling permeability and bivariate
correlation therefore relies on the cormelation
between porosity and the other controlling
variables. A crossplot of permeability and
principal pore throat diameter (FPTD) illustrates

Mississippi “Chat”
Porosity and Permeability

Figure illustrates the log-linear relationship between
routing air parmeability (k) and routine porasity (¢,), Each of
the Chat lithofacies generally occupy a unigue porosity-
permeability region. Porosity in the Chat matrix is
approximately 15+5%. Porosities grater than ~20% are largely
due to sponge spicule mold content. Mote that with almost a
doubling of porosity (e.g. 20 to 40%) permeability increases
are less than a factor of -5,

Autoclastic cherts exhibit the maximum porosity and
permeability with porosities ranging from 25-50% and
permeabilities >5 md. Permeability variance within this
lithofacies at any given porosity can be attributed primarily fo;
1) sponge-spicule mold content, 2) small vug content, balieved
to result from both sponge-spicule dissolution and dissolution
of microporous chert, 3) enhanced porosity devaelopmant at
clast boundaries, and 4) circum- and intraclast microfracturing.

At any given porosity the nodular fo bedded chert facies
axhibits parmeabilities approximately a factor of 2 less than the
autoclastic chert facies. The lower permeability of this facies
appears to be related to lower vug content, less porosity
development al clast boundaries, and an absance of circum-
clast microfracturing. The cherty dolomite mudstones, and
argillaceous dolomite mudstones can exhibil porosities up (o
22% but due to the small grain and pore size, display routine
air permeabilities of less than 1md. The development of
sucrosic dolomites at Bates Field does not result in a
significant increase in porosity above that found in dolomite
mudstones, but results in permeabilities that are two orders of
magnitude greater,
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Lithofacies, Permeability, Porosity

Lithofacies and early diagenesis are major controls on permeability (k) and porosity (d) despite complex

diagenetic overprinting by sub-Pennsylvanian subaerial exposure and burial processes,

of and & decrease significantly and confinuously with decreasing grain/meld size from packstone to
mudstone { a trend exhibited by many other carbonates) and from echinoderm-rich to spicule-rich facies

«An exception is the echinoderm grainstone facies which is silica cemented and exhibits very low kand ¢

The permeability-porosity trend for all lithofacies are approximately bounded within fwo orders of magnitude
by trendlines defined by:

Im kl'n:ﬂu = 0.25 q]:'rrni'u- 25‘
iog Kinsn = 0.25 Qin - 4.5
sBetween these bounding trends each lithofacies exhibits a generally unique range of k and ¢ which
together define a continuous trend, with k decreasing with decreasing grain/mold size for any given
porosity. Each individual lithofacies exhibits a unique sub-parallel trend to the general trend. Statistically
the general trend is dominated by the large number of spicule-rich samples and is strongly influenced by
mudstone and cemented echinoderm grainstone properties:
log kinsaw (md) =0.24 ¢|frl sl %) - 3.78
Subtrends for clusters of facies or individual facies may also be defined and are significantly more accurate
with standard error of prediction of permeability decreasing with increasing selectivity of lithofacies
characteristics. Standard error for a specific lithofacies iz generally less than a factor of 3. Linear regression
trends for spicule- and echinoderm-rich facies are:
log Kinsn (md) =0.19 (e st (%) - 2.88 [Spicule-rich]
|C|g kﬂr i {md} =0. 12 ¢!m sy I:n-l'llﬂ] - 11}4 [EChinﬂdem‘l'ﬁﬂhI

Other Mississippian fields', including Bindley and Ness City field, permeability (k)-porosity (Q) trends
are similar to those of the Schaben for similar lithofacies. One significant difference is that calcite
cementation of spicule-rich pack-wackestones significantly occludes porosity and reduces
permeability. The bounding trends can be considered to define the range of porasity for a given

lithofacies trend. The low k-¢; slopes of individual lithofacies trends indicate that increasing porosity
does not significantly increase permeability compared with the influence of grain size. This is
consistent with porosity development through dissolution of pores surrounded by permeability-
controlling matrix.

Trends for echinoderm-rich and spicule-rich facies are significantly differant:
log Kirsw (md) =0.157 Q=i (%) - 1.87 [Echinoderm-Bindley Field)]
log ki e (md) =0.147 ¢‘.‘r.ls.'\'u (%) - 1.80 [Echincderm-Mess City Field]
log ki sn (md) =0.230 (s (%) - 4.04  [Spicule-Bindley Field]
log Kinsw (md) =0.170 Qs (%) - 2.76  [Spicule-Ness City Field]

Standard error of prediction of k ranges from a factor of 2 to 4.8. For all fields the lowest k*{i} slope and
highest predictive accuracy is oblained for a single lithofacies. With successive addition of mare
lithofacies into a statistical analysis the resulting trend-line slope approaches that of the bounding
trends. The intercept varies as a function of the nature of the population grain/mold size.
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Capillary Pressure

Capillary pressure properties of Mississippian carbonates differ between lithofacies. Structural
closure in many Mississipplan Kansas fields is less than 60 feet limiting ol column heights thereby
necessitating an understanding of the exact capillary pressure relationships.
Air-brine capillary pressure measurements indicate that water saturations at 45-50 fi (Sw45 Swh0)
above free water increase with decreasing porosity and permeability (Figures). Because of the close
comelation between lithofacies and permeability-porosity, Sw also increase with decreasing
grainfmold size from packstone to mudstone. Swd5 in Schaben can be predicted within + 14%
isaturation %) using: Swd5(%) = -20%og kinsifu + 61,
The echinoderm-rich facies in Ness Field, 5., is comelated with ¢ and k but exhibits very different
relations between the spicule-rich and the echinodsrm-rich facies:

SwS0(3h)=-3.21 dinsity + 87.6 Al (SE=19%)

Sw50(%) = -2.85 dinsity + 745 Echinoderm (SE=9.3)

Sw50{%) = -5.76 dinsifu + 156.4 Spicule (SE=6.7)

SwS0(%) = -17.5 log,, kingity + 42.1 Echinoderm (SE=8.T)

Sw50(%) = -25.5 log,, kinsitu + 638 Spicule (SE=6.6)

Sw-h and Sw-k crossplots reveal how subtle changes in lithology can affect saturations. Increase in
mud and spicule content elevates Swin the echinoderm pack-wackestones. Increase in dense chert
content decreases porosity without changing Sw. Changes in Sw between 50 and 150 fest in oil
column height are small for spicule-rich facies indicating they are at “imeducible” Sw at 50 feet
Echincderm-rich facies have low saturations, additional capillary pressure continues to decrease Sw.

Archie Cementation
Exponents

Dolomites- Traditional wireline log calculation of saturations use

the Archie equation and cementation (m) and saturation exponent (n)
values of 2. Formation resistivily factors (Ro/Rw) measured at
Rw=0.045 ohm-m (Figure) indicate that the Archie cementation
exponent (assuming an Archie intercept of 1.0) averages m=1.97+0.08
for all facies. Echinoderm-rich facies can exhibit cementation |
exponents between 2.0 and 2.1. Vuggy cherts can exhibit cementation 1+
exponents between 2.1 and 2.2, 1
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Chat - Chert conglomerates exhibit very high cementation
exponent values with m_=2.59+0.27. This is consistent with the high
moldic and vuggy porosity in the clasts of this lithofacies. Autoclastic s
cherts exhibit a range in cementation exponant from m=1.68 to 2.76. u
Nodular to bedded cherts exhibit low cementation exponents ranging 28
from m=1.86 to 1.99 with. Similarly, the dolomite mudstones and
bloclastic wacke/ grainstones exhibit m,, = 1.97+0.11 and m,__ =
1.77+0.05, respectively.
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Variance in the cementation exponent of the autoclastic cherts can be
explained partially by sponge-spicule mold content and vugginess at
the plug scale but these are in turn related to position within the
depositional cycle and/or position relative to the exposure surface or a
perched water table.
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Cementation Exponent (m)
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Figure illustrates the relationship of cementation exponent with depth
and lithofacies in the Tjaden 1-AWIW. The pattern in cementation 14
exponent shown in Figure can be related to both deposition and o &
exposure. Cementation exponents increase with increasing sponge-
spicule mald content and vugginess. The basal interval exhibits a slight
increase in sponge-spicule mold content upward in the section,
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lerminating at the base of the overlying bioclastic wacke/grainstone.
Autoclastic cherts interbedded with the bioclastic wacke/grainstones
exhibit lower sponge-spicule mold content. As such, the cementation
exponent-depth pattern may be related to deposition and sponge-
spicule contant.
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Assuming the encrinite beds were lithified at the surface, they could be
anticipated to act as aguitards and would be capable of forming the
base of a perched water table, Within and immediately above a
perched water table dissolution could be anticipated to be less than in
the overlying vadose. With decreased vugginess in this wet interval,
cementation exponents would be lower and would increase with
proximity to the surface. Below the perched water table a saturation
profile would also be established and the degree of vugginess and ~43a0 F
brecciation would decrease with increasing depth along with &
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