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ABSTRACT

The determinatiorof suitable parameter® properly interpret Ig data in termsof
porosity, clay conteh and water saturation is oftearduous For example, classical
estimatesof clay volume frequengluse the rangeof observe gammaray values over a
deph intervd asaclay calibration. An improved procedure presented here integrates core
mineralogy and chemistry as well as nuclear fodvaodeling Accurate mineralogyH 2
wt %) from the Dual-Range Fourier Transform Infrared (FT-IR) spectrysoazedue is
used The chemical elemdranalysis includes not onthe major compositional elements
but al® all traceand minor elemergthat can significanyl influence log responses The
chemical and mineralogical data are then used with nuclear forward modeling te finevid
log response of logging sorglsud as gamna ray, matrix density, hydroge index,
photoelectric absorption cross section, and thermal and epithermahmesponses It is
then usually straightforward to see simple relationships between ag&ilghing variables
and desired parameters.

Data from two exampé wells shav tha totd clay contentis linearly correlatg with
aluminum (Al). This is particularly useful since simulated alunmraoncentratia logs cen
be obtained in both openand cased-ha environmerg from induced gamma ray
spectroscopy sondesNith classical gaminray interpretation, several reservaontervals
would be overlooked due to moderately high gamma ray levels.e $hae intervak have
low aluminumconcentrations Therma neutron porosity is close total porosity onlyin
the cleandsintervals. A simple relationship iobserved betweealuminum andthe
modeled thermal neutron porosity response. The Al-corrected neutronypagrsis well
with core porosity The thermaneutron captw cross sectionsigma matrix, also
correlates linearly with aluminum. Most importdogging parametes are demonstrate to
be simply relaté to clay contehard thus to aluminum. TRintegrationof chemistry,
mineralogy and nuclear response data is an efficient way of providing ngqesssaneters
for accurate log interpretation.

INTRODUCTION

Oilfield logging sonds do nd directly measure desired formation propersech as
lithology, porosity ard hydrocarbon saturation. Inste#ltese properties mudbe
estimatel from the measured variabdésuch agotal gamnaray activity, electramdensity,
therma neutron couh rates, ad electrical resistivity. The estimation procedures



sometimes rather arbitrary. For example, édeimon tousethe range obbservedotal

gamma ray activity to scale measurements between 0 %0@né shale. Thigrocedure
assumes a minimum clay content value for formations tivtHowest gammaay reading.

Bhuyan and Passkyefined this procedure to scale between 0 % and @gpthereby
including theobservatiorthat manyshalesarecomposed of 60%lay mineralsand 40%
non-clay minerals. Additional log correction parameters such as the shale neutron response
or shale matrix thermaheutron capturecross section (referred to as sigma) are then
estimated from the gamma ray gammaray-derived shaléog. This sort ofprocedure is

often followed in absence of core data for refinement.

This paper presents a methodologydalculating many of the parameters needed for
log evaluation from corelata. It furthershows that these parameters casually be
guantitatively evaluated on a level-by-level basis from geochemical log data.

EXPERIMENTAL METHODS

Core plug samples were provided from a well in Europe agasavell in Texas.
These two wells represent vastlijfferent geological depositional environments and
diagenetichistories. Core samples were crushed gplit with a micro splitterinto
mineralogy and chemistryactions. Mineralogyconcentrations were obtained from the
dual-range FT-IR proceddre Concentrations of Si, Al, Fe, Ca, Mg, K, Na,&¥, P, S,
Cr, Mn, Ti, B, Rb, Sr, Y, Zr, Nb, Ba, Gd, Th, &xd Loss omgnition weredetermined
by x-ray fluorescence, induction coupled plasma mass spectrometry, coulometry, Leco and
neutron induced prommammaray analysis. Concentrations of unmeasuaeel earth
elementswere estimatedfrom the measured rare earth concentrations andNdhé
American Shale Composite relative abundahces

Total gammaay response waslculated as thereighted sum of thoriunyranium
and potassium concentratibnsA number of nuclear parameters weatculatedrom the
chemicalconcentrations and the SIRAR codé including the thermaand epithermal
neutron porositieghe thermaheutron capturerosssection (also referred to agma),
and the photoelectric absorption cross section.

RESULTS AND DISCUSSION

Regressions were performdmetween computed gammay and several of the
modeled nuclear parameteir boththe European well samples and the Texas well
samples.Identicalregressions were performedtween aluminum concentrations and the
modeled nuclear parameters since aluminosilicates (clays) are a primary factor in
determiningsuch parameters. These regression reavdtssummarized in Table 1 and
displayed in Figures 1-10.

EuropeanWell Samples

The clay content of siliciclastic reservoirsoise of themost important parameters to
estimate accurately, because clay directly affects porosity, water saturation and permeability
calculations as well as gatentification and overalleservoir quality. One dhe primary
ways to estimate the clay content is to use the total gamma ray signal. Fighmv$athe
European well total gamma ray signal, computed from the thorium, uranium and potassium
concentrations, compared withe total clay content (2 wt %) determined by¥T-IR
analysis. It is immediately clear that there is a general correlation bejarmemaray and
clay content, as shown kthe solid line. There is no indication of a curved relationship




between GR andlay ashasbeensuggested in numerous papershere ishowever, a
significant amount o§catter. Samples withgammaray readings of about 25 ARave

clay concentrations ranging from less than 5 wt % to nearly 30 wt %. Astpasiedit is

shown as the solid line with a correlation coefficient=@f.86 and a standard error of 8.7

wt % clay. The Bhuyan and Passey method, wiheresamplevith the maximum gamma

ray reading is assigned as 60 wtcday and the sampl@ith the minimum reading is
assigned as 0 wt % clay, is shown as the dashed line in Figure 1a. This procedure leads to
a biasedestimate of the clay concentration in tBaropean well samples as thiy
concentration is underestimated in all but three samples.

The second common way to estimate clay from conventionalatgnvolves scaling
the separation between the neutron and density porositgddgngs, botltalculated on a
sandstone matrix, from 0% clay at zero separation to about 60clety%t the maximum
separation in shales Figure 1b showshat there is a linear correlation betwesutron-
density separation aridtal clay. The correlation coefficient .95 with a standard error
of 4.6 wt % clay. While it is commonlyassumedhat theneutron-density separation is
zero at zero percemiay, there is asurprising 5p.u. offset inthe modeled respsas.
Thus, in the absence of gas and with core calibration, neutron-density separation provides a
good estimate of clay.

Figure 2 compares the aluminum concentrations @ag concentrationgor the
European well samples astiowsthat a similar correlatioexists here. The correlation
coefficient is r=0.98 anthe standard error is onlg.6 wt %. This correlation follow the
trend previously established for numerous wells ardo@d/orld®. Clay estimated from
either thepreviously publishedluminum-clay relationship or the optimized relationship
shown in Figure 2 would bgignificantly more accurater the European well thagither
estimatebased ongammaray response or on neutron-density separation. Slage
minerals are the major aluminosilicates in most sedimentary formations, a strong correlation
with aluminum concentrations is expectedess perturbed bgbnormal concentrations of
micas or feldspats

Figures 3a and 3b compare gamma ray and aluminum with the thermal neutron capture
cross section of the roakatrix (sigmamatrix). Thisparameter is needddr quantitative
analysis ofthermal decayime measurements whicire commonly made as part of well
monitoring. The pertinent equation is

zmeas: O Swzw"' u ( 1_SN)Z|‘IC+ (1_D )Zme 1

wherey ...is the measuredalue, ] is theporosity, § is the watesaturation, and ,,

Yo and) . refer to the capture cross sections of the water, hydrocarbon and rock matrix,
respectively. The values for water and hydrocarbon are usually known for a locality. The
matrix value is usually scaled accordinggommaray from a lowalue (often the quartz
value of 4.7capture unit9 to a high value irshales. Figure 3a showisat sigmamatrix

for the European well samples correlates wammaray with a correlation coefficient of

0.89 and a standard error Bf7 capture units. Correlation with aluminum is somewhat
better(Fig. 3b)with a correlation coefficient .94 and a standard error df8 capture

units. Clay is the major mineralogy component governing matrix sigma, so aluminum also
correlates better with matrix sigma.

The primary variable affecting thermatutron response is porosityfowever, clay
content is a close second due to lilgdrogen atoms ithe clayhydroxyl groups and, to a
lesser degree, to oth#nermal neutron absorberthat also affect matrixsigma. The



pertinent equation governing interpretation of thermal neutron porosity can be approximated
as

NPHI o= OS, NPHI,, + 0(1-S,)NPHI o+ (1-0)NPHI 5

where NPH| _..is the measured neutron porosity and NPNPHI, . and NPH], refer to
the thermal neutron response to water, hydrocarbomhamdck matrix, respectively The
values of NPH} and NPHI, . are frequently similar due to similtaydrogen densities
unless gas is present, @ value oNPHI__ is often the largest uncertainty in evaluating
equation 2. Figures 4a and 4b shibvat the gammaay vs. NPH) , relationship exhibits
much more scatter than the aluminws1 NPH), relationship. Notehe similarities
between the GR-clay (Fig. 1a) aGiR-NPHI . (Fig. 4a) patterns which demonstrétat
clay content is the driving force in establishing NRHI

A similar pattern exists for the European well hydrogen index data. Figures 5a and 5b
compare hydrogen index witlammaray and with aluminurooncentrations. As with
Figures la andb, the correlatiorwith aluminum is substantiallgetter tharwith gamma
ray. The linear correlation coefficiefar HI:GR is 0.76ithe correlation coefficient for
HI:Al is 0.97. Again,this reflectsthe more reliable relationship between cag Al
concentrations. The equation governing hydrogen index interpretation is analothais to
for NPHI.

TexasWell Samples

The Texaggaswell samples are an interesting contrast to the European well samples
because oilfield operators in the area are aware of thestmbrthiness oammaray for
estimating clay or other parameters due to the sporadic presence of radioactive volcanic ash
layers. These ash layers were not sampled in the core study and, interestingly, in the layers
that were sampledgammaray correlatestrongly with clay and modeled nuclear and
petrophysical parameters.

Figure 6a showshat gammaay correlatestrongly withtotal clay contentith a
correlation coefficient 00.98. Howeversince the lowesgammaray samples contain
about 20 wt % clay, a simple scaling of gamma ray from 0 to 60 wt % clay produces errors
of 20 wt % in thereservoir samples.The separation between neutron and density
porosities, both computed on a sandstone matrix, also linearly varies witaptebntent
(r=0.99), but again there is a significant offset at z&ap(Fig. 6b). Figure 7 showthat
aluminum correlatestrongly withtotal clay(r=0.98) but there is significant aluminum at
zero claydue to the sizablieldspar content.Each of these variables correlates weth
total clay, but the gamma raykaown to besporadically unreliable in therea, andhese
samplescomefrom a gaswell wherethe neutron-density separatidails, sothe most
reliable clay estimatevould come from the aluminum. The default clay-aluminum
relationship for feldspar-rich safida/orks nearly as well as theegression ornthese
samples.

Figures 8-10 show that, for the core samples analyzedgaotimaray oraluminum
correlate wellwith sigma matrix, neutron porosity matrix, hydrogen index eaitbn
exchange capacity. The regression parameters are giVablénl. Use ofeither gamma
ray or aluminum withthe regressionparameters given itable 1would give acceptable
estimates of the petrophysical paramefm®vided no volcaniash were encountered.
Again, the separation between neutron and density is inapplicable due to the occurrence of
low density, low hydrogen content gas.



Log Example
How does the use afore calibration improve the estimation of clay conteRi§ure

11 shows clay content determined from the aluminum log in the Texas well as a function of
depth. For comparisotthe total clay content in the 15 caamples isshown asfilled

circles. There is reasonable agreement, givenubgal core-log comparisqmroblems.

Figure 11 alseshowsthe clay content estimatéwm the gammaay without the core
calibration andusingthe scaling oBhuyan and Pass€$994). This estimate is slightly

high, relative to the aluminum estimate, in the shales. More importantly, it misses sands at
3600-3700 ft and 495f). Thesesandsare believed to be excessively radioactive due to
volcanic material. Notéhat the gammaay-basectlay estimatgerforms reasonabhyell

over the cored interval.

Figure 12 shows that using the core calibrated regression result$dbenlgives a
gammaray-basedclay estimate that is in better agreemuwith the aluminum-based
estimate. It still misses the sands with volcanaterialbut over much othe profile there
is little difference between the two estimates.

SUMMARY AND CONCLUSIONS

A methodology is presented faalculating many of the parameters needed for
formation evaluation of log data. First, a core data set is established consistingratie
mineralogy and a specific set dfemical elementatoncentrations. Seconthese basic
data are used in nuclear forward modeling to determine a variety of matrix properties
as matrix thermaheutron capturecross sectionmatrix thermalneutron porosity, and
matrix hydrogen indexOther computegbroperties includéotal clayandtotal gamma ray
response.

Finally, regression equatiomase constructedhere desired petrophysical parameters
are set as a function of measurable paramstefs aggammaray or aluminum. We find
that insand and shaly sandstone environmentdy, minerals are the dominaswurce of
parameter variance. Since clays are the major aluminosilicateshrenvironments, it is
also observedhat thepetrophysical parameters usuafiijow simple correlations with
aluminumconcentrations. Fortunately, such alaminum log can be obtained in both
open- and cased-hole environménts
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Table 1. Linear regression parameters for the European and Texas wells.

Variable Slope Parameter Std. Error
European Well Core Samples

Clay 0.50 GR 0.86 8.7 % clay
1.84 N-D 0.95 4.6
5.88 A 0.98 2.6

Sigma 0.175 GR 0.89 2.7 c.u.
1.91 A 0.94 1.8

NPHI 0.20 GR 0.81 4.3 p.u.
2.44 A 0.98 1.2

HI 0.0012 GR 0.76 0.03
0.15 A 0.97 0.01

Texas Well Core Samples

Clay 0.57 GR 0.98 1.9 %clay
2.94 N-D 0.99 1.1
13.1 A 0.98 1.6

Sigma 0.175 GR 0.98 0.5 c.u.
3.98 A 0.97 0.5

NPHI 0.14 GR 0.96 0.2 p.u.
3.16 A 0.96 0.5

HI 0.0008 GR 0.95 0.003
0.018 A 0.96 0.003
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Figure 1. a) Total clay concentration compared to computed gamma ray response (a) for
the European core data. The solid line is the least squares fit; the dashed line follows the
logic of Bhuyan and Passey (1994). b) Total clay content compared to the separation
between neutron porosity and density porosity (both on a sandstone matrix) is a slightly
better fit but shows a surprising offset of about 5 p.u. at 0 % clay.
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Figure 2. Relationship between aluminum and total clay shows a very tight linear
relationship.
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Figure 3. a) Sigma matrix compared to total gamma ray for the European well samples. b)
Sigma matrix compared to aluminum for the same samples.
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Figure 4. a) Neutron porosity on a sandstone matrix compared to total gamma ray for the
European well samples. b) neutron porosity compared to aluminum for the same samples.
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Figure 5. a) Hydrogen index matrix compared to total gamma ray for the European well
samples. b) hydrogen index matrix compared to aluminum for the same samples.
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Figure 6. a) Total clay concentration compared to computed gamma ray response (a) for
the Texas core data. The solid line is the least squares fit; the dashed line follows the logic
of Bhuyan and Passey (1994). b) Total clay content compared to the separation between
neutron porosity and density porosity (both on a sandstone matrix) again shows a
surprising offset of about 5 p.u. at 0 % clay.
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Figure 7. Total clay compared to aluminum for the Texas samples. The solid line is the
least squares regression result.
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Figure 8. a) Sigma matrix compared to total gamma ray for the Texas well samples. b)
Sigma matrix compared to aluminum for the same samples.
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Figure 9. a) Matrix thermal neutron response on a sandstone matrix compared to total
gamma ray for the European well samples. b) Matrix thermal neutron response compared
to aluminum for the same samples.
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Figure 10. a) Hydrogen index compared to total gamma ray for the Texas well samples.
b) Hydrogen index compared to aluminum for the same samples.
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Figure 11. Clay estimation from gamma ray and the Bhuyan and Passey (1994)
methodology overestimates clays in the shales and completely misses sands at 3600-3700 ft

and 4950 ft but does well in the reservoir at 4550 ft.
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Figure 12. Clay estimation from the core-calibrated gamma ray still misses sands at 3600-
3700 ft and 4950 ft but does well in the reservoir at 4550 ft.
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