
EP 0 143 529 B1 Description The present invention relates to methods and
apparatus for logging earth formations penetrated by a well borehole, and
more particularly to methods for directly determining formation and
borehole 5 characteristics by analysis of gamma rays from naturally
-occurring formation radiation. This includes determining relative
elemental abundancies of potassium (K), uranium (U), and thorium (Th), and
measuring formation lithology in open holes and casing thickness in cased
holes. In recent years gamma ray spectroscopy of earth formations in the
vicinity of a well borehole has been made practical by the development of
highly stable scintillation detectors which may be lowered into a well 10
borehole and which produce a pulse height spectrum proportional to the
gamma ray energy spectrum of gamma rays impinging upon the scintillation
crystal. In one commercially available well logging service for detecting
the natural gamma ray spectra produced by uranium, potassium, and thorium
in earth formations in the vicinity of a well borehole, three energy ranges
or windows are used which are centered about selected gamma ray emission
peaks for naturally occurring gamma rays in the decay chain of the 15
aforementioned elements. Gamma ray count rates in each of these three
energy ranges are transmitted to the surface and processed by a technique
called spectrum stripping wherein standard calibration spectra for each of
the individual elements (made in standard boreholes) are applied to the
measurements of count rates made in the energy ranges chosen for detecting
each of the three elements. So called "stripping constants" derived from
the measurement of the standard spectra in standard boreholes for each of
the 20 three elements are then applied to the measured spectrum from the
unknown earth formations surrounding the borehole. An estimate of the
percentages of the particular three elements being measured is then made
based on the stripping technique. In a second, slightly more sophisticated
commercially available technique, (such as that described in U.S. Patent
3,976,878 to Chevalier, et al, issued August 24, 1976) five energy ranges
or windows are utilized 25 for the measurement of the spectrum of natural
gamma rays emitted by the earth formations in the vicinity of a well
borehole. The five energy range measurements used in this technique are
employed in a least squares fitting scheme to determine the elemental
concentrations of the three elements, again based on the spectrum of each
of the individual elements of the three taken in standard boreholes. The
use of the five - windows gives an overdetermined set of equations (i.e., 5
equations in 3 unknowns) which are statistically enhanced by the use of the
count rate data from the extra two energy windows to distinguish this
technique from that described in the foregoing paragraph. A problem which
occurs in the use of either of the above referenced prior art techniques is
that the measurements of the gamma ray spectra of the unknown earth
formations in each instance are compared 35 with standard spectra for each
of the individual elements made in standard borehole conditions. That is to
say, standard condition borehole spectra are fitted to the spectra obtained
in the unknown borehole being measured in each of the above two techniques.
The problem arises due to the fact that the, borehole conditions in the
unknown earth formations being measured may not correspond to the
conditions which existed in the standard, or calibration, spectra
boreholes. That is to say, if the standard spectra were made 40 with a
scintillation detector placed in an eight inch (20 cm) borehole, the effect
of the borehole dimensions or casing and mud conditions on unknown spectra
taken in, for example, a six (15 cm) or twelve inch (30 cm) borehole could
cause variations in the spectrum stripping or fitting techniques. These
variations could affect the estimates of the percentage of the three
elements sought to be detected by as much as an order of magnitude. 45
In our GB-A-2099143, we have described a method of logging earth formations
to ascertain the relative elemental abundancies of potassium, uranium and
thorium, by measuring the gamma ray energy spectrum in at least four energy
bands. Three of the bands correspond to the three elements K, U and Th, and
the fourth (and any other) bands are used to provide corrected stripping
constants for the non-standard borehole conditions. 50     We have now
devised another method by which the effect of non-standard borehole
conditions can be taken into account. According to the present invention,
there is provided a method for natural gamma ray spectral logging 



of a well borehole to determine the relative elemental abundancies of
uranium, potassium, and thorium gamma rays in earth formations by
comparison with standard gamma ray calibration spectra of uranium, 55
potassium, and thorium taken in standard boreholes having standard
geometrical and constituent properties, comprising the steps of: (a)
obtaining with a borehole measurement system an unknown gamma ray energy
spectrum in a measurement borehole having non-standard borehole conditions,
said unknown gamma ray spectrum comprising gamma ray intensities measured
in at least four energy bands corresponding to a first energy so band
containing the 2.61 MeV thorium decay peak, a second energy band containing
the 1.76 MeV uranium decay peak, a third energy band containing the 1.46
MeV potassium decay peak, and one or more additional energy bands for
monitoring shape of said unknown gamma ray spectrum as a function of
elemental concentrations; (b) deriving a parameter indicative of the effect
of the non-standard borehole conditions on the 65 unknown gamma ray energy
spectrum; and 2    EP 0143529 B1 (c) applying said parameter to said gamma
ray intensity information to derive elemental abundancies of potassium,
uranium and thorium characterised in that: said parameter is an elemental
sensitivity matrix which is derived from selected physical conditions  of
said well borehole, information regarding said conditions being obtained
from a 5  source other than said system. The invention also provides a
method for natural gamma ray spectral logging of a well borehole to
determine the relative elemental abundancies of uranium, potassium, and
thorium gamma rays in earth formations by comparison with standard gamma
ray calibration spectra of uranium, potassium, and thorium taken in
standard boreholes having standard geometrical and constituent properties,
comprising 10 the steps of: (a) obtaining with a borehole measurement
system an unknown gamma ray energy spectrum in a measurement borehole
having non-standard borehole conditions, said unknown gamma ray spectrum
comprising gamma ray intensities measured in at least three energy bands
corresponding to a first energy band containing the 2.61 MeV thorium decay
peak, a second energy band containing the 1.76 MeV uranium 15 decay peak, a
third energy band containing the 1.46 MeV potassium decay peak, said energy
bands also being used for monitoring the shape of said unknown gamma ray
spectrum as a function of elemental concentrations; (b) deriving elemental
stripping constants for the non-standard borehole conditions; and (c)
combining said stripping constants and said gamma ray intensity information
in said at least three 20 energy bands to derive elemental abundancies of
potassium, uranium, and thorium; characterised in that: said elemental
stripping constants are derived from selected physical conditions of said
well borehole, information regarding said conditions being supplied from a
source other than the said measurement system. In addition to giving
improved K-U-Th concentrations, the borehole measurement system can use the
25 scattered low energy gamma rays from the formation to provide
information on photoelectric absorption. Based on initial Monte Carlo
calculations and subsequent tool measurements, photoelectric absorption in
an uncased well can be observed and used to identify formation lithology,
using similar physical principles to those employed in recent
lithology/density logging devices. In a cased well, photoelectric
absorption in iron masks the formation lithology signal, but in itself is
useful for determining the mean thickness of the 30 casing, which is
indicative of wear and external or internal corrosion. The spectra are
digitized and accumulated downhole and are transmitted to the surface. The
spectra can be recorded on magnetic tape and visually output on the log, as
well as being used in the software for the K-U-Th, lithology, and casing
thickness determinations. 



The toolcase over the detector is composed of a low atomic number (and low
density) material, which 35 both facilitates the photoelectric absorption
measurements and improves the count rates in the detector in the higher
energy K-U-Th spectral region. In very high temperature and pressure
applications, a titanium toolcase version of the tool may be used. The
invention may best be understood by reference to the following detailed
description thereof when taken in conjunction with the accompanying
drawings in which: 40 Brief description of the drawings Fig. 1 is a
graphical representation illustrating a typical natural gamma ray energy
spectrum in a borehole taken with a scintillation detector and showing four
approximate energy ranges or "windows" used in the present invention; 45
Fig. 2 is a schematic diagram of a well logging system employing the
concepts of the present invention; Fig. 3 is a graphical representation
illustrating digitized spectral data from a cased well; Fig. 4 is a
graphical representation illustrating changes in the shape and intensity of
high energy formation spectra due to borehole effects; 50     Fig. 5 is a
graphical representation illustrating the improvement in elemental
concentration estimates which results from using borehole compensation;
Fig. 6 is a graphical representation illustrating casing effects on low
energy formation spectra; Fig. 7 is a graphical representation illustrating
the functional relation between the casing ratio [err] and the casing
thickness [err] 55     Fig. 8 is a graphical representation illustrating
lithology effects on low energy formation spectra; Fig. 9 is a graphical
representation illustrating borehole diameter correction for the lithology
ratio RLIT; Fig. 10 is a graphical representation illustrating borehole
salinity correction for the lithology ratio RLIT; and Fig. 11 is a
graphical representation illustrating the functional relation between the
corrected lithology 60 ratio R'LIT and the photoelectric factor [err].
Description of the preferred embodiments Logs of natural gamma ray activity
in three energy ranges have been used to estimate the potassium (K, uranium
(U) and thorium (Th) content of earth formations. These logs (commonly
referred to K-U-T 65 logs) were initially used in mineral exploration and
bed correlation studies. 3    EP 0143529 B1 -    During most recent times,
however, the K-U-T logs have been used to determine other important
information about earth formations penetrated by a well borehole, such as:
1) the oxidation state of the bed at the time of deposition; 2) quantity of
organic material in sedimentary layers which (together with item 1) leads
to source rock 5 bed identification; 3) the depositional environment of the
bed (i.e., continental vs. marine deposition); 4) water movement in
downhole formations which in turn may indicate fractures, faulting, or
permeability; 5) water movement in the borehole region which may indicate
channeling or water producing 10 perforations; 6) more accurate shale
content determinations for a particular bed, and; 7) clay typing and marker
bed identification. Each of the two commercially available services
discussed earlier uses scintillation type gamma ray detectors which are
biased to record the gamma radiation in either three or five energy bands
or windows. 15 Count rate contributions from the decay of each of the
elements of interest or their daughter decay 



products are mathematically stripped or fitted from the composite count
rate observed within the three or five energy windows. Elemental
concentrations may then be computed from the stripped or fitted count
rates. In the second type of commercial logging operation the use of five
energy windows provides an overdetermined set of relations which may be
used to statistically enhance the count rate information from 20 each of
the energy windows. However, no basic change from a comparison of unknown
spectra with standard gamma ray spectra taken under standard borehole
conditions is contemplated in either of these commercially available
techniques. Changes in borehole conditions can introduce errors in
concentration calculations of the elements that can approach an order of
magnitude. Such errors, although large, were still tolerable in early
applications 25 of the K-U-T log for minerals exploration. However, as the
applications of such logs have become more sophisticated, errors of this
magnitude are no longer acceptable. In the present invention, a borehole
compensated K-U-T log can be developed. Referring now to Fig. 1, a natural
gamma ray spectrum is illustrated schematically in which the gamma 30 ray
intensity or count rate is plotted as a function of gamma ray energy over
the energy range from 0.3 MeV. Four energy windows contemplated for use
according to the present invention are illustrated superimposed on the
gamma ray spectrum of Fig. 1. The energy bands or windows labelled window
1, window 2, and window 3 are chosen to include the 2.61, 1.76, and 1.46
MeV gamma radiation from the decay of thorium [err] uranium [err] and
potassium [err] respectively. Window 4 is a lower energy 35 range which
includes spectral information from K, U and Th and also includes Compton
scattering effects. of the gammas between the source in the formation and
the detector in the logging tool. It should be recognized that it may be
advantageous to select more than four windows to accomplish the
measurements, but four windows are shown in the figures for the sake of
ease of understanding. Regardless of the number of windows selected, it is
important to note that the energy range spanned 40 should include both
unscattered and Compton scattered gamma rays, but should be insensitive to
significant photoelectric absorption effects from borehole and formation
elements. The basic response in the energy windows selected according to
the teachings of the present invention can be written as [err] and [err]
=the count rate recorded in window i of the gamma ray spectrum
(i=1,...,m)-counts/sec. 60     [err]=the sensitivity matrix element for
window i and element j (j-Th, U, K)-counts/sec/ppm (Th, U); counts/sec/%
(K) [err]=the elemental concentration of element j-ppm  (Th, U); % (K) For
the four window system depicted in Fig. 1, the above system is solved with
i=4. The sensitivity matrix elements [err] were determined in test
formations containing known 65 concentrations of Th, U, and K, with the
following borehole conditions: 4    EP 0143529 B1 Borehole diameter:
9 in. (23 cm) Borehole fluid:           fresh water Borehole casing:
none Tool position:            decentralized 5 These are defined as
"standard" borehole conditions. Elemental concentrations are obtained by
solving equation (38) for M using a weighted least squares technique. 10
Borehole compensation - As described above, when non-standard borehole
conditions are encountered, the shape and intensity 



of the recorded gamma ray spectrum change due to variations in the
scattering and absorption properties of the borehole. This is illustrated
in Fig. 4, which shows high energy spectra in the same formation with
uncased, cased, as well as cemented and cased borehole conditions. From
Fig. 4 it can be seen that the 15 amount of downscattering, and hence the
shape of each spectrum, is directly related to the quantity of material in
the borehole. Also observe that the quantity of borehole material affects
the count rate in the potassium peak itself, as indicated by the range of
normalization factors in the figure. These spectral variations induce
changes in the sensitivity matrix of equation (38). The sensitivity matrix
must be adjusted for borehole conditions as [err]  and MTH are being
determined in order to obtain accurate elemental 20 concentration
measurements. A series of test formation measurements was made where
borehole conditions were varied using a wide range of casing sizes and
weights (with and without cement) and borehole fluids (air, fresh water,
saturated salt water, barite mud). For each non-standard borehole
condition, a sensitivity matrix [Al was computed. These data show that the
sensitivity matrix elements [err] for non-standard borehole conditions 25
are related to the corresponding standard borehole matrix elements as:
[err] where L is a function of the Compton scattering and attenuation
properties of the borehole. By definition: 30 [err] in standard borehole
conditions, Elemental concentrations M, can be determined in any borehole
condition by solving: 35 [err] for M. This can be done using previously
described techniques if L is known or can be calculated. L is related to
borehole constituents 1, 2, 3,..., a having densities [err]   pa, and
thicknesses [err] 40 [err] by the relationship: (53) L=f(n) where [err] and
f is a predetermined function. 45 Since n  is predominately a function of
borehole parameters (as is L(n)), it is possible to monitor overall
borehole conditions using an output curve of [err] or some other function,
[err] If all but one borehole parameter were known to be constant, then
changes in [err] (or a function of [err]) would imply changes in the 50
remaining variable. For example, if the borehole fluid and casing in a
cemented well were unchanging, then changes in [err] will be related
primarily to changes in cement thickness (ignoring the small additional
perturbations caused by formation density changes). With a properly
calibrated instrument it should be possible to quantify the changing
borehole variable. In the event that all borehole variables are constant,
then statistically significant [err] changes will provide a direct
measurement of formation density. Computation of L for nominal borehole
conditions In the preferred embodiment, the quantity L is dynamically
computed in field tool software from nominal values of borehole variables
including borehole diameter [err] mud weight [err] and in cased holes,
casing diameter [err] casing weight [err] and the density of the material
(PANN) in the 60 casing-borehole annulus. Pertinent variables are entered
into the logging computer prior to logging. L is calculated from these
variables and used to generate an elemental sensitivity matrix [A'] for the
specified borehole conditions. This sensitivity matrix is then used in the
K-U-Th computations over the interval in the well where these borehole
parameters are appropriate. In cased boreholes, if the logged interval is
below the cement top, the density of cement is entered. 65 Above the cement
top, the casing-borehole annulus is assumed to be filled with mud unless
otherwise 5    EP 0143529 B1 



specified. If a caliper log is available, this information can be merged
with the tool log to obtain a more accurate value for [err] It should be
noted that in good borehole conditions, casing parameters dominate the
final values of L, and therefore approximations of [err]  and [err] are
usually not major sources of error. For open hole logs, [err] can be
specified prior to logging or obtained from a caliper log. 5     The
results of active borehole compensation are illustrated in Fig. 5A using
[err] as an example. Station measurements were made in test formations
containing known concentrations of U, as well as Th and K. Conditions were
varied, as specified, from air filled open boreholes to fresh water filled
7 in. (18 cm), 34.7 lb/ft (52 kg/m) cased boreholes. Concentrations
measured using compensation, [err]  are plotted as a function of known
concentrations, [err] Accurate results are obtained over a wide range of
borehole 10 conditions. A similar plot is shown in Fig. 5B where no
borehole compensation was applied (i.e. standard borehole conditions were
assumed). Fig. 5B illustrates the magnitude of errors that can be
encountered if no attempt is made to compensate the K-U-Th spectra for
nonstandard borehole conditions. Note that the uncompensated [err] error
does not necessarily vary directly with the scattering/absorbing material
within the borehole. This is due to varying concentrations of Th and K
within the formations which 15 introduce errors not necessarily
proportional to borehole scattering/absorbing material when an erroneous
sensitivity matrix is used. Referring now to Fig. 2, a well logging system
in accordance with the concepts of the present invention is illustrated
schematically. A well borehole 41 penetrates earth formations 46 and is
lined with a steel casing. It will be understood that the invention can
also be used in open hole. The borehole 41 contains a 20 well bore fluid 42
to control pressure in subsurface formations. Suspended in the borehole 41
by an armoured well logging cable 56 of the conventional type, is a
downhole measurement probe or sonde 43 containing instrumentation for
measuring gamma ray spectral characteristics of the earth formations 46
penetrated by the borehole 41. Signals from the downhole sonde 43 are
conducted to the surface on conductors of the cable 56 and supplied to a
surface computer 54 which performs the hereinbefore 25 described signal
processing techniques in order to extract the elemental constituents of
potassium, uranium and thorium present in the earth formations 46 which are
then recorded as a function of borehole depth on the recorder 55. The well
logging cable 56 passes over a sheave wheel 44 which is electrically or
mechanically coupled (as indicated by a dotted line 45) to the computer 54
and recorder 55 in order to provide depth information about the downhole
sonde 43 for the surface recording process. The surface 30 computer 54 may
be a model PDP-1 1 provided by Digital Equipment Corp. of Cambridge, Mass.
and can be programmed in a high level language such as FORTRAN to perform
the previously described computations and to drive the output displays. The
downhole sonde 43 contains near the lower end thereof a gamma ray detecting
system comprising a scintillation crystal 47 and a photomultiplier and
amplifier package 48. Power for the 35 operation of the downhole sonde
system is supplied from a surface power supply 53 via conductors of the
cable 56 to a downhole power supply 51 where it is converted to appropriate
voltage levels and supplied to the downhole circuitry components of the
system as indicated in Fig. 2. Gamma ray spectral signals are supplied from
the photomultiplier tube 48 to a pulse height analyzer 49 where they are
separated into count rates in the four or more energy windows hereinbefore
described. The pulse height analyzer provides the 40 output signals
corresponding to the count rates in each of the energy windows herein
described to a telemetry system 50 where the pulse height gamma ray
spectral information is converted to an appropriate wave form for
transmission to the surface via conductors of the well logging cable 56.
Downhole control circuits 51 provide timing pulses to the pulse height
analyzer and telemetry system in order to synchronize the transmission at
regular data intervals from the downhole sonde 43 to the surface equipment.
There 45 synchronization signals are also encoded in the telemetry system
50 and supplied to the surface computer 54. Thus, naturally occurring gamma
rays from the earth formations 46 are detected by the scintillation crystal
47 photomultiplier 48 detector system in the downhole sonde 43, broken down
into their energy constituents by the pulse height analyzer 49 and
telemetered to the surface by the telemetry system 50 on 50 conductors of
the armored well logging cable 56. At the surface, the signals are
processed in accordance with the hereinbefore described techniques in order
to extract the radioactive elemental constituency of 



earth formation 46 penetrated by the borehole 41. In the preferred
embodiment the tool incorporates a low atomic number (Z) toolcase section.
This configuration permits measurement of casing/lithology in non-barite
mud environments, as well as making 55 borehole compensated K-U-Th
determinations. As seen in Fig. 2, the principal detector is a 2 in.x12 in.
(5x30 cm) Nal(TI) crystal and low noise photomultiplier. In close proximity
to the large detector is a much smaller crystal (not shown) which contains
an embedded Am source that is used for gain stabilization. When Am decays,
a 60 KeV gamma ray and a high energy alpha (a) particle are emitted
essentially simultaneously. The a particle is detected with 60 virtually
100% efficiency in the smaller detector, whereas most- of the 60 KeV gamma
rays escape. Approximately 20% of these gammas are detected in the large
Nal detector. Since these gammas from the stabilizer are in coincidence
with [err] they can be isolated from all the other natural gamma rays
detected in the large crystal with better than 99% efficiency. This serves
two very useful purposes. First the gamma ray coincidence spectrum contains
only 60 KeV stabilizer gammas (and crystal induced 30 KeV iodine x-rays),
65 and hence is unaffected by changes in the number or distribution of
external gamma rays. This yields much 6    EP 0143529 B1 better gain
stabilization than previously possible. Second, the anticoincidence
spectrum in the Nal crystal contains gamma radiation originating
exclusively from the formation, removing the need for stripping out
stabilizer counts. As discussed below, this is important since virtually
the entire formation gamma ray spectrum is used in the K-U-Th and the
casing/lithology measurements. 5     Both the coincidence and
anticoincidence data are digitized in the tool. The coincidence
(stabilizer) events are converted into a 256 channel spectrum (see Fig. 3)
which spans the energy range from 0-350 KeV. This high resolution is
required to enable the automatic downhole gain stabilizer feedback circuit
to maintain system gain to approximately 0.5%. The anticoincidence
(formation gamma radiation) events are converted into two spectra; one 256
channel spectrum spans the low energy range from 0-350 KeV, 10 and is used
primarily in the photoelectric lithology and casing measurements. The other
256 channel spectrum spans the high energy range 0-3000 KeV, and is used in
the borehole compensated K-U-Th determinations. The three spectra are
accumulated in the tool and are transmitted to the surface computer system
approximately each 0.23 ft. (7 cm) while logging. A telemetry tape,
including spectral information, is 15 recorded at the top of the logging
cable, and the two formation spectra (high energy and low energy) are then
transferred into the truck computer. The high energy spectrum is currently
broken down into 4-12 contiguous energy windows (depending upon borehole
conditions and the computational time available), selected to encompass
specific peaks from potassium, uranium, and thorium betweeen 150 KeV and 3
MeV. The windows are also selected such that photoelectric absorption is
not significant. 20    In the low energy spectrum, two windows are selected
for the casing measurement and two for the lithology measurement. If the
well is cased, the lithology windows are not used; if the well is uncased,
the casing windows are not used. If the borehole fluid contains barite or
other high Z materials, none of the photoelectrically sensitive low energy
spectral data is utilized. The K-U-Th window count rates and the lithology
window count rates are processed initially using 25 adaptive filters to
improve statistical precision. Changes in the total gamma ray count rate in
the high energy spectrum relative to statistical fluctuations are used to
determine the amount of filtering applied to all window count rates. Gamma
ray count rate changes within calculated statistics result in a heavy
filter on the window counts. Changes outside of statistical variations
cause shorter effective filtering lengths to be used, with the amount of
filtering being inversely related to the degree of divergence from
statistics. The 30 net effects are sharp resolution of bed boundaries, and
yet good statistical repeatability in zones where count rates are
relatively constant. The casing window count rates are also adaptively
filtered, but only the total gamma count rate is used 



to determine the amount of filtering employed. In high gamma radiation
zones less filtering is employed than in zones with low gamma activity,
such that statistical fluctuations in all zones are approximately the 35
same. Vertical casing interval resolution is therefore a function of gamma
count rate. In addition to the log curves described below, the preferred
embodiment of the present invention provides for periodically outputting on
a film record in real-time the actual low and high energy formation spectra
(integrated over a statistically meaningful depth interval). This permits
the user to visually ascertain the gain stability of the system and to
ensure the absence of noise in the data. 40 Tool test formations In order
to calibrate the tool measurements of K-U-Th, and to calibrate the response
of the lithology information obtained with the system, a set of 6 test
formations was fabricated to supplement information from existing test
formations. Monte Carlo calculations were used to determine the minimum
dimensions 45 of these test pits prior to construction. Each formation was
six feet (1.83 m) in diameter and either 4.0 ft. (1.22 m) or 5.0 ft. (1.52
m) thick. The upper three zones contain potassium, equilibrated thorium,
and equilibrated uranium ores respectively, each blended into an inert
silicate concrete matrix. The lower three zones each contain approximately
the same mix of K-U-Th, but differ in the equivalent atomic number (Z.) of
each inert matrix. This matrix atomic number was varied by using different
aggregates (sand, limestone, 50 or dolomite) in the concrete preparation.
All the test formations have 9 in. diameter boreholes, and are isolated
from the borehole fluid by a very thin walled low-Z. liner. The
concentrations of the radioactive elements used in these zones are somewhat
higher than anticipated in downhole formations. That was done to facilitate
calibration, and to better isolate the individual elemental source spectra
above the matrix background. 55     An extensive set of concrete samples
was collected during the construction of the zones. Approximately half the
samples were sent to two independent laboratories for K, U, and Th analysis
using spectrometric radioassay techniques. A subset of these was also
analyzed chemically. The results show standard deviations of 1% for the K
determination, 14% for U, and 4% for Th. Vertical scans of each zone with
the tool show that each element is homogeneously distributed to within 3%.
These values reflect the 60 uncertainty in the assays as well as the
heterogeneity of the samples. Determination of casing thickness In cased
wells logged with a tool preferably having a low Z housing, it is possible
to obtain a measurement of mean casing thickness, or equivalently casing
weight, simultaneously with the K-U-Th 65 measurements. 7    EP 0143529 B1
Naturally radioactive sources within the formation emit a range of gamma
ray energies, most of which are Compton scattered to lower energies prior
to reaching the vicinity of the detector. This results in essentially
continuum energy spectra, as seen by the Nal(TI) detector below about 350
KeV, regardless of source type. In a cased well, these formation gamma rays
are attenuated by the casing prior to being 5 observed in the detector.
Both Compton scattering and photoelectric absorption (P.E.) can be
significant in this attenuation process. Photoelectric absorption is
especially important in elements with large atomic numbers (Z) and in low
gamma energy [err] ranges. P.E. can be related to these parameters via the
following expression: 10    (43)       [err] Below 150 KeV, total gamma ray
attenuation is strongly influenced by photoelectric absorption. Iron casing
has a significantly higher Z (equal to 26) than other common elements in
borehole fluids, cements, and formations. Therefore, from Eq. (43) it can
be concluded that casing should dominate the spectral 15 characteristics
below 150 KeV. Above about 200 KeV, Compton scattering, which depends
primarily on density, dominates the overall 



gamma ray attenuation process. In this region of the spectrum, the effects
of iron casing relative to other downhole materials are much less
pronounced. This concept was first verified with an extensive series of
Monte Carlo radiation transport simulations run in 1979. Cased and uncased
sand, limestone, and dolomite 20 lithologies were modelled together with
realistic tool geometries, including a low Z tool housing. The Monte Carlo
results showed the casing effects described above. The casing effect can be
seen in Fig. 6, which shows low energy spectra (0-350 KeV) in the same
formation containing differentweightcasingsofthesame nominal 7.0in. (18cm)
outsidediameter. Each of these spectra has been normalized at 275 KeV. It
is obvious from this figure that a ratio [err] of counts in 25 window A to
those in window B will be very sensitive to changes in casing thickness,
[err]. In fact it is possible to calibrate [err] to provide a quantitative
indication of casing thickness, as shown in Fig. 7. In addition to
decentralized 7.0 in. (18 cm) casing data, Fig. 7 also shows data for other
casing diameters. For geometrical reasons, a given thickness of 5.5 in. (14
cm) casing results in more photoelectric absorption than the same thickness
of 7.0 in. (18 cm) casing. Nominal casing diameter, [err] is usually known.
30 Therefore, computer software can easily implement [err] into a
calculation of [err]  using an expression of the following form: [err] 35
where a, b, and c are predetermined functions of [err]. Also seen in Fig.
7, the casing thickness measurement has better sensitivity in smaller
casings. The significance of several possible systematic errors in the
relationship between [err] and [err] have been investigated. These include
(1) the effects on [err] of changes in formation K-U-Th source
distributions; (2) the effects of changes in borehole fluid salinity; (3)
the effects of cement; (4) the effects of changes in formation 40 lithology
type; and (5) the effects of asymmetrical casing thickness. Each of these
areas is addressed in the following paragraphs. Effects on [err] of changes
in K-U-Th source distribution Since both thorium and uranium decay series
produce gamma rays over wide energy ranges, it might 45 be suspected that
changes in source distribution could significantly effect [err] and thus
the computed value, [err]  Table I shows data for two 7 in. casings in the
individual K, U, and Th test formation zones. In the Table, [err] is the
difference in apparent casing thickness for different source distributions
relative to potassium. From this tabular data it can be seen that source
effects on [err] are very minimal when compared to the useful dynamic range
of the casing thickness measurement, especially for normally encountered
casing 50 thicknesses. No correction to [err] is presently being made in
field software for variations in source distribution, since this error is
smaller than other sources of uncertainty in [err] (such as statistical
errors). A source distribution correction can be made in extreme accuracy
applications when stationary measurements are collected, since the source
distribution is obtained simultaneously from the K-U-Th 55 elemental
concentration measurements. Effects on [err] of changes in borehole fluid
salinity Since the effective atomic number, [err] of casing fluids is
generally much less than casing, photoelectric casing effects would be
expected to dominate effects due to borehole salinity. To test this
hypothesis, [err] was measured in test formations containing the same
casings filled with both fresh water and 150 Kppm 60 NaCl salt water. The
results are presented in Table II. In this table [err] is defined as: [err]
where [err] and [err] are the apparent thicknesses calculated from measured
[err] values with salt and fresh 65 water in the casing, respectively.
Since the basic response curves shown in Fig. 7 were developed with 8    EP
0143529 B1 fresh boreholes, [err] represents the error in [err] with saline
borehole fluids. From Table II it can be seen that salinity errors are
virtually negligible. If, however, high Z. fluids are present inside the
casing (such as barite), [err] will be dominated by these elements rather
than iron, and [err] cannot be used to accurately 



predict [err] 5 Effects on [err] of cement outside casing Since most
cements have [err] values substantially lower than casing, it would be
expected that cement would also constitute a minor perturbation to [err]
and hence to [err] . The [err] of cement is, however, closer to that of
iron than most casing fluids. Therefore, a series of tests was conducted to
quantify cement effects on 10 [err] One set of data was collected in two
essentially identical test formations, one containing a 10 in. (25 cm)
borehole and a type-H cemented 5.5 in. (14 cm), 14 lb/ft (21 kg/m) casing,
the other containing a 6 in. (15 cm) borehole and uncemented 5.5 in. (14
cm)., 14 lb/ft (21 kg/m) casing. Data were also taken with several type A
and H cement thicknesses on 5.5 (14 cm), 7.0 (18 cm), and 8.625 in. (21.9
cm). casings in other K-U-Th test formations. Illustrative results are
given in Table III where [err] and [err] are the casing and borehole 15
diameters (cement in annulus), [err] and [err] are the actual and
calculated (Fig. 7) casing thickness, and [err] is the thickness error.
From these results it can be seen that there is a slight systematic trend
toward greater apparent casing thickness in cemented boreholes. Considering
the small and consistent nature of the error, the effects of cement will
generally be small if one assumes a nominal 0.015 in. (0.4 mm) correction
to [err] in cemented wellbores. If the cement used contains high Z.
additives, the above correction can be inadequate, 20 resulting in a slight
overestimate of casing thickness. Effects of changes in formation lithology
Different formation matrix types have different [err] values. However, for
all common lithologies, [err] is considerably less than that of iron.
Changes in lithology, except for extremely thin walled casings, would 25
not be expected to significantly alter [err] and thus [err] The three
K-U-Th test formations with similar source distributions but different Z.
were used to quantify lithology effects on [err] Several casings filled
with fresh water were lowered sequentially into these formations, and the
effects on [err] for each casing were observed. Table IV illustrates the
results, where [err] values were obtained from [err] using Fig. 7. In the
table, [err] where x=14.4 or 15.4. From these data it can be seen that
[err] errors are essentially negligible for common downhole lithologies and
casing thicknesses. However, in the limit where [err] approaches zero,
[err] is in effect a lithology Z. ratio, similar to the one discussed in
the following section. 35    It should be noted that if high Z. minerals
are present in the formation in sufficient concentrations that the
formation [err] approaches that of the casing, [err] can appear slightly
thicker than the true value. Effects of azimuthal variations in casing
thickness The tool may not be collimated azimuthally and may normally run
decentralized. If the casing in the 40 well is not worn or corroded
symmetrically, such a tool will sometimes be in contact with the thin side
of the casing, and sometimes the thick side of the casing. Two potential
systematic errors must be addressed. First, how much difference will be
observed in [err] when the tool is in contact with the thin vs. thick side
of the casing? Second, is [err] in a uniform thickness casing
systematically different from [err] in an asymmetrically worn casing of the
same weight? 45    To investigate these equations, a section of 7 in. (17.8
cm), 26.5 lb/ft. (39.8 kg/m) casing with a nominal wall thickness of 0.375
in. (.95 cm) was machined off center so that one wall was not affected
while the opposite wall thickness was reduced by 80% to 0.076 inches (1.9
mm). The "average" wall thickness, [err] was calculated from the weight of
the casing before and after machining to be about 0.215 in (5.5 mm)., [err]
was measured in test formations with the tool against both the thin and
thick walls of this casing. Table V 50 presents nominal casing diameter and
weight, and apparent thickness, [err] obtained from Fig. 7 using measured
[err] values, together with the known [err] values at the point of contact
of the tool with the casing. The data indicate that the response of the
measurement is very symmetric, i.e. only a slight difference in apparent
thickness is observed, when the tool is in contact with vastly different
thickness areas on the casing. This implies that, to a large degree, gamma
rays entering all points around the casing contribute 55 similarly to the
[err] measurement, not just the gamma radiation entering the casing at the
point of contact with the tool. In this sense [err] is more indicative of
average thickness (i.e. weight). Small thin areas or perforations in an
otherwise uniform casing will not be adequately resolved, even if the tool
contacts the thin area directly. 



Also seen in Table V, the calculated casing thickness (regardless of point
of contact) is about 25% less 60 than the true average casing thickness.
This implies that, in a badly asymmetrically worn casing, the casing
thickness indicated will be slightly less than the average thickness. The
closer the casing is to symmetric in thickness, the closer the indicated
thickness will be to the correct average value. Only for extremely
asymmetric sections (like the one used for these tests) will nonuniformity
be significant. Also, iron removal on either the outside or inside of the
casing is measured equally well, but thickness or weight loss based on 65
external corrosion carries an implicit assumption that this corroded iron
is removed from the vicinity of the 9    EP 0143 529 B1 borehole. In
intervals where this assumption is not valid, true external casing
corrosion can be greater than that indicated on the log. Determination of
formation lithology 5     If a tool having a low [err] toolcase is used to
log an uncased well in which the mud does not contain high Z. additives
(i.e. barite or hematite), it is possible to measure formation lithology
type. The same photoelectric absorption principle is used to make the
lithology measurement as is used to make the casing thickness measurement.
It is also the same principle (photoelectric factor) employed in
lithology/density type tools. Scattered gamma rays from the formation,
whether of natural origin or induced by a source in a 10 logging tool, must
undergo both Compton scattering and photoelectric absorption prior to
reaching the detector. As described earlier, photoelectric absorption is
effective only at low gamma ray energies and is dominated by the highest
[err] constituents in the formation and borehole. With no casing in the
hole, the most abundant high atomic mumber element is calcium (Z=20). Hence
limestone, dolomite, and sand can be differentiated photoelectrically,
primarily because each has a different calcium concentration (and hence 15
[err] Photoelectrically sensitive lithology measurements were first
simulated in a downhole natural gamma ray logging environment in the same
1979 series of Monte Carlo calculations used to verify the tool casing
thickness measurement. The lithology sensitivity observed between sand,
limestone, and dolomite with the Monte Carlo program was in good agreement
with the results described below. Fig. 8 shows low energy range spectra in
high, intermediate, and low [err] formations having identical 20 borehole
conditions and similar source distributions. From Fig. 8 it can be seen
that below about 100 KeV and especially in energy Window C, lithology
effects are significant. Above about 125 KeV, photoelectric absorption
effects are minimal, and the spectra have similar shapes. The spectra in
Fig. 8 have been normalized in energy Window D where photoelectric effects
are negligible relative to Compton scattering. A ratio RUT, of count rates
in Window D relative to Window C will clearly be a function of Z.. It
should be 25 noted that these energy ranges are slightly different from
those used in defining the casing ratio, [err] since the Z. range of
interest is also different. Because similar photoelectric factor
measurements can be made with the low Z tool and lithology/density tools,
the same generic nomenclature has been adopted below to avoid confusion.
The quantity P., defined as the formation effective photoelectric
absorption cross section, is related to Z. as 30 [err] The energy
dependence in the photoelectric absorption reaction is implicit in P. since
preselected energy ranges will be used. P., when combined with porosity
[err] and bulk density (Pb), yields [err] the 35 volumetric matrix
photoelectric absorption cross section. UMA obtained from the low Z tool
system is used to identify formation lithology. The relationship between
RUT and [err] is more sensitive to changes in borehole parameters than is
the photoelectric relationship between [err] and casing thickness, [err]
This occurs because the Z. contrast between the formation and the
interfering borehole constituents is not as great as the casing-borehole 40
contrast. Hence RUT must be corrected for environmental effects prior to
use in computing P.. Determination of [err] from [err] 



In order to compute P., [err] must first be corrected for (1) borehole
diameter, [err] (2) borehole salinity, [err] and (3) source distribution
within the formation. From a large set of test formation data it has been
45 observed that [err] can be expressed as [err] where 50     a(s), b(s),
c(s)=calibration terms which are functions of s s=source type factor
reflecting the relative concentration of K to other radioactive elements in
the formation [err] 55    [err]=borehole diameter correction [err]=borehole
salinity (or mud weight) correction [err] the measured lithology ratio from
the tool [err]=count rates recorded in windows [err] and [err]
respectively. All of these corrections are preferably defined with respect
to the response of the system in standard 60 borehole conditions: [err]=9.0
in. (23 cm)., [err]=0 Kppm NaCl (mud weight=8.4 lb/gal. (1.0 g/[err])), and
s=1.0 (i.e. the only radioactive element within the formation is
potassium). At standard conditions, [err] 1. Borehole diameter correction
65     [err] was measured in five sets of test formations, with each set
having borehole diameters varying 10    EP 0143 529 B1 from 6 in. (15, cm)
to 10 in. (25 cm), all boreholes containing fresh water. Each different set
of formations had different source distributions, but within a given set
the source distribution was the same. For each formation, [err] in. [err]
was computed, and is plotted as a function of [err] in Fig. 9. The curve in
Fig. 9 fitted through the data points is represented by an equation of the
form 5 [err] where a, b, and c are predetermined constants. 10 2. Borehole
salinity (mud weight) correction The borehole salinity, or mud weight,
correction is a function of both [err] and [err] since the amount of salt
in the borehole is a function both of borehole size and salinity. [err] was
measured in a variety of formations with [err] from 6 in. (15 cm) to 10 in.
(25 cm) and [err] ranging from 0 to 250 Kppm NaCI. For each borehole
diameter, 15 [err] was computed and plotted as a function of [err] in Fig.
10. Mathematically, [err]  can be expressed as: [err] where [err] and [err]
are predetermined quadratic functions of [err] Equivalent salinity can be
approximated from the mud weight, [err] using [err] where [err] is in
lb/gal. (1 lb/gal=0.12 g/[err]) It should be noted that if high [err]
additives such as barite or hematite are present in the borehole, no mud
weight correction can be made since the measured [err] is dominated by
these additives. 30 3. Source distribution correction For [err] which emits
a single monoenergetic gamma ray, we have observed that P. is approximately
a linear function of [err] For U and Th, whose daughter elements emit
complex gamma ray spectra, we have experimentally observed that the inverse
relationship between [err] and [err] is (a) more non-linear, and (b) 



35 essentially identical for both U and Th. It is necessary, therefore, to
correct [err] for changes in the concentration of K relative to U and Th. A
source factor, s, derived from extensive test formation data, reflects the
fractional concentration of K in the formation: 40     (52)       [err]
where   [err] are the concentrations of K(%), U(ppm), Th(ppm) obtained from
simultaneously derived K-U-Th measurement. The a coefficients in Eq. (53)
are used to normalize the relationship between count rate and concentration
for each element. 45     Fig. 11 shows a plot of (R'UT) for various test
formations plotted as a function of P., where R'LIT is the measured [err]
corrected for previously defined borehole diameter and salinity effects.
The number in parenthesis for each formation indicates s. The curves in
Fig. 11 represent constant s values. P. can be computed from R'LIT and s
using an equation of the form of Eq. (49). 50 General comments on [err] and
P. Although there are several corrections in converting [err] to [err] they
are usually either well defined (salinity/mud weight), easily measurable
[err] or are in general small (s). In fact [err] observed on the log can
often be used directly for qualitative lithology identification, especially
if automatic hole size/salinity corrections are made. 55    It should also
be noted that the P. obtained from the low Z tool log, although similar in
concept, can appear different from the P. obtained from a lithology/density
log. In general, the low Z tool derived P. will not be satistically as
accurate as the P. from the density log, since the measured count rates
from natural activity are lower than those obtained when a density source
is used. The low z tool lithology signal is also smaller (i.e. [err] will
change fractionally less for a given lithology change). This occurs in part
because the 60 low Z tool lithology response is symmetric, and some signal
is lost in penetrating the borehole fluid. The [err] curve from a density
tool will require less borehole correction since the pad is collimated out
directly through the point of contact with the formation. A major feature
of the low Z tool lithology measurement is that it samples a relatively
large formation volume around the entire borehole circumference. It is not
sensing just a very small area similar to the are 65 area where a density
pad detector collimation slot contacts the rock surface. Hence crossplots
or    calculations involving [err] data from the tool system and neutron or
sonic data can be more meaningful since relatively symmetric responses are
observed by all. Comparison of density derived and low Z tool derived [err]
values can be useful in qualitatively indicating formation heterogeneity.
The foregoing description may make other alternative arrangements according
to the concepts of the 5 present invention apparent to those skilled in the
art. 10 15 20 25 30 35 40 45 50 55 60 65 12   
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EP 0 143 529 B1 Claims 1. A method for natural gamma ray spectral logging
of a well borehole to determine the relative elemental abundancies of
uranium, potassium, and thorium gamma rays in earth formations by 5
comparison with standard gamma ray calibration spectra of uranium,
potassium, and thorium taken in standard boreholes having standard
geometrical and constituent properties, comprising the steps of: (a)
obtaining with a borehole measurement system an unknown gamma ray energy
spectrum in a measurement borehole having non-standard borehole conditions,
said unknown gamma ray spectrum comprising gamma ray intensities measured
in at least four energy bands corresponding to a first energy 10 band
containing the 2.61 MeV thorium decay peak, a second energy band containing
the 1.76 MeV uranium decay peak, a third energy band containing the 1.46
MeV potassium decay peak, and one or more additional energy bands for
monitoring the shape of said unknown gamma ray spectrum as a function of
elemental concentrations; (b) deriving a parameter indicative of the effect
of the non-standard borehole conditions on the 15 unknown gamma ray energy
spectrum; and (c) applying said parameter to said gamma ray intensity
information to derive elemental abundancies of potassium, uranium and
thorium; characterised in that: said parameter is an elemental sensitivity
matrix which is derived from selected physical conditions of said well
borehole, information regarding said conditions being obtained from a 20
source other than said system. 2. A method for natural gamma ray spectral
logging of a well borehole to determine the relative elemental abundancies
of uranium, potassium, and thorium gamma rays in earth formations by
comparison with standard gamma ray calibration spectra of uranium,
potassium, and thorium taken in standard boreholes having standard
geometrical and constituent properties, comprising the steps of 25    (a)
obtaining with a borehole measurement system an unknown gamma ray energy
spectrum in a measurement borehole having non-standard borehole conditions,
said unknown gamma ray spectrum comprising gamma ray intensities measured
in at least three energy bands corresponding to a first energy band
containing the 2.61 MeV thorium decay peak, a second energy band containing
the 1.76 MeV uranium decay peak, a third energy band containing the 1.46
MeV potassium decay peak, said energy bands also 30 being used for
monitoring the shape of said unknown gamma ray spectrum as a function of
elemental concentrations; (b) deriving elemental stripping constants for
the non-standard borehole conditions; and (c) combining said stripping
constants and said gamma ray intensity information in said at least three
energy bands to derive elemental abundancies of potassium, uranium, and
thorium; 35    characterised in that: said elemental stripping constants
are derived from selected physical conditions 



of said well borehole, information regarding said conditions being supplied
from a source other than the said measurement system. 3. A method according
to claim 1 or 2, further comprising repeating said steps at different depth
levels in the well borehole and recording said derived elemental
abundancies as a function of the borehole 40 depths. 4. A method according
to claim 1, 2 or 3, wherein said step (a) includes obtaining a low energy
photoelectric spectrum measurement and, in open hole measurements, further
comprising deriving from said measurements an indication of the formation
lithology. 5. A method according to claim 1, 2 or 3, wherein said step (a)
includes obtaining a low energy 45 photoelectric spectrum measurement and,
in cased hole measurements, further comprising deriving from said
measurements an indication of the casing thickness in the borehole. 6. A
method according to any of claims 1 to 5, further comprising processing the
count rates in the energy bands adaptive filters to improve statistical
precision, and adjusting the filtering lengths according to changes in the
gamma ray count relative to statistical fluctuations, such that the amount
of filtering is 50 inversely related to the degree of divergence from
statistics, to provide sharp resolution of bed boundaries, and to provide
good statistical repeatability in zones where count rates are relatively
constant. 7. A method according to claim 1, further comprising processing
the count rates in the energy bands using adaptive filters to improve
statistical precision, and adjusting the filtering lengths according to
changes in the gamma ray count relative to statistical fluctuations, such
that the amount of filtering is 55 inversely related to the degree of
divergence from statistics, to provide sharp resolution of bed boundaries,
and to provide good statistical repeatability in zones where count rates
are relatively constant; and: in open hole measurements, deriving from the
measurements an indication of the formation lithology; or in cased hole
measurements, deriving from the measurements an indication of the casing
thickness in 60 the borehole; and repeating said steps at different depth
levels in the well borehole and recording said derived elemental
abundancies as a function of the borehole depths. Patentanspruche 65    1.
Verfahren zur spektralen Bohrlochvermessung mit naturlichen Gammastrahlen
zur Bestimmung der 16    EP 0143529 BI relatitven elbmentaren Vorkommen von
Uran-, Kalium- und Thoriumgammastrahlen in Erdformationen ldurch Vergleich
mit Gammastrahl-Eichsprektren von Uran, Kalium und Thorium aufgenommen in
Standardbohrlochern  mit geometrischen Standardeigenschaften  und
Standardzusammensetzung, enthaltend die Verfahrensschritte: 5     (a)
Gewinnung sines unbekannten Gammastrahlen-Energiespektrums in einem
MeBbohrloch mit nicht-genormten Bohrlochbedingungen mittels eines
BohrlochmesBsystems, wobei besagtes unbekanntes
Gammastrahlen-Energiespektrum Gammastrahlenintensitaten enthilt, die in
wenigstens vier Energiebandern gemessen werden, welche einem den
Thorium-Zerfalispeak bei 2,61 MeV enthaltenden ersten Energieband, einem
den Uran-Zerfallspeak bei 1,76 MeV enthaltenden zweiten Energieband, einem
to den Kalium-Zerfallspeak bei 1,46 MeV enthaltenden dritten Energieband
und einem oder mehreren Energiebandern zur Uberwachung der Form des
besagten unbekannten Gammastrahlenspektrums als Funktion der
Konzentrationen der Elemente entsprechen; (b) Ableitung eines Parameters,
der die Wirkung der nicht-genormten Bohrlochbedingungen auf das unbekannte
Gammastrahlen-Energiespektrum angibt; und i5    (C) Anwendung  des
besagten  Parameters  auf  die  besagte  Information  uber  die
Gammastrahlenintensitit zur Ableitung von Vorkommen der Elemente Kalium,
Uran und Thorium; dadurch gekennzeichnet, daB der besagte Parameter eine
Elementempfindlichkeitsmatrix ist, welche 



aus ausgew3hIten physikalischen Bedingungen des besagten Bohrlochs
abgeleitet ist, wobei die besagte Bedingungen betreffende Information aus
einer von dem besagten System verschiedenen Quelle stammt. 20 2. Verfahren
zur spektralen Bohrlochvermessung mit natOrlichen Gammastrahlen zur
Bestimmung der relatitven elementaren Vorkommen von Uran-, Kalium- und
Thoriumgammastrahlen in Erdformationen durch Vergleich mit
Gammastrahl-Eichsprektren von Uran, Kalium und Thorium aufgenommen in
Standardbohrlochern mit geometrischen Standardeigenschaften und
Standardzusammensetzung, 25 enthaltend die Verfahrensschritte: (a)
Gewinnung sines unbekannten Gammastrahlen-Energiespektrums in einem
MeBbohrloch mit nicht-genormten Bohrlochbedingungen mittels eines
BohrlochmesBsystems, wobei besagtes unbekanntes Gammastrahlenspektrum
Gammastrahlenintensititen enth3lt, die in wenigstens drei EnergiebAndern
gemessen werden, welche einem den Thorium-Zerfallspeak bei 2,61 MeV
enthaltenden ersten Energie- 3 band, einem den Uran-Zerfalispeak bei 1,76
MeV enthaltenden zweiten Energieband, einem den Kalium-Zerfalispeak bei
1,46 MeV enthaltenden dritten Energieband entsprechen, wobei besagte
Energiebinder auch zur Oberwachung der Form des besagten unbekannten
Gammastrahlenspektrums als Funktion der Elementenkonzentrationen benutzt
werden; (b) Ableitung von den Elementen zugeordneten Anpassungskonstanten
fir die nicht-genormten 35 Bohrlochbedingungen; und (c) Kombination der
besagten den Elementen zugeordneten Anpassungskonstanten und der besagten
Information Ober die Gammastrahlenintensitit in den besagten wenigstens
drei Energiebandern zur Ableitung von Vorkommen der Elemente Kalium, Uran
und Thorium; dadurch gekennzeichnet, daB die besagten den Elementen
zugeordneten Anpassungskonstanten aus 4 ausgewihiten physikalischen
Bedingungen des besagten Bohrlochs abgeleitet sind, wobei die besagte
Bedingungen betreffende Information von einer von dem besagten MeBsystem
verschiedenen Quelle geliefert wird. 3. Verfahren nach Anspruch 1 oder 2,
weiterhin enthaltend eine Wiederhohlung besagter Schritte bei verschiedenen
Tiefenniveaus in dem Bohrloch und Aufzeichnung besagter abgeleiteter
elementaren Vorkommen als eine Funktion der Bohrlochtiefen. 4. Verfahren
nach Anspruch 1, 2 oder 3, bei welchem besagter Schritt (a) die Gewinnung
einer energiearmen photoelektrischen Messung eines Spektrums umfaBt, und
bei Messungen in offenen L6chern weiterhin das Ableiten eines Hinweises auf
die Formationslithologie aus besagten Messungen enth3lt. 50     5.
Verfahren nach Anspruch 1, 2 oder 3, bei welchem besagter Schritt (a) die
Gewinnung einer energiearmen photoelektrischen Messung eines Spektrums
umfaBt, und bei Messungen in verrohrten Lochern weiterhin das Ableiten
eines Hinweises auf die Verrohrungsdicke in dem Bohrloch aus besagten
Messungen enthilt. 6. Verfahren nach einem der Anspruche 1 bis 5, weiterhin
enthaltend die Verarbeitung der Zihiraten in 55 den sich an die
Energiebinder anpassenden Filtern zur Verbesserung der statistischen
Genauigkeit, und die Einstellung der FilterungslAngen gemiB den Anderungen
in der Gammastrahlenzbhlung relativ zu statistischen Fluktuationen, so daB
der Filterungsrad in umgekehrte Beziehung zum Grad der Abweichung von der
Statistik gesetzt wird, so daB eine scharfe Auflosung von den Bettgrenzen
geschaffen und eine gute statistische Wiederholbarkeit in Zonen erreicht
wird, wo die Zlhiraten relativ konstant sind. 60     7. Verfahren nach
Anspruch 1,. weiterhin enthaltend die Verarbeitung der ZAhiraten in den
Energiebindern unter Verwendung von Anpassungsfiltern zur Verbesserung der
statistischen Genauigkeit und Einstellung der Filterungslingen gemgB den
Anderungen in der Gammastrahlenzahlung relativ zu statistischen
Fluktuationen, so daB der Filterungsgrad in umgekehrte Beziehung zum Grad
der Abweichung von der Statistik gesetzt wird, so dal3 eine scharfe
Auflosung von den Bettgrenzen geschaffen und eine gute 65 statistische
Wiederholbarkeit in Zonen erreicht wird, wo die Zahiraten relativ konstant
sind; und 17   



EP 0 143 529 B1 bei Messungen in offenen Bohrl6chern Ableitung eines
Hinweises auf die Formationslithologie aus den Messungen; oder bei
Messungen in verrohrten L6chern Ableitung eines Hinweises auf die
Verrohrungsdicke in dem Bohrloch aus den Messungen; und 5     Wiederholung
besagter Schritte bei verschiedenen Tiefenniveaus in dem Bohrloch und
Aufzeichnung besagter abgeleiteter Vorkommen der Elemente als sine Funktion
der Bohrlochtiefen. Revendications 10    1. Procede de diagraphie spectrale
d'un sondage a l'aide du rayonnement gamma naturel, destine A determiner
les abondances relatives du rayonnement gamma des elements uranium,
potassium et thorium dans les formations terrestres, par comparaison A des
spectres normalises d'etalonnage de rayonnement gamma de l'uranium, du
potassium et du thorium, realises dans des sondages normalises ayant des
proprietes constituantes et geometriques normalisees, comprenant les etapes
suivantes: 15    (a) l'obtention, avec un systeme de mesure de sondage,
d'un spectre d'energie du rayonnement gamma inconnu dans un sondage de
mesure ayant des conditions non normalisees de sondage, le spectre du
rayonnement gamma inconnu ayant des intensites de rayonnement gamma
mesurees dans au moins quatre bandes d'energie correspondant A une premiere
bande d'energie contenant le pic de desintegration du thorium A 2,61 MeV,
une seconde bande d'energie contenant le pic de desintegration de l'uranium
a 1,76 20 MeV, une troisibme bande d'energie contenant le pic de
d6sintegration du potassium a 1,46 MeV, et une ou plusiours bandes
d'energie supplementaires destinees au controle de la configuration du
spectre du rayonnement gamma inconnu en fonction des concentrations
elimentaires, (b) la derivation d'un parametre representatif de l'effet des
conditions non normalisees du sondage sur le spectre d'energie du
rayonnement gamma inconnu, et 25    (c) I'application du parametre A
l'information d'intensitd du rayonnement gamma afin quo les abondances des
elements potassium, uranium et thorium soient derivees, caracterise en ce
quo le parametre est une matrice sensibilite elementaire qui est derivee de
conditions physiques choisies du sondage, I'information concernant les
conditions etant obtenue A partir d'une source autre quo ce systeme. 30
2. Procede de diagraphie spectrale d'un sondage par utilisation du
rayonnement naturel, destine A la determination des abondances elementaires
relatives des rayonnements gamma de l'uranium, du potassium et du thorium
dans des formations terrestres par comparaison de spectres normalises
d'etalonnage de rayonnement gamma de l'uranium, du potassium et du thorium
obtenus dans des sondages normalises ayant des proprietes constituantes et
geometriques normalisees, comprenant les 35 etapes suivantes: (a)
l'obtention, avec un systeme de mesure de sondage, d'un spectre d'energie
d'un rayonnement gamma inconnu dans un sondage de mesure ayant des
conditions non normalisees de sondage, le spectre du rayonnement gamma
inconnu comprenant une intensite de rayonnement gamma mesuree dans au moins
trois bandes d'energie correspondant a une premiere bande d'energie
contenant le pic de 40 desintegration du thorium a 2,61 MeV, une seconde
bande d'energie contenant le pic de desintegration de l'uranium A 1,76 MeV,
une troisieme bande d'energie contenant le pic de desintigration du
potassium A 1,46 MeV, les bandes d'energie etant aussi utilisees pour le
controle de la configuration du spectre du rayonnement gamma inconnu en
fonction des concentrations elementaires, (b) la derivation des constantes
elementaires de decoupage correspondant aux conditions non 45 normalisees
du sondage, et Ic) le combinaison des constantes de decoupage et de
l'information relatives aux intensites du rayonnement gamma dans les trols
bandes d'energie au moins afin quo lee abondances elementaires du
potassium, de l'uranium et du thorium soient derivees, caracterise en ce
quo les constantes de decoupage elementaires sont derivees des conditions
50 physiques choisies regnant dans le sondage, l'information concernant ces
conditions etant transmise par une source autre quo le systeme de mesure. 



3. Procede selon la revendication 1 A 2, comprenant en outre la repetition
des Mtapes A des profondeurs differentes dans le sondage et
l'enregistrement des abondances elementaires derivees en fonction de la
profondeur dans le sondage. 55    4. Procide selon la revendication 1, 2 ou
3, dans lequel l'etape (a) comprend l'obtention d'une mesure de spectre
photoelectrique de faible energie et, dans le cas de mesures en sondage non
tube, le procede comprenant en outre la derivation d'une indication de la
lithologie de la formation A partir de ces mesures. 5. Procede selon la
revendication 1, 2 ou 3, dans lequel l'etape (a) comprend l'obtention d'une
mesure du spectre photoelectrique de faible energie et, dans le cas de
mesures dans un sondage tubi, le procede 60 comprend en outre la derivation
d'une indication relative A I'epaisseur du tubage place dans le sondage A
partir de ces mesures. 6. Procede selon l'une quelconque des revendications
1 A 5, comprenant en outre le traitement des comptages dans les bandes
d'energie A l'aide de filtres d'adaptation destines A ameliorer la
precision statistique, et le reglage des longueurs de filtrage en fonction
des variations des comptages du 65 rayonnement gamma par rapport aux
fluctuations statistiques de maniere quo l'amplitude de filtrage soit 18
* C   L  M   S * EP 0143529 BI en relation inverse du degr6 de divergence
par rapport au comportement statistique et donne une resolution nette des
limites du lit et une bonne reproductibilite statistique dans les zones
dans lesquelles les comptages sont relativement constants. 7. Proc6d6 selon
la revendication 1, comprenant en outre le traitement des comptages dans
les bandes 5  d'energie a l'aide de filtres d'adaptation de maniere que la
pr6cision statistique sait accrue, et le r6glage des longueurs de filtrage
d'apres les changements des comptages du rayonnement gamma par rapport aux
fluctuations statistiques de maniere que l'amplitude de filtrage soit en
relation inverse du degr6 de divergence par rapport au compoltement
statistique et donne une resolution nette des limites du lit et une bonne
reproductibilit6 statistique dans les zones dans lesquelles les comptages
sont relativement 10 constants et, dans le cas de mesures en sondage non
tub6, la derivation d'une indication de la lithologie de la formation A
partir des mesures, ou dans le cas de mesures dans un sondage tub6, la
derivation d'une indication de I'6paisseur du tubage dans le sondage a
partir des mesures, et 15    la r6p6tition de ces 6tapes a diff6rentes
profondeurs dans le sondage et l'enregistrement des abondances 6lementaires
derivees en fonction de la profondeur dans le sondage. 20 25 30 35 40 45 50
5S 60- 66 65 19    


