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ABSTRACT

Antrirn Shale multicomportentgas storagemechanisms
of adsorption,porosity and solution in bitumen precludethe use
of conventionalgas-in-piacevolumetriccalculations. Total in-sifu
gas”mntenthasbeenmeasuredusingcanisterdegaaaingtectiiques
adaptedtkom coalbedmethanetechnologies, Gas measurements
ranged from approximately S acf/t to 166 acf/t. Gas contents
exceedapparentgas-filled porosityby 6 to 8 times where organic
content is high. Cross plots of gas contentto companionTOC
and densitymeasurementresultedin a direct correlationbetween
increasing:s: cc!!!entcorrespondingto progressiveincreasesin
organicmatterand an inverserelationshipbetweenincreasinggas
content and decreasing densiiy. The linear fhnction relating
densityandgascontentcan be usedin conjunctionwith open-hole
log bulk density measurementsto calculategas-ht-place,

A side-by-sidecomparisonof gascontentmeasurements
from rotary sidewall core and whole core demonstratedthat the
measuremmts from both core sampling types are of equal
accuracy, From the standpb’ntof cost, samplehomogenietyand
samplingselection,rotary sidewallcoresare preferredover whole
core, The total gas contained in the shale can be completely
released as a single measurementby crushing the core upon
retrieval, Utilizing the on-site gas content measurements,
density/gascontent relationshipand density log it is possiblefor
the firsi time to locate and quantifi gas bearing Antrim shale
intervals from well logs,

Referencesand illustrationsat end of paper.

INTRODUCTION

Despite over 3,0W wells drilled during the last four
years to produce gas exclusively fkom the ArtWim shale in the
Michigan bash, there has been little effort to measurereservoir
properties which control production. Previous GRI-funded
research has demonstrated that adsorption is an important
gas-storagemechanism in the Antrirn shale of the Michigan
Basin, This gas was genemted in-situ and is thought to be
pervasively distributedtb:oughoutthe black shales,which cover
an area of approximately30,000 mfr. Measurementof in-situgas
content of all members of the Antrim formation has been
perfmned on con samplesfrom Otaego, Oscoda, Ogernawand
tiivingstoncounties. Uniform gascontentrelationshipshavebeen
established over large areas, despite the large geographic
distributionof data sets. Basedon measuredgas contents, the
in-placegas resmsresof the Antrim shale have been estimatedto
range from 16 bcf/mi2 to over 35 bcf/mi2.

AdvancedResourcesInternational(AR.1),workingunder
contract to the Gas Research Institute (GM), has developed a
cost-effective method to determine gas content in the Antrim
Shale from logs, The new proceduresshortenthe time required
to obtaindataneededfor gas-in-placecalculationsand, ultimately,
field reserves. Conventional reservoir-engineering-based
resourceestimatescannot be used for the Antrim becauseof its
unusualreservoir storageand productionmechanisms.

Natural gas in the Antrim shale is stored by three
primary processes:adsorbedon both organic matter and clays,
dissolvedin bitumen, and as free gas in the pore volume. The
resewoir and productioncharacteristicsof the Antrim Shale are
similar to thoseof coalbedmethaneresewoirs, Consequently,the
techniquescwrently used to measure gas content in coal have
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been applied to the Antrim shale. characteristicsof this important
objective of this research is to

Gas content is measuredly direct desorptionof the
Antrim shale. Core samJesare placed inasealcd canisterand
the vohrmeof gasdesxbed overtime is meawied. After the
sample has degassedfor one to several months, the sample is
crushedtomeasure the residualgas. Thethird componentof gas
content is the “lost” gas estimate, which is the volume of gas
released between cutting the core and placing the sampie in a
sealedcontainer. Total gascontent isrhe sum of lost, desorbed,
and residualgas,

ANTRIM SHALE STRATIGRAPHY

There are two Devonian stra:igraphic classification
schemesdeveloped for the Antrim Shale currently in use, the
most recent classification (1) has officially replaced Ells
classifications(2) although it is not in widespreaduse in the oil
and gas community, This has lead to some confusion when
describingthe stratigraphicsuccessionof the gasbearingintervals
of the Antrim Shale in the Michigan Basin. It is important
thereforeto distinguishthe two classificationssincethis paperwill
usethe nomenclatureof the new classification.

A compositestratigraphiccolumn (Figure 1) including
the two classification schemes as well as a gamma ray log
displaysthe positionof the black and gray shalesof the Antrhm
The distinctivegamma ray characterof theNorwood, Paxton,and
Lachine Members throughout the basin permits regioml
correlation of these units. The high gamma ray responsein the
black Sk.dkS is associatedwith high uranium concentrationwhich
itself hasbecomechelatedonto organics. Org&‘~crichnessthen
is reflected by gamma ray response. Core samp.” have been
selectedover a wide spectrum of organic content in tit-.. to
examinethe relationshipbetweengascontentandorganiccontent,

Current production is from the Norwood and Lachine
Members, previously referred to as the lC and 1A Units
respectivelyby Ells, These producing zonescorrespondto the
two lower black shalesof the Antrim Shale Formation as it is
now called, An interveninggray shale, ofien referred to as the
Middle Gray by operators, is called the Paxton Member in the
new classification, Above the Lachine Member is the Upper
Member of the Antrim Shale Formation and includes the
Ellsworth Shale, (Units 4, 5 & 6 ]f Ells),

Geologicstudieshaveestablishedbasin-widecorrelation
of the Norwood, Paxtonand Lachine members(3), The regional
correlationhave been usefidin relating basin-widesignificanceof
resultsachieved from gas contentmeasurementsiteswhich have
a large geographicdistribution,

MEASUREMENT OF GAS CONTENT

A program to measurein-shu Antrim shalegascontent
was initiated by GRI in 1991 to evaluate the sorption
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gas reservoir. The principal
improve un~erstandingof the

geologic and reservoir processeswhich cuotrol gas production.
Whole coreandsidewallcore sampleswere providedby Nomeco,
Mercury Exploration,Terra Energy, andTaurusExplorationfrom
wells located in Otsego, Oscoda, Ogemaw and Livingston
counties(Figure 2). Sampleswere primarily black shalesfrom
the Upper Antrim, Lachine, and Norwood intervals,

Initially, the methodologywhich had beendevelopedto
measurecoal seam gas content was :~daptedto measurethe gas
content of the Antrim shale. The U.S. Bureau of Mines
establishedthe most widely usedprocedurefor coal gas content
measurement(4), smdlater updatedand modified this method(5).
Coal gas content units of standard cubic feet ;er ton (scf/t)”
!ikewise were adoptedfor shale, Shale gas contentsformerly
were reportedin standardcubic feet per cubic foot (scf/cf), but
can be convertedto scfh by multiplying by approximately 12 to
14, dependingon shaledensity.

Standardgaa content measurementsare performed by
sealinga freshlycoredsamplein an airtight canisterand releasing
desorbed gas for measurement (measured gas). Once gas
desorption alowa signif~tky, the Sample ia CNShed and the
releasedgas measured(crushedgas). Using conventionalcoring
equipment, gas will also desorb t~om the core dwring retrieval
(lost gas), This third gas component can be estimated by
extrapolatingearly-time desorptionbased on the square root of
time or using the Williams and Smith unikpxe model (6). Lost
gas volumes are hi~h if gas diffusion from the matrix is rapid.
However, shale gas diffusion rates are relatively slow,
consequentlythe lost-gascomponentfor shale is much lessthan
for coal, Basedon the five-well data set, lost gas volumeswere
determinedto be insignificant,averaging 1 scfh (Figure 3), Total
gascontentis the sumof lostgas, measuredgasandcrushedgas,

The plot of cumulative measured gas versus time
(Figure 4) revealsthat the first few days of measurementare the
most important, :fter which the desorptionrate slowly declines.
Shales typically release small volumes of gas, much less than
from coal, IJus accurate measurementsare essential, Large
potential errors can be caused by excessive free volume
$:adspace) insidethe canister, Changesin ambient temperamre
and pressurecause expansionor contractionof headspacegas.
The magnitudeof error is propm’tionalto the ratio betweenthe
volume of desorbedgas and headspace(7): for a ratio of 2:1,
errors of lessthan 10% occur,while ratiosof less than i: 1 may
produce errors greater than 30%. Headspace error can be
minimized by usingan appropriatecanistersize, or by filling the
headspacevolume with a nonreactivematerial suchaspurequartz
sand,

Oxidation of organic material is another significant
source of error in gas content measurement, particularly if
desorbedvolume is lessthan twice as large as headspacevolume+
The oxidation rate of atmospheric oxygen onto shale can be
similar to the desorption rate of methane, causing methane
deso~tion volumes to be underestimated. Recent work by
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Gustafson(8) indicatedoxidatioircan causetotal gas(...merrtto be
underestimatedby up to 20% of headspacevoiume, The negative
effects of atmosphericoxygen on vohrmetrk measurementscan
be avoided by 1) recalculating desorbed gas by routiiely
analyzing its composition (7); or, preferably, 2) flushing the
sealedcanistt with an inert gas suchas helium,

The extremely slow ~.~orption rate of shale makes
complete desorptionof a sample impractical. A representative
samplecan be taker. from the core aud c’ ushrd to determinethe
remaining gas, Crushed gas volumes for the five-well data set
averaged more than 50% of total gas content for samplesthat
were crushed following 30 days of desorption(Figure 5). The
crushedgas volume of samplesfrom the Dey AI-15 well, which
were desorbedover a three-month period, was still more than
40% of total gas content, The dominance of the crushed gas
component and the difficulty of obtaining accurate individual
desorbedgas measurementsmrppwts the approachof crushing
samplesimmediately upon retrieval at the wellsit:, The low and
uniform lost gas volumes make it unnecessaryto record early
time desorption data for lost gas extrapolation, if CNShing is
performed immediately upon retrieval.

CORRELATION OF GAS CONTENT, SHALE
DENSITY AND ORGANIC MATTER

EstimatingAntrim shalegascontentfrom open-holelog
responseis potentially more accurateand coat-effeetivethan the
core analysismetkod. Log data can be collectedover the entire
extent of a reservoir, whereaadirect core analysisprovideaonly
a finite and not necessarilycharacteristicnumber of data pointa.
This study proposedand tested the hypothesisthat relationshipa
exist between gas content and total organic carbon (TOC), and
between TOC and bulk density. Su.h a linkage would readily
permit log determinationof gascontent,becausebulk densitycan
be accurately measured using conventional downhole logging
tools,

A crossplot of TOC versusgas contentfor the entire
five-well data setdemonstrateda closerelationshipbetweenthese
two parameters,with a correlationcoeftlcient of 94% (Figure 6),
This data setsupportsthe theory that gascontainedin the Antrirn
shaleis adsorbedontoorganicmat:w andthat gasproductionwill
be influenced by diffusion mechanisms, Based on this new
correlation, gas contentcan be estimatedif shaie‘I”(3Cis known,
It is important to note that correlatiorwpresentedin thissection
are restricted to depthsof 1,300’-2,100’ and shale maturities
rangingfrom ,45-,55 V,O, In addition, the methodassumesthat
the Antrim is equally gas saturatedin all studywells, thoughnot
necessarilyt%llygassaturated,andthat gascontentonly variesas
a functionof organic matter.

The TOC/gas content relationship is also useful for
comparingalternative methodsof gascontentmeasurement. The
ge~coutentand TOC of whole core and rotary sidewallcore are
plotted orr Figure 7. Based on this one-well data set, the gas
corrtent/TOCrelationshipfor sidewall coresisjust as accurateor
even superior to that for conventionalcores. In addition, rotary

sidewallcorin2 is significnrstlych?tper thanobtainingwholecore.

Gascontentalaocorrelatesclose!ywith TOC for rotary
sidewall coresthat were crushedshortly (less than 1 hour) after
retrieval (Figri>e 8), just as closely as for the five~well .ata set
(correlationcoeticierst = 94%). The crushedgascomponentwas
assumedto representthe entire gas content of these samples.
Baaedon thisone-well comparison,it appearsthat rotary sidewall
coring and on-site crushing is a reasonablyaccurateme~od for
directly measuringg(,s content. Furthermore, this techniqueis
more rapid and less costly than the conventional desorptio,l
approach.

Mineralogic analysis of the Antrim shale shows that
pyrite and kerogenare the primary componentswhich potentially
affect overall mck density(Figure 9). LO’I shaledensitiesappear
to be controlled by increasing amounts ot’ low-density organic
components(Mgure 10), Data points which stray from this
best-fit line are probably caused by anomalously high pyrite
concentrations, which has a much higher density than
rock-forming minerals.

Because gas .ontent increases with TOC and TOC
increaseswith decreasingshaledensity, it follows that gascontent
shouldincreasewith decreasingshale density. This inferenceis
supportedby a cross-plotof gas contentand shale bulk density
(Figure 10; correlation coefficient = 91%), This linkage
demonstrates that gascontentin this portion of the basincan be
estimatedfkom Iogderived bulk densitymeasurementsas ahown
on Figure 11.

The accuracyof gascontentestimatescan be improved
by increasingthe count rate fbnctionof the : +mventionaldensity
mol. Typically, two counts per foot are recorded on a
conventionaldensitylogging mn, but this can be increasedto ten
countsper foot to increasethe resolutionof shale density, The
high-cormt-ratedensitylog recordsthe thin, interbeddednatureof
the Anttirn shale much more accurately than the conventional
density log (Figure 12). Furthermore, the bulk density gain is
higher in the high-resolutionlog. However, the high- count-rate
log must be run at a slightly slower logging speed and may
require more repeat tuns compared with the low-count-rate log,
Nevertheless, the thin-bed resolution and more accurate bulk
density measurementof the high-resolutkmdensitytool makes it
the preferred log for accurate determinationof logderived gas
contel,tt,

LOG DERIVED GAS-IN-PLACE
CALCULATIONS

A forecast of recoverable gas requires an accurate
estimateof gas-in-place, Gas-in-placecanbe calculatedusingthe
following equation:

( JGIP (beflmi2) = 1359 ~F (640 UC) (p) (@ (h)
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Using digital logderived bulk density data and simple
spreadsheetcalculations,interval gas-in-placecalculationscar oe
perfom ‘d. A plot of gas-irr-placeby Antrim shale interval for
the Mercury Exploration Dey AI-15 well is shownin Figure 13.
This analysis showsthat the currently producing Norwood and
Lachine members are the most important gas reservoirs, with
combinedresourcesof 7.3 Bcf/mi2, The U~Wr Black mem’.el is
an attractivesecondarytarget, estimatedto contain8,6 Bcf/mi2 of
gas-in-place,

CONCLUSIONS

Geologic anaiysisof core and log data from five wells
in the Antrim shale leads to the following conclusions:

1) Conventional methods developed for measuring gas
content in coal beds do not adapt well to the Antrim
shale, Antrim gas desorptionvolumes are small and
diffusion ratesare very slow. Consequently,significant
errora in gaa content are often introduced by
atmospherictemperatureand pressurefhtcttrationsand
by reaction betweenthe shaleand hea&pace gas,

2) On-site crushingand measumrnsntof gascontenttkom
Antrim shale sidewall cores providea a cost-efkctive
alternative which is as accurate as conventional gas
desorption methods for this Iowdifiaion reservoir.
This methodalsoavoidsthe errora causedby headspace
gaa.

3) Gas contentdeterminedfromsidewall corescorrelates
closely with bulk density log responseirr the Antrim
shale. Using this correlation, a new log-basedmethod
for gas determinationin the Antrim is proposed. This
method is faster and less costly than ,;onventionalgas
desorptionfor determinationof gascontentandin-place
gas resourcesfor the Antrirm

4) High-resolution density logs enhancethe uccurscyof
gaa content and gas resourceestimatesin the Antrim
and are the preferred tool for this method.

NOMENCLATURE

G!P = Gas-in-place ac = acre
TIAF = Tons/acre-foot P= bulk density
g/cc = grams/cubiccentimeter k = thickness

gc = gas content
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