SCHLUMBERGER DIPMETER INTERPRETATION

The Dual Dipmeter (SHDT) tool

The Dual Dipmeter (SHDT) toal. schematically
shown in Fipure 4. emits a current, called the Emex
current. from the entire lower section of the sonde into
the formation. A small portion flows from the
electrodes {butions) and is recorded as the dip curves
which represent microresistivity changes due to bed-
ding surfaces or fractures cutting across the wellbore.

The rest of the current serves to focus this small
electrode current, giving a measurement having very
good vertical resolution. Comparing the detail of the
microresistivity  curves with cores indicates the
resolution to be in the order of 1 cm. All current is
returned o the metal housing of the tool string above
the insulating sleeve. Eight microresistivity curves are
thus produced as well as two extra curves from the

“speed buttons™ on pads 1 and 2.,

The inclinometry cartridge fits inside the top ol’ lhc
sonde. [ts axis s accurately aligned with that of the
sonde and includes a tri-axial. accelerometer
three single-axis magnetometers, :

—,

The four arms which carry the measure electrodes .

have a maximum openng of 21 in. A simphified

mechanical linkage is used so that the electrodes

describe arcs of circles as the caliper arms open out._ - . |

The opposite arms are linked, making thé sonde seli-
centralizing in the hole. However, in an oval hole each
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pair of arms will open to a different extent, and the
electrodes on them will be noncoplanar. This non-
coplanar geometry is accounted for in the computation
process when making dip calculations. The HDT
dipmeter design used a more complex arm geometry to
keep all electrodes coplanar,

The bottom of the sonde, where the dipmeter pads
arc mounted. is decoupled from the weight of the
electromics and communications cartridges by means
of a flex joint. Then, uwsing a cress-linked arm
arrangement, it can remain centralized in holes where
the deviation is up o 707 (with the pad pressure
control at its maximum). The centralization assures
tangential contact between pads and the borehole wall,
ensuring that the electrodes on the pad maintain good
-formation contact. '

~.. Major improvements

A number of major improvements have been incor-

poratgd in the Dual Dipmeter (SHDT) tod)

" @ Side-by-side electrode configuration
® Greater inclinometer accuracy
® Greatly improved speed correction
® Reduction of f]natmﬂ-pad problems in dev:
wells
® Better pad contact in badly washed out. rugose
*and ovalized holes «

ted

""3_ ® Hizher sampling rate

< ® Oreater dynamic range of electronics

s Side-by-side  elecirode  corfiguranion: Figure 5
shows a comparison of the measuring elecirodes on
' the' standard HDT and the Dual Diipmeter (SHDT)
-pads. For the Dual Dipmeter (SHDT) tool there are
two measure electrodes on €ach of the four pads, The
short “spacing between the “side-by-side electrodes
{3.em| results in & better curve likeness than from the
pad-tcepad  configuration. This enables. a larger
number of correlations. havinz:high credibility. to be
made with the result that shoner correlation intervals
can now be used te measure displacemenis between
the side-by-side curves while maintaining a sharp and
unamhbigubus.  curve .match. "By using processing
methods that exploit the improved data collection

capaﬁj]itigs of the Dual Dipmeter (SHDT )} tool, a fine

vertical resblution of dips is achieved. With previous
pad-to-pad configurations the lower limit for meaning-
ful interval correlations was about one dip coms
putation ‘per fool. Using the side-by-side correlation
technique, this can be reduced to about 3 in. under
favorable conditions, thus enabling more information
on sedimentological dips to be derived,

\Grm:‘er incfinometer accuracy; The mechanical
design of the inclinometer used in the HDT tool has
been replaced by a tri-axial accelerometer and three
magnetometers ( Figure ). The three-axis accelerom-
eter is housed in a single unit. The Al, A2, A3 axes
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weight of the eclectronics and communication car-
tridges from the lower section of the sonde (Figure 7).
This reduces the Moating-pad problem as well as
sticking and “yo-yo' effects.

Berter pad contact in badly washed out, rugose and
ovalized holes: The problem becomes even more
severe as the hole deviation increases. Figure 8
compares HDT and Dual Dipmeter (SHDT) results
obtained over the same interval of hole. Note that the
hole is ovalized with targe washouts. Caliper 1 (pads
1 — 3) indicates relatively little washout while Caliper
2 (pads 2 — 4) indicates washouts up to to 20 in. The
HDT processing was able to determine only a few
northly trending dips while the SHDT results ac-
curately delineate the dips of the steeply dipping
formation. The improvement results from; the shorter
SHDT pads which provide better electrode to
formation contact; the opposite pairs of calipers being
independently coupled enabling them to open out to a

different extent n ovalized holes keeping the toaol
centralized; the flex joint. and the improved specd
carrection mentioned previously.

Higher sampling rare: The Dual Dipmeter {SHDT)
tool has a sampling rate of 0.1 in. as compared with

0.2 in. for the HDT tool.

Grearer dvnamic range af eleetronics: The total
{Emex) curremt that is sent into the formation is
automatically controlled by the surface computer to
allow for major changes in formation resistivity. In
this wav the microresistivity eurve activity is main-
tained in both high- and low-resistivity zones so that
good correlations can be made. In addition, the
microresistivity curves may be played back and
rescaled at the wellsite or computing center to remove
the visual effect of variation in Emex current, This
will ensure that information on grain size or textural
changes in the formation is not obscured, as might be
the case. on the original raw daia curves.
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The Dual Dipmeter (SHDT) field log

A rcal time field log is recorded during the logging
runs. The heading of a typical ficld log. minus cover
sheet. i1s shown in Figure 9, along with a portion of the
record.

After listing details concerning the tool and
recording system, the log heading also identifies the
various curves and scales. The curves presented are:

e Hole deviation — this 1s computed from sonde
deviation using values of sonde length and
cartridge stand-off. Either the hole or sonde
deviation can be presented (default is the tool
deviation calculated with zero stand-off).

® Hole azimuth — displayed on a —40 to 360°
scale, this (and the Relative Bearing) curve is
suppressed when the displayed deviation is
below 0.5°. It reappears when the deviation
exceeds 0.7°. This is because azimuth infor-
mation becomes uncertain at low deviation,

® Pad | azimuth — displayed on a —40 to 360°
scale, shows the azimuth of Pad Number 1.

® Relative Bearing — displaved on a —40 to 360°
scale, this curve is presented as a cross-check
between Pad 1 Azimuth (PIAZ) and Hole
Azimuth (HAZI). The relationship RB = P1AZ
— HAZI should be true at values of deviation up
to about 30° (at 30° deviation the maximum
error in RB 1s about 4°, climbing to about 18° at
607 deviation because P1AZ and RB angles are
measured in different planes).

® Dip curves — these are the eight raw
microresistivity curves before any Emex cor-
rection. The speed curves are not presented.

® Emex curves — both Emex current and voltage
arc displayed. They allow the operation of the
Automatic Emex Control to be monitored during
logging.,

® Calipers — two caliper diameters at 90° to each
other are presented on a linear 20-in. scale.



II. Computing Dip

Chapter I introduced the Dual Dipmeter (SHDT),
summarized major improvements incorporated in it
and the basis for the conpventional correlation tech-
iques presently used for computing the magnitude of
gip -and the azimuth of its direction. The purpose of
this chapter 15 to discuss the methods developed
specifically for processing Dual Dipmeter (SHDT)
data using the principles of interval and feature
correlation . the presentation of the results. and the
products  available a1 the wellsite and at the
computling centers.

The determination of formation dip measurements
using the HDT dipmeter twol depends on the
fundamental principle that to be detected. the bedding
plane must be crossed by at least three of the four tool
pads. This, in turn, implies that the formation is well
bedded or laminated. Unfortunately, this is not always
the case, and for many formations pad-to-pad
correlations are  impossible to  establish making
sedimentary studies difficult if not impossible. Also,
pad-to-pad correlations may be difficult in highly
dipping formations or in highly deviated holes,

The Dual Dipmeter (SHDT ) oal has been designed

Jecifically to overcome this limitation of the HDT
tool and to study sedimentary problems. By providing
two microresistivity curves taken 3 ¢m apart on each
of the four tool arm pads. the density of the results is
an order of magnritude higher than with conventional
HDT hardware and processing. In addition. the
improved sonde velocity correction. using the ac-
celerometer data to compute instantanecus sonde
speed aznd length of travel along the borehole, greatly
increases the coherence of the results and helps
salvage data affected by severe hole conditions, In
other words, the quality of the dip data is dependent
on the rock, if dips are present the measurement and
computation processes will find them. Thus, it now is
possible to carry out analvsis of Dual Dipmeter
{(SHDT) results with a vertical resolution in the order
of & few inches. This makes it possible to match the
results with core data and to predict the configuration
°f sedimentary features when no core data are

available.

The processing methods we will be discussing have
been developed to take advantage of the Dual
Dipmeter (SHDT) 100] improvements. They provide
three independent computations of formation dip and
allow adapting the interpretation of the results to the
specific problem of interest (struciural, sedimentary,
geometry of the sand hody, etc. ),

Computation of dip

Programs for compuiing dip from the Dual
Dipmeter (SHDT) measurements: The basic interval
correlation program. called Mean Square Dip (MSD ),
uses all the 28 possible cross correlations 1o compute
28 displacements (i all are successful). Since only
two adjacent displacements are needed to define a
plane. a lot of redundancy has been buill into the
measurement svstem. The program thus tries o find a
“best it plane that satisfies mos1 of the displacements

A second interval correlation method called Con-
tinuous Side-By-Side (CSB) is also uwsed. It only
considers displacements computed from the side-by-
side buttons on the pad. These four computed
displacements represent the apparent angle of the set
of bedding planes which cut across the borehole.

Finallv, feature correlation is provided by the
LOCDIP* computation. These pad-to-pad correlations
are made over short intervals centered on bed
boundaries. as defined by the major inflection paints
on the microresistivity curves. This method 15 used to
identify and then correlate major individual curve
features, The correlation lines are displaved with the
actual microresistivity curves in a way similar to the
GEODIP computation and presentation.

Before discussing each method in detail. it is useful
to'look at the sonde velocity correction since it makes
possible taking full advantage of the dawa recorded by
the side-by-side buttons on each pad., and the
salvaging of datz affected by severe hole conditions.

Sonde Velocity Correction: Since the side-by-side

“hiark of Gshlumberger
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lar the HDT recording. Like the HDT processing. the
correlation method for the Dual Dipmeter (SHDT)|
curves reguires defining an interval length. a step. and
a search angle: however. there is a significant
dilference in the way the cross correlation i made. In
the standard imterval correlation program, a specific
nterval of a reference curve is defined and then shid
along the interval of the curve it is to correlate with,
For the Dual Dipmeter (SHDT) tool, the MSD
method considers the same depth interval on each
curve and uses only the data within that interval to
make correlations. In the case of low apparent dip
{Fizure 3) it can be seen that nearly all the data points
within the interval are considered when the correlation
is made. As the apparent dip increases, {Figure 4} less
and less points enter into the correlation. A limit is
imposed when the search angle is increased until only
hall the points in the intervals are being used, This
corresponds 1o an apparent dip of about 72 .

In areas where high dips. or high apparent dips
because of deviated hole conditions. are expected. this
limitztion can be overcome by displacing the curves
by a known amount before cross correlations are
altempted. as shown in Figure 5. The amount of the
curve displacemant or shift would be that corresponding

to the displacameni one would expect if the actual dip
plane was the same as the assumed or “focussing™
plane. Hence, the net displacement used in the dip
computation is the interval shift plus the displacement
computed between the curves after the shift., The
focussing plane can be chosen as:
® A fived plane defined by the analyvst (default is a
horizonial plane).
® A plane defined by a previously computed dip.
For most dip computations. experience has shown
the following input parameters are usually satisfactory,

e Interval length — wpically 4 i,

® Step distance — expressed as a percent of
interval length, usually 50% (e.g, for a 4-fi
interval. step distance would be 2 ft) although
other values can be used as well.

® Scarch angle — 30 will usually find most dips
relative 1o a horizental planc. A double search
option (2 x 30} 15 available if no credible
correlations are found using the 30 search

The MSD program. then. is primarily used 1o
determine structural dip by finding strong planar
events crossing the borchale. The button-bulton
displagements are compuled and the best-fin planc
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through them is found, as illustrated in Figure 6. :

This initizl best-fic can then be an
iterative process i owhich points bevond k standard
deviations from this inlital best-fin plane (k -ar}|n~__r|
from 2.5 — |4} are rejected and a best-fit plane
throuch the remaining points is calculated. An
cmpirical qualiy Tactor 1= assigned to the final best-Nt
plane. This factor, ranging fram O to 20, 15 a function
of the number of ierauons made and the final
number of displacements retained

There is no vertical continuity logic or clustering
routing. in the MSD compuatien: cach level s
autonomously processed. The redundancy available
{28 posaible displacements when two are enough to
define a dipy reduces the possibility of producing
mathematical dips or nose correlations

refined by

Continuo. « Side-By-Side (CSB): The Continuous
Side-By-Side (CSH) processing 15 a unigue feature of
the Duoal Dipmeter (SHDT) service and takes
advantage of the fact that there will be preat similariy
between the two microresistivity curves recorded by
cach pad since the two measure huttons are separated
by a horizontal spacing of only 3 em. Thanks o the
side-bv-side correlations; the CSB processing s able
o piek ow formatcn dip even thoueh it may not be
apparent  on  pad-wo-pad  correlation. Even more
importani. the CSB program is responsive 1o the fine

L

bedding structure of the formation making it par-
ticularly eftective tor definmg stratigraphic features:
This s ilustrated in Figore where the curves
recorded by pads 2 and 3 are shown for 12 i of hole.
Side-by-side correlations are shown as thin lines. and.
far reference, the pad-io-pad correlations found for the
samo interval are shown as thick lines. From this
example. vou can see that the pumber of side-hy-side
carrelations 15 approximately an order of magniude
areater than the pad-io-pad corrclations, and that the

&= DISPERSION OF THE
PQINTS ARDUND THE d
BEST FIT PLANE

Figure & - Basl fit plane




resolution is in the order of & few inches,

Another important  feature. due to the close
proximity of the buttons on the Dual Dipmeter
iSHDT) pad. is that the displacements found by side-
by-side correlations are much smaller than pad-to-pad
displacements. This makes possihle the measerement
af very high dips which are not detected using pad-10-
pad correlation. For such cases. once credible dips are
found by CSE processing, they can he used as inpul ta
(ke focussing option for the MSD program.

Figure 8A shows a conventional pad-to-pad MSD
correlation for a case of high apparent dip. The well is
deviated around 357 1o the Southwesl. in the same
direction as the regional structural trend (30-40).
Thus. a given bedding surface will cut the borehole
hizh on the Northeast side and low on the Southwest
cide. Obviously, getting a good correlation is difficult
although the quality of the dip curves and the borehole
condition is excellent. Figure 8B shows the results
obtained with the side-by-side CSB processing. In
this case the 3-¢m spacing of the buttons allows an
unambiguous correlation to be made.

In the standard CSB computation, each pair of
microresistivity curves (¢.g.. |-1A) is cross correfated

using shert correlation intervals, 12 in. or less
PAD 2 SCALE: 1/20
.

Figure 7 - Side-by-Side and Pad-to-Pad Correlations

I COMPLUTING [

under favorable conditions even 4 in. or 3 in. The
step distance can bhe taken equal 1w hzall or three
guariers of the correlation interval. This gives a vector
parallel o the dip plane. Under ideal conditions
(planar beds) another vector is found a1 the same
depth by cross correlating the microresistivity curves
of an adjacent pad (e.g.. 2-2A ). These two vectors are
then used 1o define a dip plane

With only four side-bv-side correlavons. a cross-
check is needed to verify that the bed is indeed planar.
Il i1 is, then displacements obtained using micro-
resistivity curves from opposite pads (e.g.. [-1A.
3-3A) should be equal in value but opposite in sign.
and the dip can be obtained from any two orthogonal
pairs at that depth. However, if this is not the case, a
window is opened around the level under examination
and the vertical continuity of the displacements a
certain number of levels above and below is checked.
The pad showing the best vertical continuity is kept. A
similar procedure is then followed for pads 2 and 4
and, again, the pad showing the best vertical con-
tinuitv iz kept. The orthogonal pair showing the
smoothest continuity within the window is used for dip
computation.

In order to evaluate the credibility of the dip, a
guality value ranging from O to 20 is assigned to each
dip according to the vertical continuity and the quality
of the correlograms at the various levels or depths.

There are. however. situations {very high real or
apparent dips, geological features that do not cross the
borehole. fracture. ete,) where it is useful to display all
the dips obtained from orthogonal pairs at the same
depth. This processing is called 4 SBS and is
discussed under Dual Dipmeter {SHDT ) resulis,

LOCDIP: As discussed in Chapter 1. inflection
points. on the microresistivity curves describe geo-
logical events in the depositional sequence of the
formation. The purpose of the LOCDIP program is to
detect the geological events, or boundaries, and where
applicable. associate a dip precisely at that boundary
independent of dips at other depths. Instead of
correlating intervals of curves, it detects features-
{inflection points) on each curve and attempts to link
these around the borehole somewhat similar lo
GEODIP processing, There arc. however., some
imparant differences:

e To be retained as a LOCDIP result. an event
must be recognized on at least seven of the eight
microresistivity curves; GEODIP logic requires
only three out of the four curves. Thus, LOCDIP
logic is more demanding than the GEODIP logic.

e LOCDIP results are further refined by cross-
correlations made on a 6G-in. interval, while
GEQDIP results are computed directly from the
spot events on the curves, This eross-correlation
invalves the eight curves and includes a repeli-
tive best fit and rejection logic as in the MSD
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computation, with a similar criteria for quality
coding.

& A measurement of the planarity is derived for
each of the possible dip planes at any level. The
retained value corresponds o the surface which
best approximates the set of these planes. By
convention, a perfectly planar surface has a
planarity of 100,

® Some events are récognized on only a few of the

dip curves. In this case. the available correla-
tions are traced across the applicable curves,
with an options notation of “F" (fracture) or
“P/L" {pcbble or lens) for single pad events or
two/three pad evems, respectively. These in-
terpretations, however, are not to be considered
as certain, but rather as possible.

Dual Dipmeter (SHDT) results
and products

Thus far, methods for handling and processing Dual
Dipmeter (SHDT} data have been discussed. Ob-

viously, a number of products and presentations are
possible. each desigried to answer a particular need.
Some. utilizing the power of the CSU* system are
available at the wellsite. others require capabilities
found at the computing center (FLIC). To put all this
in parspective. Figure 9 provides a breakdown of the
products and where they are avallable. First, we will
consider those available ai the wellsite

® Field log — A real-time monitor film is recorded
during the logging run. It presents the eight
microresistivity  dip curves, the inclinometer
data. the ecaliper diameters with the Emex
current and voltage onoa 1/200 scale.

Field edit tape — A customer tape containing all
the data required to compute dip results as
recorded. All data have been corrected to account
for downhole amplifier variations with temper-
ature. and the dip curves are Emex corrected.
The Emex current and voliages are recorded.

® Emex-corrected curves This is a useful
plavback especially on the 1/40 scale as it
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Figure 9 - Dual Dipmeter {SHOT) products
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allows detailed examination of the grain-size
variation. textural information and thin beds.
This large scale playvback is normally only made
through the potential reservoir sections.

o CYBERDIP Log — The present program uses
pad-to-pad interval correlation technigues. with a
fixed 4-ft correlation length and 2-ft step
distance. The search apgle is B0° and the
California option i used. which is suitable in
mast deviated or vertical wells. In the California
oplion the search angle is referred 10 a planc
normal to the borchole rather than to the
harizontal.

The user selects which set of four curves he
wishes to use. whether 1-2-3a-4a or la-2a-3-4
The speed correction is made using the speed
CUrves,

® FIL* Fracture Identification log — The depth
differences between side-by-side pairs are com-
puted. and then the corrected curves are played
back owver each other. This highlights any
conductivity anomalies which may be caused by
mud-filled fractures

& Well profile — Infarmation on hole direction and
deviation is presented as a well profile plot, This
directional information can be used to recompute
logs to their true vertical depths.

Other products require the capabilitics found in the
computing center (FLIC). Here. full use is made of
the inclinometer data to provide aceurate directional

information and speed corrections for the dip curves,
The processing of the Dual Dipmeter (SHDT ) data is
designed to extraclt the maximum amount of dip
information from the raw curves,

Presentation of the Dual Dipmeter (SHDT) resuls
is produced through the DUALDIP* program. The
presentations can be tailored to meet the needs of the
user and mav include combinations of the following;
MSD. CSB. 4 SBS. LOCDIP and STRATIM
presentations. the eight dip curves. the svnthetic
resistivity. (SYNRES) and Gamma Ray curves.
calipers and hole drift data. The depth scale is usually
1/40 Uses of the informauon presented will be
covered in detail in Chapter V. Here it will suffice to
simply point out certain imporiant features concerning
the information recorded on the DUALDIP
presentation.

® Pad-o-pad interval carrelation (M5D) — Cor-
relation intervals in the order of 4 footr x 2 fool
are used. The resulis, recorded as triangular
arrows. are suitable for structural interpretation
and for recognizing larger scale stratigraphic
features. A solid triangle indicates a good quality
dip where the number of points beyond k
siandard deviations is small and few displace-
ments are discarded, A low quality dip is
indicated by an open triangle, In this case. the
number of points bevond k standard deviation is
large and many displacements are discarded.
In addition to the DUALDIP presentation, the
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I Figure 10 - Typical DUALDIP presantanm

results can be displaved on an Bl:-in.-wide,
200 scale plo

Pad-to-pad feature correlation (LOCDIP) —The
dips corresponding (o the major bed boundaries
are shown on the DUALDIP plots as “square
headed ™ tadpole plots,

The correlation lines corresponding to these

dips are shown on the microresistuvity curves:
the first curie is repeaied as curve Number 9,
Dashed lings may be shown which reprosent
features tecognized on two o six of the curves,
Solid carrelation lines are recognized on seven or
all eight curves, A 1740 scale highlights the
information on grain-size variation and thin beds
which 15 contained in the Emex-corrected raw
CUFYES,
Side-by -side interval correlation {(CSB) — Here
a short correlanon interval (down o 8 in.) is
used 1o provide a high dip density suitable far
more detatled stratigraphic work. A step distance
of 4 in. gives three correlation tadpoles per
foot, The results are ploned on a 1/40 scale as
round headed tadpales onthe DUALDIP plor, A
good gualivy dip s shown as a solid 1adpole. a
poar guality dip as an open tadpole.

4 SBS 15 used o ﬂu[pul all four dip values from
pad-pairs 1=2.2-3_ 3-4_ and 4-1 wsing different

svmbals. As 4 §BS 1akes all possible dip results
at any one correlation level. it provides an
gstimation of the planarity and gualiy rating of
those dip resubis. Thus, the magnitude and
direction of 4 SBS resulis is not an important
consideration. but the spread of dma s

STRATIM 15 a graphic represeniation of the

resistivity variations around the wellbore seen by

the eight  microresistiviny  curves.  Uohizing
LOCDIP carrelation links and the resistivity
variations recorded by each curve o the

processing. events that exist across the wellbore,
and the dip associsted with them. can be
distinguished. as well as localized events such as
pebbles, nodules. fractures, ete. For presentation
a grey scale is created that is a function af the
resistivity — black. low resistivity: white, high
resistivity.

SYMNRES is a presentation of the reconstrucied
micraresistivity dip curves. The raw dipmeter
curves can be rescaled utilizing the Emex vollage
and Emes currens. Because of the very high
sampling ratc of the dipmeter and the sharp
focusing, the verucal resolution of the rescaled
resistivity curves 1= very good, They can be used
to abtain the net sand count in thin interbedded
sand/shale sequences and for obtaining a value



of hydrocarbon saturation for reservoir evalu-
ation purposes.

Also presented on the DUALDIP plon are the
caliper  diameters, the: hole deviation. the recon
aructed resistivity curve (SYNRES) and. if recorded
qur additional lithological control. the Gamma Ray
.'|.rh:| SP CUurves,

Figure 10 is a typical example of a DUALDIP
presentation thal includes STRATIM, a correlation
log. LOCDIP, the eight Emex-corrected micro-
resistivity dip curves, MSD and 4 SBS resulis. Fipure
[0A is an enlargement of the STRATIM and 4 SBS
results for the interval 100-170m of Figure 10. The
cedimentary unit is an eolian dune sand sequence. The
information obtained from these results concerning
permeability barriers and the permeability anistropy
within the dunes is of particular importance when
designing the best completion method for efficient
depletion of such a reservoir.

The fine detail contained on these curves allows
vou to infer much about the formations logged by the
Dual Dipmeter {SHDT ) tool. For example:

® The type of lithology (shales, sands, conglom-
erates. ete.) from the shape and likeness of the
curves.,

Fining upwards, coarsening upwards sequences.
This is done by analyzing the resistivity vari-
ations across the interval of interest, either from
lhe microresistivity curves themselves or from

L COMPUTENG 13E

the synthetic resistivity curves. Use of the
Gamma Ray curve will ofien prove 10 be helpful,
Care should be exercised, however, to ensure that
fluid saturations are taken into account when
inferring variations from resistivity
gradients.

Homogeneous bodies having no apparent bed-
ding as opposed to finely striated. laminated
bodies.

Parallel vs. nonparallel bedding, This is es-
pecially important in sandstones. and has found
application 1o the study of wrbidites.

Correlation lines may involve anywhere from
eight microresistivity curvgs down to two, The
interpretation made on this basis (pebble. lens.
ete.) will depend on whether the anomaly is
resistive or conductive. the number of curves
involved, eto.

Open fractures usually will show as an isolated
conductive spike which may or may not correlate
with similar spikes on other curves,

Selected examples covering such applications of
Dual Dipmeter (SHDT) data will be discussed in
Chapter ¥,

Chapters T and 11 have served 1o introduce the Dual
Dipmeter (SHDT) twol and the computation of dips.
Before discussing specific  applications of Dual
Dipmeter (SHDT) data. we will briefly review. in
Chapters Il and IV, how dips are interpreted in
peologic terms,

arain-size
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THE OBDT* TOOL

e i

Oil-Base mud Dipmeter Tool (OBDT})"
A new principle applied to dip measurement
in oil-base mud wells.

The OBDT" tool is a dipmeter specifically
designed for logging in oil-base mud. It uses
four micro-induction sensors to measure the
variations of formation conductivity. The
induction principle avoids the main limitation of
tools based on electrode devices, which is the
erratic influence of the non - conductive mud on
the injection of current into the formation.

The log can be recorded with a single pass of
the OBDT tool, and the processing is made with
current programs: CYBERDIF" at the wellsite,
CLUSTER" or GEQODIP" in computing centers.

Operational limitations

e The mud should be less conductive than the
formation.

e The tool rotation rate should not exceed 1 turn
per 40 ft (12 m).

e Although it is not necessary for the sensor 10
make contact with the formation, the data quality
is affected by borehole damage.

« Resistivity of the formation chould be lower
than 200 ohm-m.

Telemetry

Control of
Sonde Functions .

Inclinometer Cartridge

OBDT Cartridge

Hydraulics

b

Features

e A three-axis accelerometer and a three-axs
magnetometer provide precise measurements of
borehole drift and tool attitude.

e In the dip processing. fluctuations of tool
velocity are computed from the acceleration
measurement, and eliminated.

« The volumes investigated by the pads are well
defined, being controlled by the magnetic field
distribution around each sensor. The accuracy
with which bed boundaries are thus determined
results in regular and repeatable computed dips.

* Mark of Schlumberger

Tool specifications

SPECIFICATIONS Eﬁﬁ:}'?“ U:'iifs
Length 3251 83m
Weight 323 147 kg
Diameter 4.5 inches 114 mm
Minimum hole size 5.5 inches 140 mm
Maxirmum agening 210inches | 533 mm
Pressure raung 20,000 psi 1400 Bars
Temperature rating 350°F 175 C
Logging speed 1800 fuhr 570 muhr
Tool Dev. accuracy + (.2 deg +0.2 deg
Tao! Azim. accuracy z 2.0 deq. +2.0 deg.




SISTEMA DI FOCALIZZAZIONE E MISURA
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2.7 CALIBRAZIONT ALLA BASE OPERATIVA

2.1

2012

" ¥

Deviation check

11 deviation check consente di verificare il
corrette funzionamente del pendslo usate per la
misuraziene della deviazione del pozzo. Il
meccanlsmo viene controllato sia per bassi valori
di inclinazione che per alti valori.

Lo strumento viene montato su un apposito sostegno
fornito di scala graduata e inclinate, quindi si
controlla che i1 valore che compare sul monitor,
che & quello indicato dal pendolo, corrisponda al
reale valore di inclinazione indicate sulla scala
graduata.

North check

Il north check permette di verificare il corretto
funzionamento della bussola utilizzata per misurare
1'azimut del pattino 1 nel HDT low angle e 1'azimut
del pozzo pel HOT high angle.

La procedura pid semplice consiste nell'orientare
1l pattino 1 verso il N indicate da una bussola
tenuta dall'operatore lontana da materiali che
potrebbere influenzarne la lettura, e controllare
che la curva del P1AZ sia uquale a 0% o 360°.

Se, 1invece, viene fatta coincidere con lo 0° 1a
curva del HAZI inclinande lo strumento verso N, il
valore del P1AZ sard uguale a quells del RB e le
due curve relative si sovrappongono. (5i ricorda
che HAII = P1AZ - RB da cui per HAZI = 0. PI1AZ =
RB).

Caliper check

La calibrazione del caliper wviene eseguita
utilizzando 2 anelli di diametro differente deij
quali si effettua la misura aprendo 1 pattini delle
strumento.

Per ciascuns dei cue caliper,(1 e €2, si ottengono
dungue due misure che, con i due valori noti di
riferimento, permettono di calcalare i parametri di

gain e di offset (vedi fiqura 4). Tali wvalori
vengono memorizzati e wverranno utilizzati caome
controlle in cantiere al momento della

registrazione quando 1l check viene ripetuto
secondo le medesime modalita.



large ring size (127)

Reference
Ring size
‘Large 12"/
Small 8"l
_~|oFFsET
- 6 Té 10 12 qu
7 13,5

- small ring size

? Measured

(87)

(S = Teading in large ring - reading in small ring

Offset = large ring size (12") - (reading in large
ring) X igain)
12 =8 =

atn = 2= F.= D615
2 Y5.5=7

offset = 12 - (13.5 X 0.6i5) = 3.67

Measured signal 12"

actual hole size =12 X (galn .615) + (offset 3.63) =

k1. 07"

Fig. 4 - Calibrazioni alla base operativa: caliper check.
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2.2 CALLIBRAZIONI DI CANTIERE

Prima di iniziare la discesa dell'attrezzo in pozig e
possibilmente al termine della registrazicne & opportuno
verificare che tutto funzioni regolarmente. Le operazieni
che 1'ingegnere esegue non sono delle vere e proprie
calibrazioni, se si eccettua quella del caliper, ma dei
controlli sulle wvarie parti delle strumento 1 cui
risultati devono essere presentati in coda al log.

2.2.1 Deviation check (fig. §5)

11 controlle viene effettuato con lo strumento
appeso al derrick, inizialmente in posizione quasi
verticale, quindi via via pil inclinata. Quando
l'attrezzo € verticale, 1la curva del relative
bearing si muove in maniera casuale perchd non
esiste una genmeratrice superiore di riferimento, e
la curva del HAZI risulta ad essa speculare.
Successivamente lo strumente viene inclinato e
1'ingegnere controlla che sul monitor la curva
della deviazione (linea continua) si muova. 1In
questo mode s1 verifica esclusivamente che il
pendele non sia bloccatec ma non & possibile
controllare che 1l wvalore misurato corrisponda
agll'effettiva deviazione dell'attrezzo.

2.2.2 North check (fig. 5)
In cantiere i1 nord segnato dalla bussola non &
esattamente 11 nord magnetico & causa della
presenza di numerosi tattori che influenzarme la
lettura, per cuil anche gquesta operazione & un
semplice controlle di funzionamento e non una vera
calibrazione,

L'attrezzo, che e appeso al derrick, viene
inclinato verso N (HAZI = Q) e fatts ruotare in
sensp orario in passi successivi di 90°. Tale

rotazione & evidenziata dalle curve del RB e del
P1AZ che risultano sovrapposte. Nell'esempio in
figura, 1'HAZ] non & esattamente verso N e quindi
si nota una leggera separazione tra le due curve.
Questo tipo di operazione, con 1'utilizzo dei nuovi
tools, viene esequita  assai raramente e
generalmente sostituita da una pil rapida procedura
che consiste nel rivolgere il pattino n. 1 verso N
¢ controllare la relativa lettura dello ctrumento.
Tale operazione wviene generalmente esequita
contemporaneamente al deviation check.
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7 7.3 Relative bearing check o rotation check (fig. 6)

2.2.4

11 rotation check viene esequito per verificare che
i1 meccanismo utilizzato per la misura del relative
bearing, che negli attrezzi meccanici consiste 1n
un peso eccentrico libero di ruotare attorno ad un
asse verticale, sia perfettamente funzionante. In
pratica si tratta di verificare che il fenomeno di
sticking che si verifica quando lo strumento é
verticale, scompaia per 1inclinazieni di 2° ©
maggiori.

11 check consiste in una rotazione e mezza dello
strumento leggermente 1inclinato prima in sensog
orario quindi antioraric o viceversa che viene
evidenziata dalla curva del relative bearing con
una caratteristica forma a V.

Mel SHOT e nei tools Dresser della serie 1016 che
fanno uso di magnetometri e accellerometri tale
check risulta ovviamente inutile.

Button check (fig. 7,8)

11 check dei bottoni ne verifica 1l collegamento e
i1 buon funzionamento senza interferenze.

| ‘operazione consiste nel toccare uno alla wolta 1
vari battoni procedendo in SENSD grario
verificandone 1a relativa risposta sul monitor che
consiste in una pil o meno marcata flessione verso

sinistra della curwva. Tale flessicne deve
interessare una sola curva per volta, quella
relativa al bettone controllate, dimostrando

|'assenza di interferenze (cross talk) che 51
ripercupterebbero negativamente sulle correlazioni
qualora si verificassero durante la registrazione.
11 controllo vienme eseguite anche per lo speed
hottem 1a cui curva viene registrata sole su nastro
e utilizzata poi per la cerrezione di velacita., A&
questo proposito si ricorda che i wvecchi HOT per
fango ad olio e tutti gli strument1l Oresser non
dispongono di tale bottone supplementare.
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2.2.5 Caliper check (fig. 9}

La calibrazione del caliper viene eseguita come
detto, anche in cantiere utilizzande due anelli di
diametro differente indicati come small e large sul
log.

In generale 1 wvalori dei due diametri non devano
essere  troppo wvicini  tra loro e ricadere
nell'intorno di quelli che si prevedono di misurare
in pozzo. Per ciascuno dei due caliper, {1 e CZ,
vengono ricalcolati un gain e um offset che
vengono confrontati con quelli ottenuti allaz base
operativa e quindi memorizzati. Successivamente,
durante la registrazione ciascuna misura di caliper
viene moltiplicata per 1] gain e al risultato viere
aggiunto l'offset per ottemnere 11 valore di
diametro calibratc. Al termine della registrazione
€ opportunc ripetere un controlle per verificare
che 1'inevitabile drift subito dalle strumento sia

entre limiti accettabili. Tale controlle viene
generslmente eseguitc nel casing durante 1la
risalita.

A1 check presentati, validi per tutti gli
strumenti, si aggiungono per 1 togls che hannc
sostituite le parti meccaniche can magnetoTeirl €
accelleremetri, la misurs dell'intensizi e
inclinazione del campo magnetice & una
misura dell'accellerazione di gravits.

Le prima viene eseqguita 1n discesz, fuari sca

2
per controllare 1l corretto funzionzmeric ¢
magnetometro; la seconds, che serve per controllare
1l'aczelerometre Ui%ﬁ& esequi*a tarands=i oo un
valore di 9.8 m/sec



= TG =

BEFORE SURYEY CALIBRATION SUHMHARY
PERFORMED: 24-HAY-BB 03122
PROGRAM FILE: HDT (YERSION 30.8¢ g7 /02/10 877027032
HDTE CALIPER CALIBRATION SUMHARRY
HERSURED CALIBRATED
SHALL LARGE SHALL LARGE UNHITS
Cl1 773 19.4 6.00 16,0 IH
ce 19.88 8.3 16.00 6.0 IH
CP 30.22 FILE 0 24-MAY-B8 03121

Fig 9 - Calibrazioni di cantiere: caliper check



| CALCOLO  MANUALE |

BA LOG :
. ATMUT ELETTRODO %= 1 (P1AZ)

RELATIVE BEARING

» INCLINAZIONE DEL FoRO
ATIMUT  BELL' INCLINAIONE (Hm)

(Lerroma wimsrra o
MAL s P4AL - RB )

L

. CALIPER (4-3)
. caueer (2-u)

CORRELAZIONE TRA LE CORVE
NE VEAGONO VSATE GENERALMENTE 3 Su k)

E HISURA &L 2 SCOSTANENT :

. SCOSTAMENTO TRA CURUE ABIACEATI
o SCOSTANENTO DIAGONALE

CALCOLARE : caL (4-3) + ca(2-4)
ba +1.8

2




CORREZIONE PER LA DEVIAZIONE ODEL Po220 €

CALCOLO DELL' AZIMUT E DELLA PENDENZA VER)

« UTILIZ20 DELLO STEREONET - OUEQLA:;

RUOTARE L'OVERLAY FINO AL FAR COINCIDERE HAZI
¢coN L PUNTO E

SEGNARE L PONTO A con

AT = PIAZ + APP A2

E PEANDENZA = PENDENZA APPARENTE

SCENDERE LUNGO UN PARALLELO DAL PUATD A DY TANT|
GRAD] PAR! ALL' INCLINAZIONE DBEL PO220

LEGGERE NEL PONTO B L INCLINAZIOOE VERA DELLO ST

To E L'AZIMUT RIFERITO AL NORD MAGNETICo

ATl ceoe = AZl e T DECLINAZIONE NAGNETICA



CALCOLQO DbELLA PENDENZA E DELL'AZINUT APPARENT|
RIFERITI  ALL' ELETTRODO 4 4

« PER PICCOLI SCOSTAMENTI
(MENO 81 3 INcHES PER QURVE AMIACENTI E 4 INcue
Per coeve SiAGowALl )

ENTRARE NEWL' ABACO 4 con | 2 SCOSTANEAT]
PER RICAUARE @ AZINUT APPARENTE .

RICAUARE LA PENDENZA APPARENTE § con L'ABACO 2

o PER GROSS| SPOSTAMENT|

|
MOLTIPLICARE 6L ScsTanenTi Per ~ (o L o

2 5 10
RICAUARE 8 AZIMUT APPARENTE Con LABACY 4

ENTRARE NELL' ABACO 2 PER RICAUARE O PENDENZA

APPARENTE DOPO AVER MOLTI PLICATO | VALOR]

PRECEDENTENENTE TROVATI Per 2 (ps 0 l0)
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[ CLUSTER — A METHOD FOR SELECTING THE MOsT PROBABLE SPE 5543
Die BesuLTs FROM DIPMETER SUBVEYS

Z WELL TOOL
CALIFPERS r"‘““— CURVE DISPLACEMENTS -'—-1 DEVIATION  ORIENTA TS,
DEFTH D13 D24 "HIZ H23 H34 H41 HI3 Hz4' MAX DEYV DVAZ PAZ RDB
(FEET) (INCHES) (TMNCHES) (DEGREES) (DEGREES)
1836 B0 B.4 -0,34 -0,99 0,39 0,79 " * 57 2.3 % 202 195
1834 8.8 B4 0,29 4.20 -0,29 1.26 -1.91 45 2.4 1 203 194
lgaz BB B.4 3.58  1.46 0,45 o 2.4 § 203 198
3830 .8 8.4 -2.97 1.42 -0,06 1,07 -.2.,22 24 2.4 3 202 9%
ipzs 8.8 B4 -3.24 13T 0.74 f.52 kL | 25 ) 204 1 98
1826 8.7 8.4 -3.21 -0.40 1.21 0.49 -3.35 35 2.5 3 201 198
jg24 8,6 ° B4 -0,90 -0.28 1.10 0.37 0,73 38 2.5 4 204 200
igzz B.S g.4 -1.04 -0.,04 1.12 0.51 0.94 35 2.6 4 202 L98
igz2o B.6 B.2 -4.45 5,10 1.21 3.2z 3.0 40 2.7 3 194 193
iplg 8.5 8.1 Q.63 0.11 6.88  -0.07 -0.20 22 5 3 141 iB8
3BLé 8.5 8.4 0.70 0,04 0.60 27 2.5 5 191 185
18la B.6 8.5 -0.,90 1.04 .0,80 0.1 30 2.4 4 188 183
g1z 8.6 8.4 -0.57 0,97 0,62 25 2.3 A60 185 184
jslo 8.5 8.3 0.l& 0.99 0.87 -1.92 b " 23 2,2 59 laz 183
jgos a.5 8.2 0.79 -l.16 -0.17 4 2.1 180 B ) 177
3806 B.6E 8.2 2,42 1.56 .27 -0,11 37 2.1 359 172 173
3804 8.6 8.3 0.1% -4.47 -4,16 14 2.1 358 171 I 72
g2 8.6 B.5 NG CORRELATION 2.0 1 174 172
3802 B.bB 8.5 NC CORRELA TION 2,0 1 174 172 @
1800 8.4 B.6 -5.B0 -6,00 0.38 -9.13 35 2.0 360 183 1az
3798 8.0 8.3 5.49 0.93  -2.31 37 2.0 59 132 gz
3794 B.2 8,2 0.81 .11 -0.78 .16 14 2.0 2 154 lg2
Fig 3 — Example of results from an existing Dipmeter program used as input

to CLUSTER.



ADJACENT-CURVE

DISPLACEMENTS

r ™
DEPTH HlZ  H23  H34 H4l
(FEET) (INCHES)
OFEN ZOKE
358 3,71 -0,69 3.43 -3.27
iB56 0.81 -0.65 =0.,90 0.78
3854  0.97 -0.43 -1,24 -0,70
3852 0.92 -0.46 -1.39
3850  0.77 -0,20 -l.4% 0,59
3848 0,70 -0.12 -4.46
3846 -0.31  -4.82
STABLF ZONE
AE44 0,12 -0.58 -0,37 0.45
3842 0.1 -0.79 -034 036
3840 -0,04 -0.93 0.65
3838 -0.25 1,03  0.44 0.73
3836 -0.34 0,99 039 0.79
OPEN ZONE
3834 -0.29  4.20 -0.29 1.26
183z 3,58 1.46
3830 -2.97 1,42 -0.06 1,07
3828 -3.24 1.77 0,74
3826 -3,21 -0.40 1.21  0.49
3824 -0,90 -0.28 1,00 0.37
3822 -1.04 -0.04 1.2 0.51
1gz0 -4.45 5.0 1,21 3.22
1g1g  0.63 0.1 6,88 -0.07
3816  0.70 0,04
OPEN ZONE
3514 -0,90  1.04 -0.80
381z -0.57 0,97 ;
3810 0.16  0.99  0.87 -1.92
3808 0.79 -1.16
1goe  -2.42 1.5 1.27 -0.1
3804 0,19  -4.47
igol
1800 -5.80 -600 038 -9.13
3798 5,49 0,93 -2.31
3796  0.81 0,11 -0.78

Fig. 8 — Exaemple of zoning.

PAZ
{DEGR.)

181
192
189
182
178
17€
180

195
205
208
205
202

203
203
202
200
201
204
202
196
191
191

188
185
182
177
172
171
174
183
192
194



MSb

Copun 1 Coavi 2




SCALE: 1/20

pad 2

pad3

SIDE BY SIDE AND PAD TO PAD

CORRELATIONS
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BIRECTIONAL SURVEY

PROTOMBITA VERTICHLE

aQ - b - cond

a = b, tn &,

ScosTH pMENTO

= b- neas 4

C...l-'.: 5.1-'}{5“,;{1

CooRbyp K Te
l‘j:‘:'m}’-'l L3 IE-"‘-"“HF'
i "-'“"-'-fs_'l ey -4mp(

1..}:3" Sy ome =

%J: HTR_{"" P

J-L'E_E)

PeoF. veaT = R+Q ¢+ .. .- ...



INCREMENTO DI PROFONDITA’
VERTICALE:

T Avi caie, = ACL{ » cos(Li

— AVANZ AMENTO ORIZZGNTALE :

g 35 .1 (PosiZiONE EFFETTIVA]

|POSIZIONE BSSUNTA] Aco; iealE = jCL,_: % senll;
85 ;4 CORSD REALE DEL POZZO
-~ o i
B = ‘/7'--._‘__
" o — CORSO DEL POIZO ASSUNMTO
= - i = £%
=] =
=]
Acp ers
—=h
L. dcoi cale, -
bl

CONFRONTO TRA CORSO REALE E CALCOLATO DEL PDZZIO TRA LE
STAZIONI DI PROVA 55.4_1 E S5 MEL PIANDO VERTICALE

M
i
dEi ,calc. ]
-t i
S5.i_1 dE; et
[POSITIONE ASSUHTA) | 55 .y [PoSIZIONE EFFETTIVA ]
o Ll
A \ _ INCREMENTO DI COORDINATE
} . METRICHE N
i.l \ d”i'calcF ﬁCDi_cmc_u CDSBI' £
E PROEZIONE DEL CORSO =.d'c|-.:|' b4 senﬂl- K cru._.&i
‘_,} " REALE DEL POZZO
- . B N / — INCREMENTO DM COORDINATE
- ) i M\ |
= w N METRICHE E:
i H
Z w -
= z \\ AEi cajc. = ACDi.caic 5"""18:' =
= PROIEZIONE -AcLi xsen(li x ssnﬁi
DEL CORSD
ASSUNTO DEL Ay
FOZZC \
Y Y

p) CONFRONTO TRA CORSC REALE E CALCOLATO DEL POZZO TRA LE STAZIOMI DI
PROVA S5 ¢-q E 55 NEL PIAND ORIZZONTALE

Fig.IV.5. RAPPRESENTAZIONE DEL CORSO DEL POZZO NE! PIANI VERTICALE ED
ORIZZONTALE TRA DUE STAZION| DI PROVA SUCCESSIVE COL

METODO DELLE TANGENTI.



i

o INTERVALLODI PROFONDITA MISURATA

oM+ mr:=Adcty
CON
OM:MP: dCL;/2

i EORSO ASSUNTO-DEL
I POZIO(PARTE SUP)
: |
i
| '.: I EORS0 REALE
et DEL FOLIIO
| = |
=]
.ci
= I CORSD ASSUMTO DEL
= Y !____ pozzo [PARTE INF)
|
=
3 '

.INCREMENTO DI PROFONDITA VERTICALE

A ]
— PARTE SUPERIORE: Avj sue = %-cnsai_,

Aot
— PARTE INFERIORE: Avyimez %‘--cusai

. dciy
= TOTALE Vg = *2—" *(cos@gq tcOSd; )

« AVANZAMENTO ORIZZONTALE

Acy;
—PARTE SUPERIORE = ACDy,sue® =71 vseng 4
—~PARTE INFERIORE @ ACODgwe © ‘d—g-ﬂ ssendl;

dcy
—~TOTALE cdco; =L =(senq;,+sena;)

FIG. IV .7- RAPPRESENTAZIONE DEL CORSOQ DEL POZZO NEL PIANO
VERTICALE TRA DUE STAZION| DI PROVA SUCCESSIVE
COL METODO DELLE TANGENTI BILANCIATO
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5
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£y IW 10 -RAPPRESENTAZIONE DEL CORSO DEL FOZZ0O NEI PIANI
VERTICALE ED ORIZZONTALE TRA DUE S1AZIONI DI PRO—
VA SUCCESSIVE COL METODD DELL ANGGLO MEDIO



d‘ul'['

a) CORSO DEL POZZO MEL PIAND VERTICALE TRA
01 PROVA SUCCESSIWE 885, 7 E 854

I

B

b} CORsO DEL POZZ0 NEL PIAND ORIZZONTALE TRA
Ol PROVA SUCCESSIVE 8.5;4 E 554

« IMCREMENTO DELLUANGOLO i
INCLINAZIONE

Qg ar=(2;= i1 }/dc"i

RAGGIO DI CURVATURA MEL PIAND

FVERTICALE :
R. = 180 *1 ,.._T_
W Qpar

» INCREMENTO DI PROFONDATA

VERTICALE:
.s'fl'u'i =RLI-? :{senﬁi - sem’li_-l}

AJANZAMENTO ORIZZONTALE
.ﬁ‘icﬂli =R|',L‘ L {COSai_--l = Cﬂﬁﬂi }

DUE STAZIOMNI

INCREMENTO DELL ANGOLO DI
DEVIAZIONE

Byar=(Bi - Bi )/ deo;

HAGGIO DI CURVATURA MNEL PIAND
ORIZZONTALE:
Rf.h =l?c§- = 1

dar.

INCREMENTO DI COORDINATE
METRICHE N

'd'"i=RI,h I{SEnﬂi —lEI'IIBi =1 }
MCREMENTO DI COORDINATE

METRICHE E:
.'f.'lEl' = Ri,h" {cas,ﬂi_I —cosﬁi]

DUE STAZIONI

FIG, IV. 12 - RAPPRESENTAZIONE DEL CORSO DEL POZZO NEI PIANI VERTICALE

ED ORIZZONTALE TRA DUE STAZIONI DI
METODO DEL RAGGIO DI CURVATURA

PROVA SUCCESSIVE COL



CALCOLO DELLO SPESSORE REALE DI UNO STRATO
(STRATI INCLINATI E POZZO DEVIATO)

PROIEZIONE DELLA LINEA DI
MASSIMA PENDENZA DELLO
STRATO E DEL POZZIO 5U

DI UN PIANDO ORIZZONTALE

FROIEZIONE DELLO STRATO
E DEL POZZO SU DI UW
PIANO VERTICALE

CHE HA LA STESSA
DIREZIONE DEL POZIO

PROIEZIONE DELLO STRATO
SU Di UN PIANO VERTICALE
CHE HA LA STESSA
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ZEMIT

inclhinalto

sSuD —f= MORD

Fiano
orizzontale

Slera

MNADIR

LEGENDA:
a = Angolo di pendanza
B = Azimut
MP = Linea di massima pendenza
PMP = Proiezione della inea di massima pendenza sul piano orizzontale
SR = Semuretia perpendcolare al piand verncale

Fig. 16 - Proiezioni stereografiche: rappresentazione grafica di punti e piani nella sfera



SCHLUMBIRGER FUNDAMIMTALS OF DIFMETER INTERPRETATION

THE OVERLAY
(Fig. 1)

This i= 3 circular piece of transparent plastic peper,
pinned to the center of the Stereonet in a way that
leaves it free to rotate

Although maobile, we will regard the Overlay as the
fized reference element, oriented with respect to
Korth,

On it are printed radial lines and concentric circles.

Fig. Z shows how those lines afe derived: the Qwer-
lay it the projection of the Upper Hemisphere, from
peint N 'Nadir'™) onto a plane perpendicular o diam-
eler IN, the Equatar, Point 7 is the Zenith. The st
of planes through axis IN cut the sphere along Great
circles, or I-Meridians. f a IMeridian is chosen as
Origin, we will call Lengitede the angular distance of
any I-Meridian 1o this origin, counted positive clock-
wite from 0 to 360°. In the centsal projection irom

M. P-Meridians project sz radial lines on the Owerlay,
with Longitude represented in Lrue magnitude,

Consider now a set of cones, of comman #xis, IN,
and regularly increasing stmmit angle. They cut the
kemisohere along circles of increasing radius, called
Small Circles or I-Parallels. We will cail Latitude the
hall:summit angle of each cone. ie, zero at peint I
and B0° at the Eguator. This is contrary to geographic
practice, yet is no cause for contusion in what fal-
lows. I-Parallels project as concentric circles on the
QOverlay, forming the Cancentric Grid, The projected
circles are smaller than the I-Paradlel circles them-
selves. and their spacing on the Grid iz not linear.
Each one corresponds o a value of Latitude.

It is customary 1o refer fo the projected I-Meridian
and I-Faraliel directly as I-eridians and Z-Parallels.
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Dipmeter

Interpretation Rules

Part stratigrapher, part petroleurn geol-
ogist, and part sedimentologist, the
dipmeter interpreter peers down hore-
holes to figure out, among other things,
which way the wind blew at a given
time — 2 or 3or 8 million years ago.
knowing which way the wind blew
helps tell which way oil ilows and, uhi:
mately, where the drill bit goes. Simple.
But not sa simple,

Terdiscern details as fine as wind di-
rection, the dipmeter interpreter exame
ines stratigraphic information from a
number of wells. The interpreter mowves
back and forth from the big picture to
the small picture, adjusting one then
the other ta shape the optimum three-
dimensional picture of a certain horizan
at a certain time. Gilreath stans with the
depositional environment constrained
to two or three possibilities. He first
addresses the big picture: Arewe in
a defta? A stream bed? A barrier island?
A reef? Subsequent questions examine
ane corner of the big picture: If we're in
a delta, what part? If we're in a stream
bed, exactly where? If we're in a barrier
island, are we on the seaward side or
the landward side? Finally, the last ques-

ticns fine-tune the stratigraphic inter
pretation: Which way the wind blew,
the currents flowed, the tides ebbed
and flooded, and what each means to
the shape, character, and extent of rock
bodies. Addressing these last questions
ultimately determines strategies for the
explaration, drilling. and production of
oil and gas,

Summed up, Gilreath's interpretation
scheme has four steps:

* Limit likely depositienal environments
based on client's knowledge or key
logs (e.g., bound water and shale resis-
tivities and dip scatter).

* Determine gross structural dip and
delete it if necessary

* Ascribe missing and repeat sections to
unconformities or faults (see page xx).

* Uzsing knowledge of dip, structure,
lithalagy and depositional environ-
ment. make & stratigraphic interpre-
tation, which includes an estimate of
the shape and extent of reservoir rock.
Examples in this supplement summa-
rize this final step.,



Method of Plotting

The tadpole plot is the traditional
graphic device used an dipmeter logs. It
gives three pieces of information: (11 the
lateral position of the tadpale head rep-
resents dip magnitude, which increases
to the right from O degrees 1o 90 de-
grees: (21 the tail projects from the head
in the downdip direction: (3} and the
vertical position of the head indicates
depth. The top of the plot is norih.

Dhps are grouped into four colar-
coded patterns:

Blue indicates dips decreasing
downward.

Red indicatesdips increasing
dowerward.

Green indicales no change indip with
depth. This is usually taken 1o in-
dicate structural dip, the tilting
imposed on the rock by lectome
tarces.

Yellow is assigned to random dips.

Since different stratigraphic features
can create the same dip patterns, it &
important to limit the depositional env-
ronmeni befare keying a dip pattern (o
a stratigraphic feature, The meanings of
various dip patterns in the context of
different depositional enviranments
are shown inthe following seres of the-
oretical dip versus lithology patterns
for common depositional environ-
ments. Each log is discussed from the
botiam up,
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o= 0 200
N a— Down Dip Direction
w & E
g
Example 10° M 45°E
oe 0e 200

Green Pattern — Dips constant with deph

Red Pattern

Yetlow Pattern — Rancom dips

Dhps Decrease Downward

-a— Dip Magniude

209

a* 109
-
—
ol
P
LS
.
n'r ‘-“‘
.
-—
-
-
= B
-
-
-—
Blue Patiern



Nonmarine/Continental

The four structural (green) dip patterns

indicate sediments deposited essentially

flat in an upper delta plain. (You can ex-
pect sands in such an environment 1o
have secondary porosity from plant-
produced acids that have dissolved
sand grains. )

The yellow “bag-of-nails” pattern
near the bottom results from disturbed
bedding from high-energy surges in the
flood plain, You'll be able 1o discern
few, if any, structural dips in such
ENVITOnNments.

Moving up again, the green over
blue patterns are characteristic of ecl-
ian dunes, especially transverse and
barchan, The wind blew toward the
downdip direction iwest ta east), Dome
and parabolic dunes produce mainly
red patterns, also with the wind blowing
downdip. Longitudinal dunes produce
red or blue patterns with dip direction
normal to prevailing wind direction

Blank zones result fram destruction of
bedding planes from bicturbation and
rooting, indicating marsh or swarmp
deposits.

Red dip patterns within shale zones
nindicated on the spontaneous potential
ar gamma-ray [SPIGR] curve) suggest
clay-filled stream channels, The down-
dip direction is1oward the thalweg.

The blue over red pattern, with the
blue dipping normal to the red, and the
SPIGR curve indicating sand, suggesic a
streamn chanmel. The red dips are nor-
mal to channel strike (norhwest-
southeastl. Flow direction is downdin
oithe blue patiern (1o the southeasi

Several blue patterns at the top of the
log are typical of point bar sands, when
core and other geological studies indi-
cate a fluvial eavironment, These dips
are in the direction of current flow = 60
degrees. If the patterns extend more
than 3 feet, they probably result from
accretion depaosits, which dip toward
the thalweg, rather than from trough
crass-bedding, in which they waould dip
down current.
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Continental Shelf: Delta Dominated

The sudden decrease in the SF/IGR log
Is of limited use here, but coupled with
an mncrease in the resistivity log inot
shown) it would indicate compaction
of a mud. probably by an overlving
sand. The long, sweeping red patiern
Sugeests a channel-like sand. The red
dips are normal to the axis of the sand.
Such sands can be mare than 2,000
feet thick.

Maoving up. the blue patterns can in

dicate either a crevasse splay or a dhstribe

utary point bar. The saw-tooth SF/GR
curve, indicating pulses of deposition,
is nol much help, since it is associated
wilh many features, Resorting ta info-
malion from other wells can he helpiul
and oflen necessary 1o distinguish cre.
vasse splays from distributary points
bars: Sands limited in areal extent Sirg-
Besl a crevasse spiay exlensive sands
suggest a distributary mouth har, in
this example, current flow is dow nedp
isautheastl. The underlying structural
dip tgreen| probably indicates 1hat 1he
splav or bar formed over a fla; v
delta outwash plain,

Red over blue patterns dipping in par-
allel are characteristic of a distributary
mouth bar sand tapped by a scou
channel. The blue patterns, whie k-
result from foreset bed depasition o
in the direction of current flaw o th,
easl-southeast) and the red patterrs
which result fram drape over the b
of the channel, dip toward the scau
channel axis teasi-southeast

The overlying vellow pattern could
have a few causes. bul is most likely o
reworked distributary channel or maut
bar sands. since it is sandwic hed he.
tween channel depasits. These sands
tend to be clean, with good permcaty
ties and porosities,

The red pattern (from drapei averlain
by a blue pattern (from foreset hod-
dipping normal to it suggests a distriby.
tary channel. The red pattern dips 10
ward the channel axis, and the blus
pattern dips downstréam {south

The topmost feature was identii e
as a distributary mauth bar based on
studies in other wells. Based an the o

SPor GR

Distributary
Mouth Bar

Distributary Channel

Reworked
Distributary Channel
or Mauth Bar Sand

Scour Channel overying
Distributary Mouth Bar

A Scour Channel usually
has limited areal extent

Cravasse Splay

Channel-ike sand
formed by compaction
of underlying muds
during sand deposition;
this type of sand also
deposited in other
anvirgnments
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meter plot alone, the bar is indistin.
Buishable from a crevasse splay The
multiwell study, however, permitted
mapping a channel. It was logical to
conclude that the blue patierns at what
seemed {0 be the end of the channal
must indicate a distributary mouth bar,
In general, blue patterns dipping away

fram the channel axis indicate crevassa
splavs: blue patterns dipping parallel to
channel sitike are due 1o a distributan,
mouth bar. Vanation in dip magnilude
gives some indication about the shape
of the distributary mouth bar. When dip
varies 10 degrees or mare, the bar temds
to be elangate downdip. When dip var-
ies less than 10 degrees. the bar tends to
be crescent- or fan-shaped,



Continental Shelf: Tide, Wave, and Current Dominated (1)

Stratigraphic features of this enviran-
ment are often the result of reworking of
previously deposited deltaic sediments

The two green patterns at bottom are
interpreted as parallel cross-bheds dip-
ping seaward about 20 degrees. Existing
knowledge of the area’s lithology, based
an cores or density and neurron logs.
established this as a carbenate zone.
The parallel cross-bedding could be
from an eclian feature, but it probably
indicates beachrack, a carbonate that
forms al the saltwater-freshwater inter-
face along the shareling,

The red pattern, praduced by drape,
overlying the blue pattern, produced by
cross-bedding, indicates a bar identified
by the client as oalitic, The pinch-out (s
downdip (northeasts and the strike of
the bar is normal to dip {northwest.
-southeast), Dipz within the bar are -
relevant, The kew sign of a bar or reet is
ared pattern, which indicates a conves
upward feature, above 2 permeahle
zone, A blue pattern, indicat-
ing a comvex downward reature ahove
a permeable zone would suggest a
channel-like feature,

The next zone shows maore character-
istics of a reer: a blank 2one — caused
b massive, nonbedded reef material —
over a blue pattern. cauvsod by mud
compaction. and under a red pattern
caused by drape over the reetflank, The
red patierns dip toward the pinch-out
[east-northeasti and normal to the
strike of the reef tnorth-northwest by
south-southeast), The blue paltern,
which results rrom compaction, dips
toweard the thickest part of the reef,

The next set of red patterns overlying
numercus dips al odd angles suggests a
buried beach ridge. Beach ridges typi-
cally have dips in many directions, as
opposed (o bar deposits. which tend to
have uniform dips from reweorking by
waves. The red patterns indicate the
top of the ridge and the numerous dips
indicate the ridge s inteniar. The red
patterns dip toward the shale-out
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(northeast) and normal to the strike of
the beach inonhwesi—<outheast|.
Finally the uppermaost red pattern
overlying twa dips normal to the gen-
eral red trend suggests a sand bar that
formed at the wave break point. The
homogeneity of the dips is strong evi-
dence for reworking, a characteristic of
breakpoint bars. The red patiern dips
toward shale-aul Inpriheast] and nor-
mal to the strike of the bar (narthwest-

-southeast), Breakpoint bars can be
distinguished from longshore current
sand waves in that the former are usu-
ally overlam by a red pattern, and the
latter have blue patterns within the
sand. Dips in both can be seaward

or landward,

and normal 1o sirike of Beach Ridge



Continental Shelf: Tide, Wave, and Current Dominated (2]

Based on knowledge that the well inter-
sects a beach, the bottommaost blue pat-
tern, sandwiched between green
patterns, indicates a slip face sand on
the landward side of the beach. The
blue dips point landward fwest) and

are normal to the beach strike
(north-south).

Again, based on knowledge of a
beach environment, the collection
above of varying blue patterns with
dips landward indicates festoon cross-
bedding. This type of a bedding is com-
mon in primary dunes, the first row
behind the beachface, and is caused by
variations in wind direction. The aver-
bying green pattern probably indicatesa
berm.

The few overlying random dips over-
lain by a biue pattern suggesis a runnel:
the blue pattern derives from mega-
npples and the random dips are from
small-scale ripples. (small-scale ripples
can also produce blank zones.| The dip
of the megaripples parallels the strike of
the beach (north-southl.

Above the runnel, green patterns of
varying dip magnitude suggest parallel
cross-bedding in beachiace sands. Since
the sea was downdip of the cross.
bedding, at the time of deposition it lay
to the east, The flatter lying sands above
suggest the lower energy environment
of the upper shorelace sands. The ran-
dom dips above suggest the high energy
and bioturbation of the lower shore-
iace. This area can also be indicated by
a blank zone,

Blue patterns overlying green supges)
longshore current sand waves overlying
a fossil shoreling, given knowledge of a
silicate shore, The blue patterns dipin
the direction of longshore transpon
tirom rorth to southl and parallel the
choreline strike (north-southl,

Landward dipping blue patterns in-
dicate landward sediment transport,
probably produced by a tidal flood
dela or a washover tan. The overlying
seaward dipping blue pattern suggests a
tidal ebb delta,

Tedal Ebb Delta

Tidal Floog Della or
Washowver Fan

Longshora Current
Sand Wave

Lowar Shoreface

Upper Shoretace

Beach Face
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Continental Slope and Abyssal

Sediments in the deep waters of the
continental slope and beyond often un-
dergo post-depositional movement that
produces random dips. Structural dip,
consequently, is difficult to determine in
these environments, Dips that appear to
be structural can indicate the most com-
maon flat-lying features — submarine
fans and feeder channels.

Reading the log from the bottom, the
vellow pattern suggests either a debris
flow or upper slope deposits that were
deiormed afier deposition. Distinguish-
ing between the two requires data from
a core or a Formation MicroScanner”
tFMS) log. Above them, the structural
dip and evidence in the SPIGR log of al-
ternating sandishale layers suggest the
low-lying outer edge of a submarine
fan. Farther up, the appearance of hlue
patterns from cross-bedding supgests gi-
ther the axis of a feeder channel or the
mid-fan, Mid-fan depasits. however, are
much more common, Sediment trans-
part is in the downdip direction of the
hlue pattern inorth to south).

Independent information from cores
indicated this second vellow pattern
results rrom highly deformed sediments
probably from a debres flow. The follow-
ing patterns sugeest the various parts of
asubmarnine teeder channel, Bed indi-
cates the edge of the channel, with the
dip toward the channel axis laxis to the
easti and normal to channel strike
fnorth-south), The two blue patterns
above suggest the channel axis, with
transport direction downdip toward
south—southwest), Finally, the biue over
red patterns, with dips 90 degrees apart.
indicate an area of the channel between
the axis and the edge. The red patiern,
apain, dips tovward the channel axis and
normal to channel strike, and the down-
dip direction of the blue pattern in.
dicates the transport direction, The de-
cline in SA/GR values with depth in the
mid-tan suggests the sand is getting
coarser with depth. This occurs because
the first deposits of a fan are the finest,
then, as the fan builds oul, coarser sed-
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ments are carried farther. Finally, the up-
permost layer, which was nearest shore,

will be the coarsest. The numeraus 5P/
GR excursions in the outer fan indicate
alternating sand-shale layers,
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1.4, Gilreath
New Orleans

Strategies for Dipmeter

Interpretation

Part 1
(First af Two Parts)

The dipmeter is one of the most enduring,
versatile tools in well logging. Introduced
more than 50 years ago, it was first used in
exploration for identifying large-scale geo-
logic structures that might be oil traps.
Gradually, refinements in dipmeter hard-
ware, data processing, and interpretation
enabled the toal 1o resolve small-scale fea-
tures, such as texture, laminations, and in-
trahed sedimentary structures (See A
Clossary for Dipmeter Interpretation,” page
41}, for definitions of terms in italics). Today,
dipmeter interpretation routinely integrates
information about smali-scale sedimentary
features and large-scale structure to de-
scribe the stratigraphy around a wellbore.
This stratigraphic model enables the inter-
preter to estimate a reservair's shape, ex
tent, preferential permeability and clav-rich
zones — some of the crucial information
needed for getting the inost from a single
well or a field of wells.

Dipmeter logs are made with a family of
tools that spun off from the first pad-
mounted dipmeter introduced in 1933
Early dipmeters measured anly the direc-
tion, or azimuth, of the slope of sedimen-
tary features, such as bedding planes
Althaugh this remains one of the dipmeter's
prirnary functions, modern dipmeters also
measure the magnitude of dip, borehole
geomelry, deviation (inclination from verti-
call, direction, and roundness,

Dip is computed from farmation resstiv-
ity measured by button electrodes on four
arhogonal pads pressed against the bore-
hale wall. This article focuses on interpreta-
tion of logs made with the Stratigraphic
High Resolution Dipmeter (SHOT®) tool,
also called the Dual Dipmeter® tool, or the

[ idealized structural and steatigrapiic fedeo-
carbon raps. A recumbent annuchne (above) is
one tyae of structurealtrap. (0wl hold hydros
carbion i it is capped by impermeable sirata
Srructural Iragis alsa form in foids created by
thrust-faulting (rightl. Channet sand depasits

older High Resolution Dipmeter (HDT®)
togl. The application of a relatve of the
SHDOT tool. the Formation Microdcanner
(FMS) toal, has been covered elsewhere 2

Strategies of dipmeter interpreiation vary
with the requirements of the client, knowl-
edpge of the area’s geology and the bent of
the interpreter, At one extreme are reduc-
tignists, wha interpret dipmeter jogs in the
context of a few other logs they consider
pertinent, weighting their iierpretation
with their experience and detailed study of
local context, At the other extreme are syn-
thesizers, who interprel dipmeter |ogs in
conjunction with many other logs, taking a
broad, integrative approach. Many inter-
preters, of course, take a middle road and
augment dipmeter data with as many or as
few logs as they need for confident
interpretation,

This article reviews a reductionist ap-
proach that evolved in the US Gulf Coast in
the 1950s and meets the diverse needs of
independents and majors working there.
The synthetic approach evolved later One
such approach was developed in the North

The Techncal Review



are a comman type of stratigraphic trag,
el is firse cut (top), then filled (middier I
‘tion continues, channe! sands will be com-
! by draping. averlying sediments (hottom)
ke Maracaibo reseroirs in Venezuela are
Iype,

*a in the 19805 and meets the fairly singu-
ar needs of majors, the only oil producers
vho can afford to work the North Ses fielde.
“his will be described in the second article
of the series,

The reductionist method pioneered by Al
dilreath can be fairly called rule-based.
ince it applies a set of dip patierns that have
i wwn, through thousands of inter
Bt uns, 0 indicate certain genlogic
ruciures,

The goal of dipmeter interpretation is 1o
lentify reservoir traps, of which there are
vor broad categories, structural and strati-
‘aphic (above and rightl. Structural fraps
‘e defined by faults, folds, and other jea-
ires caused by tectonic forces, such as
anconformities. Stratigraphic traps are
‘oduced by sedimentary processes and
hologic changes that alter the porosity
wl permeability of rock layers — changes

mineralogy, grain size, sorting, and ce-
entation. These traps reflect the condi-
ans under which sediments were
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deposited. consolidated, or eraded. In gen-
eral, stratgraphic features are those wiigse
shape and extent are defined by deposi-
ional forces; structural features are those
whose shape and extent are defined by
tectonic forces.

Farallel meanings are assigned to struc-
tural dip and steatigraphic dip patierns,
Strugiural dip is imposed on (ke formation
by tectonic forces after sedimenis ara da.
posited and consolidated. Stratigraphic dip,
produced by sedimentary processes, is that
seen in stratigraphic features such as dunes,
channel deposits, or deftaic deposits.

Gilreath was among the early log inter-
preters in the Guli Coast 1o grasp the impor.
tance of this distinction in analyzing
dipmeter logs. He began 1o work with
dipmeter logs in 1951, developed his inter-
pretation scheme in 1938, and first pub-
lished on the subject in 19603

Cilreath's imerpretation is based on pat-
terns he noted an tadpole plots (also called

-row plots, the main graphic device of the
sipmeter interpreter, The position of the
tadpole head shows dip magnitude and the
tail points downdip. Gilreath recognized
that genlogic features form distingt patterns
of tadpoles of constaml azimuth, He re-
duced the number of patlerns 1o four and
color coded them red. blue, green. and
yellow for easy recognition (below,

a= 0=
i =
= Green
= Mo change 0 gip it cooe
= a
i | Aen
™ -— | Fad i $is
| | Dip incregses wiit
o
=

T Yellow

L w _5! ? | Randam Dips

e D oecresses vt

[l The lour color-coded dip patterns dentmes b
Gilreath The pasition of the tadpole head e
sents dip magnitede and depth, The a! prepeces
downdip,

3. 1A, Gilrgath, “Inlerpretations of Dsproeer suroe s 1
Mississipps,” Tramsacticns of the 5P "
Logesng Symposium, Tulbsa, May 1617, 155
Transactions = Cull Coast Associaton of Ceabag
Eowsenies, 10 015000 367275
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The Gilreath Approach: A Gulf Coast

In 1971, Pennzoil Offshore Cas
Operations; Inc., Mobil Ol Corp.,
Mesa Oil Co., and Texas Produchion
Co. began jointly developing East
Cameron Block 270, located about
100 miles southwest of Lafavette,
Lowisiana, 65 miles offshore in the
Guli of Mexico fabovel. Three years
after the first wall was dnllad, two
platiorms were producing 300 mil-
lion cubic feet of gas per day from
eightsand zones !

This field was unusual because it
involved one of the early uses ol the
dipmeter 1o predict reservorr geome-
try during development. This apph.
cation of dipmeter interpretation
coftributed to another surprising
aspect of the field's development:
Only one well was junked and side-
tracked, and none of the remaiming
23 wells were dry holes,

During development drilling, the
logging program was designed 1o ac-

commaodate a complete evaluation
of the field. Most logging runs in-
cluded resistivity, density, and neu-
tron fogs: for reasons of ecomomics,
dipmeler and sonic logs were run in
selected wells, The resulting struc-
tural and steatigraphic dipmeter in-
terpretation assisted in deciding
where ta drill . Structural interpreta-
tien {ocused on the identification of
fault zones and fault plane oriema-
ton. Stratigraphic interpretation in.
cluded probable sand geometry;
strike of producing sand bodies, and
shale-out and sediment transpor di-
rections af gach producing sand
layer.

Estimates of sand geometnies lo-
cally were made after each dipmeter
run, and isopach maps indicating
sand thickness and geometry of the
area drilled to that point were re-
vised atler every third well was logged,
Thus was an early application of well-
to-well dipmeter correlation

Here is an example of how logs in
ane well helped develop a model of
depasitional environment, which
was then used 1o pick the location
far the next wall,

Thae log iright) shonws some charac-
teristics wsed to infer the types of
sedimentary features present in well
A7, The major red trend from 8,375
to 8,573 featindicates a channal,
Since the dips are north-nonheast,
the channel axis, which is always
normal 1o dip, lies downdip to
the nonh-nonheast and strikes
west-northwest by east-southeast.
Log readings of high permeability
and low clay content are also evi-
dence for the channel

The logs show from 8,345 10 8,375
feet a slight reduction in permeabil-
ity and slight increase in clay content
in the sand overlying the channel.
Dips in this sand suggest that it was
deposited in a low-energy environ-
ment and capped by a distributary
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se Study

front sand above 8,345 feet, Inter-
pretation of the distributary front was
based primarily on the blue dip pat-
tern, and on Pennzoil's field study
evidence of a deltaic environment,
The permeability and spantaneous
potential logs and the {airly constant
level of clay neither supper nor can-
flict with the distributary front inter-
pretation, The blue pattern was
probably produced by cross-
bedding, the downdip direction of
which indicates current flow to the

1 h-northwest, opposite that of

t.  aainchannel

The goal of the dipmeter interpre-
tation was to find the channel, which
would indicate the location of oil-
rich distributary sands and might
itself contain producible hydrocar-
bons. Gilreath correctly predicted

the azimuth of the channel sand
from the red pattern. By following
this trend, Pennzoil was able 1o
place the next well, A-11, in both the
channel and an gil-rich overlying dis-
tributary deposit.

Similar lopging runs with the
dipmeter were made in wells A-11
and A-2 into this sand horizon, inter-
pretations here indicated that the
wells penetrated the southwest
sides of the channel. Based on these
dipmeter interpretations, the path of
i+ annel was estimated and well
) vas drilled to intersect the body
wnce again. The estimate was on lar-
et — well A-13 proved to be a pro-
fucer (right}.

The Pennzoil and Schlumberger
eam repeated this process for the
sther sand layers in Block 270, build.

ng up similar madels for depasi-
ional environment and current
ransport. Using these models, they
ssembled four maps — a porosity
1ap, a hydrocarbon map, a per-
1eability map, and a silt map
- that helped them decide where
1 drill next,
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Channel _ _
= hlouth Bar

Sediment o
-~ Bypass Zone

Lower Fan —=

Basin Plain —=

I Companents of an ancient submaring fan, which ressmbie those of a deltaic enviranmert AMajor
components include active and nactive distribatany Granches, channe mouth bars, and sand lobes,

Red denotes dip increasing with depth,
blue denotes dip decreasing with depth,
green is no change in dip with depth, and
vellow is random dips la "bag-of-nails” pat-
terni. Blank zones, with an absence of dip
patterns, often indicate marshes or swamps
where sediments have been disturbed by
plants and animals, For any given geologic
context, each color and combination of
patterns denoies likely structural or strati-
graphic features. For example, green [no
change in dip with depth) almost always
denotes postcompaction tilting, or struc-
tural dip. Depending on the setting, blue
Idip decreasing with depthl over red idip
increasing with depthl sugeests a distribu-
tary channel or 2 submarine feeder channe!

bovei.

Since the 195305, Gilreath has refined his
approach 1o dipmeter imterpretation draw-
ing on his work around the warld — in the
LS Gull Coast, Africa, South America, the
Morth Sea, and Far East. Here, step by step,
are highlights of his strategy.

Before Cilreath looks at & dipmeter log,
he spends a day or so with the client, learn-
ing the details of the region’s geology This
skull session mainly establizhes bwo or three
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sended iof every jof, Structural dips should be de-
feted i ehe dips i the zone of interest are
than struciural e or have an azimuth dafforant
briyen that o Mroctural dip

lest

likely depostional environments, and s the
first stepr i narrawang the dipmeter inter-
pretation. 1 establishes the types of (aulting
present and the exislonce of uncanionm e
or dearmes

Gilreath interprels the dipmeter log with a
spontaneous. polential or gamma-ray log,
which differentiates permeable from shale
rones, and a resisivily lon when availabie,
In the US Gult Coasl. shale resislivities less
than 0.8 ohm-meters indicate a deep-water
depositional emaronment; in other areas
subtle changes in resistivity logs can ind:-
cate faults and unconformities.

Calreath begins interpreting a dipmeter
fog by recognizing gross structural dip, This
initial step is important for several reasons.
First, it helps differenfiate structural from
stratigraphic traps. Second, it allows the
vectorial sublraction of gross structural dip,
which can overprint and distart stratis
graphic dip (below), This subtraction is es-
pecially imporiant when stratigraphic dip is
lesz than structural dip ar the two kinds of
dip have difierent azimuths. Third, interpre-
tation of faulis often requires subtracting
gross structural dip becauvse the structural
dip may be altered by 2 dip pattern gener-
ated by the fault

Picking owl gross structural dip can be
tricky, In areas that have wvrdergone
anly postdepositional uplit, structural
dip 15 indicated by tadpoles of constant
azimuth and dip magmitude, In tilted struc-
tures, structural dip = represented by tad
poles of changing azimuth and dip
fopposite top leftl. An apprasimate siruc-
tural dip is easiest to pick out initially on a
reduced-scale log (1 or 2 inches to 100 feet;
1:1200 or 1:600 scalel. Once an approxi-
mate frend (o trends) i selected, the final
trertdd can be made on an expanded scale
lop 15 inches to 100 feer, 1:240 scalel,

The most comman error in pcking struc-
wraldip is selecting an interval ordeps thar is
too shor 1o represent the true structural
dip. Dip trends that extend onlv a few hun-
dred feet don’t represent structural dip, ex-
cepl in intensely faulled areas. The most
likely candidate for structural dip is a dip
pattern that remains canstant or changes
gradually over the longest interval, usually

“on the order of 1,000 teet. Another com

mon error, conversely, 5 extending a dip
trend (oo far horizomally, especially when
structural trends change frequenthy fas in
intensely faulted areasi When selecting a
lecation for the next well, a safe rule of
thumbs 15 that a dip trend extends horizon
tally nofarther than it does vertically
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NONMARINE/CONTINENTAL

Eohan sands: Transverse dunes are
the most common ealian fwing-
produced] features. They are usually
expressed as groups of green pal-
terns overlying blue patterns rright)
The azimuth of both patterns paral-
lets the prevailing wind direction
during deposition,
Pawnt bar sands; A number of dif
patierns can indicatle point bar
sands. A commaon feature is foreser
beds in trough cross-bedding. These
produce blue patterns with azimuthe
diverging from the downcurrent di-
rection by up to 60 degrees thelow,
These spoon-shaped beds may be a
vard or so thick, with the downdip
direction of the trough indicating the
direction of current flow. Current
dding may point downstream, ar
{& patierns from acrelion deposits
will point toward the thafweg Mongi-
tudinal axis) of the strearn channel
Asarule, a blue pattern extending
more than 3 feet indicates an acre-
tion deposit, A clay plug in 3 cul-off
meander loop can produce drape
over 3 point bar that mimics a buried
beach ridge.
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Frunt barsandy and their commion Mpmeter gnarure:
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Eolian sands

| Foint bar sands

Stream channel fill

Delta plain deposits
Fiond plain depasits

Swampimarsh depasits
ipEats orooals)

Green over blue, or red dip directions genarally
tha same as the prevailing wind direction

Fed often owver blue; blue dips in girection of
current flaw, £g0°

Elue dipz in direction of cuteent flow:
red dips laward thalweg and normal to sirlke

Green or strong blue
Yallow
Blank zone




CONTINENTAL SHELF: TIDE, WAVE, AND CURRENT DOMINATED
I_ -—
Beach face. plane begs
dipping seaward

Some eolurbation
Same shedls

Berm crect, plang bags,
Harizontal o gantle
lzndward dipping beds

Farallal laminanans
Inferbeddead sang
and miud, ioturbated

Poorly sorag mixlures
gt fing sand, sir, & clay
Some shels, bioturbaled

Berm crest, dunes, npples,
Trough cross-bedding

o e 4] o= = o=

Washover zone, honzontal
bedding planes, planar croce-
beds ourbated

Qe 30"

il

L

Funng!,
Trough cross-beds

o 0=
L
I | '

Upper shorelace,
Farallel laminaticns,
Cleanser sand

M

Lower shareface,

Fire, muddy |

Small-scale ripples,
Laminations Brodurbated sand
o= 337 [+ i
t
b
Sl

[ Depositional eavironment: and femcal dinmeters responses for various parts of 3 cross seclion reaching from the pearshore 1o ¢
DO E

ward of the berm crest.

This environment has the largost ol
lection of sedimentary features and
sathe largest array of dip patterns. A
few of the more complex ores are
described below

Tidal deltas: Interpretation of Lidal
deltas requires knowing the dir
tien 1o land during deposition, fnter-
nal foreset beds in ebb tidal delas,
for example, produce blue paterns
dipping seaward; the same feature in
flood ridal deltas has blue pattern:
dipping landward.

2

Tidal channels: These produre the
same dip patierns as distributary
channels. Point bars within tidal
channels create the same dip pat-
terns as those within stream chan-
nels, with dip azimuth paralleling
currant flow.

Beach ridges and barrier islands:
These are identified by the drape of
overlying sediments: drape-related
dipsare normal to the strike of the
sand body and point in the direction
of shale-out. Numerous internal dips
characterize beach ridges and bar.
rier islands, distinguishing them fram
breakpaoint bars, which have few in-
ternal structures because they have
been reworked by waves,

he wash-over zone land-

Beaches: A variely of dip patterns in-
dicate a beach fabove), The land-
ward side of the beach, behind the
berm, is indicated by landward dip-
ping blue patterns, created by land-
ward dipping forese; beds. These
blue patterns, like those of tidal fload
deltas, suggest a washover fan. Scat.
teredd, high-angle dips (up to 40 de-
Erees) suggest the high-energy
deposition and frequent bioturbation
of shoreface sands, Seaward dipping
parallel cross beds indicate the area
from the swash zone to mean low
water. Blue patterns alternating with
blank zanes indicate small ripples
and megaripples in runnels. Blue pat-
terns with azimuth parallel to the pa-
leoshoreline indicate longshare
current sand waves,

The Techmical Revisw




idal delta
tidal delia

channel

flat

bar

nredge
hiace

wwer tan
<pennt bar

ir nel margin bar

shiw e current sand waves

shore sands or shales

hrock

Blue dipping seaward

Blue dipping tandward

Blug overren

Green or adjacen! blue of oppasite azimuths
Red oflen over blue; blue dips in direction of
current flaw, £ 60°

Biank zone

Red dips toward shale-oul and sirtkes
narmal to beach ridge

Green trom saaward dipping parailal
cross-bads

Biue dipping fandward

Red dips toward shale-out and normal ta
strike of bar

Same as breakpaint ar

Blue gips parallef o shorelng sinke;
stronger blug patierns than in ridges and
runnets

Yelicw

Gregn from parallel cross-beds dipping
saaward abaut 20%

Above regl, red dips toward pinch-out and

normal fo reed sirike;
blank zone within real; blue balow reef

Both reeis and sand bars have
trerns dipping toward the

out, crealed by sediments

ig over the flanks iright) Buta
15 several distinguishing fea:
ne hd dips in the middle:

a i pointing towvard the
smter are oftan found in under-
ediments, and blue patterns
ntly seen dipping away from
=f, the result of reef datritus

ig foreset beds, A reef usually
nore extensive drape than 2
var, extending some distance
d its margins. This characieris-
netimes allows the interpreter
| 3 reef micsed by the horehole

Limdiarmar 459 S armplyiy o

i patterns associated will reef deposits. Dip
mereases with gdepih and drape.




CONTINENTAL SHELF: DELTA
DOMINATED

Deliaic depasits are marked by
sweeping blue patterns with a num.
ber of strong red patterns. Blue fare.
set dip patterns aften dominate
fright}. These dips are derived from
distributary mauth bars, crevasse
sphays, and sediments depasited at or
near the axis af distributary chan.
nels. Distributary channel deposits
and their drape generally produce
blue patterns in the thickest section,
the middle of the channel, and blye
over red patterns away from mid-
channel and red patterns near the
channel edge thelow) & The red pat-
terns point downdip to the channef
axis: the downdip direction of the
biue patterns indicates the direction
of current flow,

O Comman dip patterns associated with
channels Red parterns dip toward the auis
bBiue patterns indicate the direction af
current fow

iR

0% 10% 2pc
Flomw —

O Dip patterns and geomeiries of distribulary mouth bars

Long, narrow deltas ingh:. fog) form when the magnitude of s
exceeds 107 Crescent ar fohate deitas fright! form when aip magnitude
is bess than 10°

Blue dips in direction of current flow
Blue aver red; biue indicates current fiow
direction, red dips normal o strike of channe!

Distributary mouth har
Distributary channel i

Crevasse splay Biue
Scour channel Red
Linzar ehannel ma rgin bar Aeg

Red dips towarg shale-oui and normal ia

Breakpoint bar

Eifike of bar
Interdistring tary sedimanis eflow
Marsh Blank zone

[peat)
Shareface sands
Longshare current sang waves

Grean seaward dipping low-angie crose-hens

Blue digs paraliel 1o shaoreline strike;
slronger biue patierns than in ridgas and
runnels

B 1A, Gilreath and Row Stephens, “Dhatritenary
Froml D posits Interpreted from Dipmeser
Patterns.” Transacimns — Culf Coasr
Awmociation of Geological Sociepe: 211971
233243
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CONTINENTAL SLOPE AND
ABYSSAL

Sediments laid down in deep water
(= 600 feer) are structurally simpler
than those deposited in shallow wa-
ter. Most deep-water sands are de-
posited asfill in feeder charnels or
fans fright). Feeder channel dip pat-
terns are the same as those in tidal
and distributary channel fills — a
blue over a red pattern dipping to-
ward the channel axis, or red if the
wellis near the channel edge. Fans
lie downdip at the end of feeder
channels. The midfan is marked by
blue patterns. Dips in the outer
reaches of the fan parallel structural
dip because outer fan sediments
were deposited flar. — [ME

Eubmanne feeder channel
Submarine fan

Debiris fiow
(random struciure)

Creep and slump teatures

Channel
e WP

O Dip parterns typical of the junction of a
channel and fan.

Blue grading into green

e 35 Number 3
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6.4. FLUVIAL ENVIRONMENT : BRAIDED SYSTEM

6.4.1. DEFINITION

A continental environment characterized by
deposits resulting from a river systern of an inter-
laced network of low sinuosity channels. The style
of a braided system is shown in Fig. 64-1, and
representative vertical sections in Fig 6.4-2

64.2 GEOLOGICAL FACIES MODEL

6.4.2.1. Lithology
Two parameters must be considered separataly.

6.4.21.1. Composition

Braided river deposits are typically composed of
texturally and chemically immature gravels and
sands with a sand-shale ratio greater than 1. They
can be classified as fithic arenites 1o lithic wackes
(Pettijohn et &/, 1972). Only minor amounts {some
10 %) of silt are found and carrespond to abanda-
ned channel deposits (Selley, 1976). Gravels and
pebbles are rock fragments, the composition of
which depends on the source areas. Shale pebbles

Lo ¥ \

.p.,d'ﬁ'f,-% ZRCITRNNN

Fig 6.4-1. - Aerial photograph of a braided stream choked with
erosional debris, near the edge of a melting glacier (Phato by
B. Washburn, in Press & Siever 1978 Fig 7-25)
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and reworked clay-ironstone concretions may be
present. Common mineral constituents ara quartz,
feldspars, micas. Glauconite is absent (non marine
deposit). Carbonaceous organic matter is vEry
rare, due to the oxidizing nature of the environ.
ment (Selley, 1976). Alteration of iron-rich minerals
to haematite or limonite is frequent, Uranium
bearing minerals may accumulate along with gold
as placer deposits (e.g. Blind River in Canada and
Witwatersand basin in South Africa). These mine-
rals concentrate at the bases of channels (Minter,
1978).

T
|2m
¥

Active
channel

sequence

- Abandoned
== channal
—— sequance

/) a/f ‘- | Active

channai
sequence

Fig. 6.4-Za - Theoretical verical cross-section of a braided

alluvial channel system deposits. Sedimentation occurs almest

entirely in the rapidly shifting complex of channels A flood
plain is absent (from Selley, 1976, Fig 101)
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Fig B£.3 - Schematic vertical sequence of & braided river E ooy
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npple beddmg. Unit 4 © fine sand and mud harizontal bedding, i [
occasional convolute bedding (from Reineck & Singh. 1975, i
based on data of Doeglas, 1962) Ten |
-
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64212 Texture ' " =
) L CREE R - R R
Foor toc moderate sorting (gravel to sand) with — %
low sphericity and with moderate to low grain- )
Fig. 6.4-4 - Cumulative size frequency curves of samples from

matrix ratio is observed; abundant silt in fine end
tail (Pettijohn er af, 1372}, Conglomerates range
from clast-supported matrix-free, through clast-
supported with interstitial sandy matrix, on to
sandy conglomerates with dispersed clasts. Ma-
trix-free conglomerates are reasonably well sarted
and unimodal; conglomerates with sandy matrix
show a bimodal distribution: matrix-supported
conglomerates are unimodal with poor sorting.

braided river systems {from Williams & Rust, 1960, Fig. 4). For
a given sample the range of grain size reflects the poar
sarting.

6.4.22 Structure

Table 6.4-1 summarizes the principal sedimen-
tary structures and their abundance found in a
braided river deposit. Asymmetrical small scale



Table 6.4-1
Frincipal sedimentary structures and their refative abundances
(fram Williams & Rust, 19569, Tahle 1)
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ripples and abundant well oriented cross-bedding,
commonly unimodal, are observed, as well as
small scale cross-laminations, The bedding may be
either massive or graded, Beds tend to be lenticu-
lar with erosional scour; infrequent tracks and
trails. Depositional bars are abundant,

6.4.2.3. Boundaries

Lower contact of the sand is erosional, Upper
contact is also frequently abrupt,

64.24 Sequences

Four units or facies can be distinguished. They
are arranged as shown in Fig. 6.4-3 to compose a
theoretical vertical sequence

Unit 1. large scale cross-bedding mostly
coarse-grained with pebbles, with erosional lower
cantact, Discontinuous lenses of sand, silt and clay
can be present. This unit is related to lateral and
downstream advance of channel bars,

Unit 2 megaripple bedding in medium sand:
large and small scale cross-stratifications and
ripples. They correspond to migrations of channel
sand bars.

Unit 3 : small ripple bedding in fine sand com-
posed of banded sands and silts Ripple laminated
or massive. Small scale ripples, microbars and
scours. They may be related to recently abando-
ned channel deposits.

Unit 4. fine sand and mud showing horizontal
or convolute bedding. This unit corresponds to
abandoned channals,

Such fining upward sequences are best devela-
ped in channel fill sediments. The grain size
gradually decreases upward and the sorting im-
proves upward. Coarse- and fine-grained units
may be interbedded. Small grain size reversals can
occur. They are due to fluctuating river stages.

In relation to the energy invaolved during deposi-
tion, Miall {1977) proposed four models of braided
river sediments, which are shown in Fig. 6.4-2b.
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6425 Geometry of the Body

"Braided channel systems are characterized by
8 network of constantly shifting low-sinuasity
anastomozing courses” (Selley, 1976).

Both sandy and gravelly braided rivers migrate
laterally leaving sheet-like or wedge-shaped depo-
sits of channel and bar complexes preserving only
minor amaounts of floodplain material (Cant, 1982).

In detail, three main geomarphological bodies
are recognized : channels, bars and islands (Wil-
liams & Rust, 1969) (Fig. 6.4-5).

f+ =

Fig. 64-5 . Composite modet of & braided river daposit {from
Williams & Rust, 1865, Fig 27)

ALTIWE DMLY &T
FLOO0 STAGE

ACERETION v |

Fig. 64-6 . Block diagram of a braided sandy systam with low
sinuosity channels. Vertical accretion can occur during flood
stage (from Walkar, 1963)




Channels wvary considerably in size and are
arranged in five hierarchical orders. A composite
stream channel is straight with an average width
of one mile (1.6 km). Stream channelis characteri-
zed by a braided network of three finer order
channels. These smaller channels - width up to
hundreds of feet - are generally of low sinuosity.
The basic sedimentary fill succession is fining-
upward. In cross-section the channels are erosio-
nal, cccurring in a very high frequency association.
The main channel is divided into several channels
which meet and redivide (Fig. 64-5 to 64-7).
Channel bars, which divide the stream inta several
channels at low flow, are often submerged during
high flow. They are commonly composed of
coarse-grained lag deposits of the stream (often
gravels] which could not be carried by the flow.

Fig 64-7 . Aenal distribution of 8 braided systam shawing
hierarchical orgamization of channels and bars {from Alien,

Once such a channel bar is formed, it may stabilize
by the deposition of fine-grained sediment on its
top during high flows and may later be colonised
by vegetation forming an island.

Three types of bar are present longitudinal,
transverse, and point bars. Longitudinal bars are
ihe most abundant (95 %) and occur as lateral bars
along channel sides and central bars in mid-chan-
nel areas. They are invanably elongate downs-
tream. Maximum length and width vary from a few
teet to hundreds of feet. The surface of the bar is
never smooth. including a very wide range of
large- and small-scale structures They are com-
posed of gravel, sand, and silt-mud admixtures.
Bars tend to be built up by lateral accretion down
streamn. The upstream end is partly eroded.

/slands are the most permanent features on the
valley floor within & braided system. They are
elongate downstream. Root evidence or carbona-
ceous material can be present.

Braided rivers are characterized by wide chan-
nels of changing position, and rapid and conti-
nuous shifting of the sediment. Consequently, an
individual unit may be between . 5 and 8 km wide.
Their fength may commonly range from 10s to
100s km. The thickness of an individual unit ranges
from several decimetres to 30 metres. The width-
depth ratio is high The area occupied by braided
rivers may be very wide (100s km} and coalescing
bars and sand-flats will result in a laterally cont;-
nuous and extensive sand sheet, unconfined by

1955) shales {Walker, 1479).
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“ig B.4-9. . Dispersion of the azimuth of the directional current
low from the structures (from Williams & Rust, 1965, Fig. 28
& 23

£.4.26. Directional Current flow Model

The ranges of directional current data for the
hierarchical orders of small scale and large scale
structures are summarized in Fig. 6.4-9, They show
8 characteristic unimodal azimuth distribution with
a2 moderate to low scatter, along the down dip
direction of the palasosiope.

6.4.2.7. Reservoir Characteristics

Braided river deposits may constitute poten-
tially good reservoir rocks with up to 30 % porosity
and permaeabilities of thousands of millidarcys. The

-y
R ]

e
ST

Fig. 4-10 - Generalized depositional model, vertical sequen-

ces of grain size and sedimentary structures, and 5P lag

profiles produced by a low-sinuosity, braided channal Se

quenze (A is deminated by migration of a gravelly lengitudi-

nal bar. Sequence (B records depasition of successive trans-

varse bar cross-bed sets uvpon a braided channel fill {fram
Galloway & Hobday, 1983, Fig 4-4)

shales are of limited lateral extend and do not play
a major role in blocking fluid migration. They do
not commanly form stratigraphic traps,

643 WELL-LOG RESPONSES
AND CHARACTERISTICS

Galloway & Hobday (1983) proposed a generali-
zed depositional model for a braided channel with
theoretical S.P. log response (Fig. 6.4-10). The S.P,
shape is typically a smooth cylinder. The respon-
ses and characteristics of the other logs will be
illustrated by a case-study: The Upper Tipam
Formation (Assam, India). the composite-log of
which is represented by Fig. 6.4-11.

6.4.3.1, Electro-Lithofacies

A detailed study of the various crossplots was
made in order to define the mineralogical compo-
sition of the formation.

The pu vs @w crossplots (Fig. 6.4.12) with SP
(Fig. 6.4-12b] and EATT (attenuation of the elec-
tromagnetic wave) (Fig. 6.4-12c) on the Z-axis
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Fig 8.4.11 - Typical log responses over a braided river system
{from Schlumberger, Well Evaluation Conference, India, 1983)

e O P B i e

show, very clearly, the change of grain size in the
sands, The sandstane line corresponds to the line
from the fluid point {p, = 1., @ = 100 %) going
through the most north-westerly points with low
SP and EATT values. Similarly, the siltstone line

Fig. 6.4-12 - Density-neutron porosily crossplots with (a)

fraquency.ib] SF, (c) EATT .and (d] potassium content on

Z-axis (interpretation from Serra, in Schlumberger, Waell
Evaluation Conference, India, 1983)
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Fig. 6.4-13. - Thiatium vs potassium with grain density an the
Z-axis (interpretation from Serra, in Schiumberger, Well
Evaluation Conference, India, 1983).

N i
Tetele e ® e iy T

-

Fig. 6.4-14. - 55P vs potassium with grain density on the Z-axis
(interpretation from Serra, in Schiumberger. Well Evaluation
Conference, India, 1983

Fig. 6.4-15. - S5F vs thorium weth gra:n densiy on the Z-axis
(imterpretation fram Serra, in Schlumberger, Well Evaluation
Conferance, India, 1933)

can be drawn from the fluid point through the
lowermost points with low to moderate SP and
EATT wvalues. The “"sand paint” corresponds to
¢w = 0 on the sandstone line, and the "silt point”
is obtained from the intersection of the siltstone
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line with a line drawn from the sand point parailel
to the equiporosity line for the sand.-silt mixture,

The moderately high and constan: potassium
values on the carresponding  density-neutron
crossplot (Fig. 6.4-12d) far all the sand and st
points suggest an immature rock composed of
quartz, feldspar and plagioclase with mica and
heavy radioactive minerals (e.g. zircon|

The potassium vs thorium crossplot {Fig. 6.4-13)
confirms the presence of feldspar and alsa hig-
hlights the high thorium conecentration from heawy
radioactive minerals such as zircon.

The variation in the feldspar and biotte concen-
tration in the sands can be recognized by analy-
sing the evolution of the potassium content with
respect to grain density ( (p.).) on the Z-axis (Fig.
64-14). The cluster of points with = high SSP
deflection corresponds to sand. Within this clus-
ter, plagiocliases are more abundant when the
potassium contentis lower (1.5 to 1.8 %} and the
density higher, while K-feldspar concentration
increases with higher potassium content (1.8 to
2.2 %) and lower density. The shale trend is clearly
observed toward the low SSP values and high
grain densities. In fact, over the interval studied. it
is possible to identify two types of shale, one
which appears in thick beds, and the ather which
is present as thin intercalations around 2280 and
2180 m. The corresponding K., can be selected for
each shale fram this crossplot,

On the SSP vs thorium (Th) crossplot {Fig.
6.4-15) the K-feldspar is mare abundant in the
sand cluster with lower thorium values (65 to
10 ppm| and lower densities (2 to 3 an the Z-axis).
The increase in the content of biotite andg heawy
radioactive minerals corresponds to higher tho-
rium values (10 to 18 ppm) and higher densities.
The presence of the two type of shale is confir-
med, and the general shale trend is clearly indica-
ted. Core analysis confirmed the mineralogical
compaosition deduced from the study of the cross-
plots.

6.4.3.2. Dipmeter curve Shape and
Dip Patterns

From the GEODIP analysis (Fig. 64-16) the
following conclusions can be done :

- Each sand starts with an abrupt lower contact,
often non planar (four dip computation or no dip
on GEODIP display). This feature could be related
10 possible erosional scoured surfaces

- The sands are massive, apparently homoge-
neous, but with & few randomly distributed highly
resistive peaks appearing only on 1, 2 or 3 curves
The resistive intervals show low GR, t,, and hydra-
gen content, and high density. The mineralogy
gssociated with such levels is not obvious, but
chert or hydrated silica (opal) could possibly be
present. If (pma)a is higher than 265 a late diagene:
tic calcite formation may be involved.
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- Seme thin, very conductive spikes are seen
within the sands. Such features have high density,
hydrogen content, EATT, ta @and GR wvalues. This
could be limonite with concentration of thorium-
bearing minerals (zircon),

- The sand-shale ratio is high.

- The general tendency within the sands ap-
pears to be fining upward.

- The upper intervals of the different sands
show thin laminations.

- Few blue patterns can be seen. They generally
indicate a S to SE direction of transport.

6.4.3.3, Boundaries

As it can be easily seen on the dipmeter resisti-
vity curves the lower and upper sand boundaries
are sharp or abrupt giving a general cylindrical
shape.
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6.4.34, Electro-Sequences

The general evolution of the resistivity curves
indicates a fining upward sequence in the sands.

6.435 Thickness

Thickness of sand bodies is variable, but
rally important in this example.

gene-

Another example from Africa, illustrated by Fig.
6.4-17 shows very variable thicknesses. As can be
observed from the GEQDIP analysis, all the aother
features are similar to the Tipam ones.

6.4.3.6. Confusion with other Environments

Cylinder shape of braided channels can be
confused with the same featuraes found in chute.
bars [see Fig. 6.5-11)



DISTRIBUTARY FRONT DEPOSITS
INTERPRETED FROM DIPMETER PATTERNS

4. A, Gilreath' and R. W. Stephens?
New Orleans, Louisiana

ABSTRACT

Continuing srudies of high-resolution dipmeter dara suggest that dipmeter parterns
can be used o idenrify ar least three different major deposirional environments. Dipmerer
parterns differentiate sediments deposited (1) in the neritic environment berween beaches
and the seaward edge of the continental shelf, (2) on the slope berween the puter edge of
the shelf and the abyssal zone, and (3) near active deltas where distributary-frone sands

may zecumulare.

Diswiburary-front sands tend 1o be deposited in one of three general shapes: (1)
elongare, (2) crescent, or (3) fan. Dipmeter patterns in distribuary-front deposits are
mainly influenced by current-induced cross-stratifications rather than scrucrural dips. These
“current parterns” record the dip of foreset beds, giving a characreristic dip pattern that can
be readily identified The direction of dip in these current panerns defines the direction of
wansport, and the magnirude of the dip indicares the probable shape of the sand body.

INTRODUCTION

Many dips thar appear on a high-resolution dipmerer
plot reflect environmental encrgy condicions existing ar the
time of deposition rather then strucrural dip. Beds deposired
in 2 high-energy marine environment tend to exhibit grear
scarter of dip magnitudes. In contrast, low-energy environ-
ments lead 10 "layerczke” deposition and tend to show uni-
form dip megnitudes,

Gilreath, Healy, and Yelverton (1969) describe 2
method for estimating water depth during deposition by
anzlyring the dip-magnitude spread on dipmerer plos. A
dip-magnitude spread of 40 degress suggests deposition in a
water depth of 0 — 50 feer; 2 dip-magnitude spread of 15
degrees sugpests deposition in 2 water deprh of 50 — 300 feer:
and a dip-magnirude spread of 2 deprees sugpests deposition
in a warer depth of more than 300 feet, In each of these three
depth zones, deposition is affected by different energy levels.
A high-energy level exists in the inner shelf, a medium-
energy level exises in the middle shelf, and a low-energy level
exists in the ourer shelf,

Recent invesrigations show in some areas a second band
of three energy levels lying seaward of the band described
previously (Fig 1). The “high-energy” dipmeter partern of
the seaward band exists along the upper continenral slope, the

"Schlumberger Offshore Services.
“ouisiana Suate University in Mew Orleins.

medium-energy dipmeter partern exists along the lower con-
rinental slope, and the low-energy partern exists in the abyssal
EnVITOnIment.

Dip-magnitude spread is similar for shoreward and sea-
ward energy bands Energy for the shoreward band is pro-
vided mainly by current and wave action, while that for the
seaward band 15 provided by gravity in the form of submarine
slump, mudfow, and creep. The gravity-fed downslope move-
ment results in high-energy dip-magnitude scarter in water
depth equated to a low-energy palenecologic zone. A dlue o
differentiation berween deposition of shoreward and seaward
bands is the cyclic nature of dipmerer-derived energy zones
in the seaward or deep-water bands. This cyclic effect may be
a funcuion of periodic loading of the continental slope, Unless
dara from paleontology or other sources indicare ocherwise,
the dipmeter-derived energy level is assumed o be for the
shoreward, or more-shallow-warer energy band.

Characteristic dipmerer parterns are also seen near dis.
eriburary mouths in active delta environments (Fig 2). Dip-
meter plots in beds deposited just seaward of distributary
mouths reflect foreser bedding and are referred to as “current
parteras”. The current partern is & characteristic dip pactern
thar can be idencified readily (Gilreach, Healy, and Yelverron,
1969}. Although characteristic dip parterns make possible
the recognition of distributary-front deposits, they also may
mask the effects of other deposizional agents. Therefore, the
rules for water depth idenrificarion in the shoreward and ses-
ward energy bands do nor apply
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DISTRIBUTARY FRONT DEPOSITS

Distriburary-front sands are depasited a5 discrere sand
lenses up o 2 mile or more offshore from rivers, and they will
be preserved if the distriburion is diverred or abandoned or if
the rate of subsidence is sufficiently rapid for the sands o be
buried before the distributary channel progrades through
their site of deposition, Distributary-fron: sands tend o be
deposited in one of three general shapes: (1) elongate, (2)
crescent, or (3) fan (Fig 3).

Stedy of dipmeter dara suggests elongate sand bodies are
characrerized by current patterns having a dip magnitude
spread grearer than 10°. The direction of currenr-parrern dips
is the same as sedimenc-transporr direction and coincides with
the long axis of the sand body The elongzte shape is indica-
vive of rapid deposition, rapid subsidence, and lack of re-

orking.

Crescent- and fan-shaped sand bodies are identified by
current parterns having a dip-magnirude spread less than }0°,
The direction of the current-pattern dips is the same as sed-
iment-transport direction. However, the long axis of a cres-
cenc-shaped sand body and an axjs through the wings of a
fan-shaped sand body are normal 1o the rranspore direction,
The crescent or fan shape is indicarive of slow deposition,
slow subsidence, and possible reworking by wave acrion and
lengshore currents.

Distributary-front sediments are ot zlways sand. Shale
and silt distributary-fron: deposits also have been noted,

MIOCENE DISTRIBUTARY FROMNT DEPOSITS

Figure 4 illustrates dipmerer plocs of 2 Miocene distrib-
urary-front deposit from Louisiana, The high angle (greater
than 10%) current pacterns identify this sand as elongare

ne with transport from south-sourhess: 1o north-northwest,

&

Fig. 5 — Dipmeter plot characteristic of crescent.
or fan-shape distributary-fromt deposit
{Miocene, [a,),

ISOPACH

Fig. 6 —lsopack map of the Miocene crescent-
shaped distributary.-fromt deposit idensi-
fred by dipmeter plots (see Figure 5).

An isopach map using available well control confirms the
elongate shaps with long axis from sourh-southeast ro north-
northwest

Figure 5 depicrs anorher plot of a Miocene distributary-
front depasit. The dip plots from wells A, B, and € exhibic
low-angle current patterns (less than 10°) opposite the sand.
Low-angle patterns indicare thar che probable shape of the
sand is crescent or fan. The isopach map (Fig. 6) shows this
distributary-front deposit 1o be crescent shaped with the long
axis of the crescent normal ro the direction of sediment wans.
port. The current parrerns on a dipmeter plot confirm a north-
east-to-southwest direcrion for sediment transpore
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OLIGOCENE DISTRIBUTARY FRONT DEPOSITS

Figures 7 and 8 depict plots of a series of Oligocene dis-
wibutary-frone sands from Louisiana. Well #1 concains three
sand members. The current panerns seen on dip plots oppo-
site these sands suggest two distriburary-fronr sand shapes.
The current-dip patterns from the lower sand member exhibit
2 dip magnitude spread of less than 10 degrees and suggest 2
crescent- or fan-shaped sand deposit with sediment wansport
from southeast to northwest. The middle and upper sand
members exhibit a dip-magnitude spread greater than 10
degrees and suggest an elongate sand deposit with sediment
transport from souchwest to northeasr.

Well #2 was drilled 4000 feet northeast of Well #1 and
is flat strucrurally. The lack of sand in the diseribucary-front
interval suggests this location is beyond the seaward limies
of this pn.ctin.:]a.r"dis::ihu:aq-fmm syseen. The dipmerer
“current parterns” indicate a slow rate of deposition with
«diment transport from southeast to northwest, the same
direction seen in the beds below the distributary-front system
in Well #1.

CRETACEOQUS DISTRIBUTARY FRONT DEPOSITS

Figures 9 and 10 represent dipmeter plos of diserib-
utary-front deposits confirmed by examination of conven-
tional cores from the Cretaceous of Wyoming and North
Dakora, The presence of high-angle current parterns indicates
thar bath depasits are elongate with sediment transport direc-
tion from soucthwest to northeast,

In these examples, small cur-and-All sedimentary struc.
rures are nored ar the top of each diseributary-front sequence.
The axes of the cur-and-fill strucrures are normal to the direc-
tion of eriginal sediment transport, suggestive of cur-and-fill
action by longshore currents.

MIOCENE DISTRIBUTARY FRONT DEPOSITS
"TH CHANNEL SAND

Plozs of two other Louisiana Miocene distriburary-frone
sands and an associated channel sand are illustrated in Figure
11. All three probably were deposited by a distriburary system
which prograded through the area of the well location
Though three sand members are present, only one sketch is
used 10 illustrare the relative positions of the system as it
moved across chis location. The lower member is rypical of
the seaward fringe of a delra deposit. From bottom to top
there is 2 gradation from shale to silt to & very fine sand. The
current patterns are low angle suggesting a relatively slow
rate of deposition. The middle member is 2 less-shaly sand
and the dipmeter current parcerns are high angle indicating
rapid depasition.

The upper member was deposited in the diseriburary

channel. Instead of “curren: pamerns”, “slope patrerns” are

present on the dip plot. These “slope parterns” indicate thar
this member is 2 sand body that is convex downward and
strikes northeast-southwest; the same as the sediment-trans-
port direction of the lower members

CONCLUSIONS

Successful development drilling in ol and gas fields re.
quires the predicrion of reservoir limits with a minimum of
dry holes. Proper utilizarion of dipmeter data can aid in iden-
tifying distriburary-front ssnd reservoirs and in prediceing
probable reservoir boundaries,

Other depositional environments, such as deluic inter-
distributary-marsh, fuvial-ood-plain and lagoonal, also
sheuld produce characteristic dip parterns. Dipmeter patterns
in these and other environments will be the subject of furure
studies.
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SEDIMENTOLOGICAL ANALYSIS OF
SEALE-SAND SERIES FROM WELL LOGS

by

Q. Serra and L. Sulpice

Geological Engineers, ELF-RE

PURPOSE

In reconstructing depositional environments, the sedimentologist needs
representative samples (lithology, fossils), as well as a continuous
picture of the series.

In subsurface regions, 'core samples' alone meet these two
reguirements.

For both technical and economic reasons, core samplings are becoming
increasingly rare, particularly in shale-sand series.

For his analytical work, the sedimentologist thus has to be content with
an examination of side wall cores and drill cuttings.

The former present the drawback of sampling discontinuities, together
with the limited size of the sample, which generally prevents the
observation of sedimentation patierns. As for drill cuttings, these are
often difficult to interpret, owing to their limited size and also due to

cavings.

These considerations led G.S. Visher (1), 1965, W.C. Krueger (2],

1968, L. Fons (3), 1969, S.J. Pirson (4), 1970 and K.J. Weber (5),1971.
to the idea of employing well logs as 2 sedimentological tool, as the
recorded parameters are closely associated with lithology and vary in
relation to it. Furthermore, well logs provide a source of



variztion of &2 physical parameter reflects a progressive modification
in the corresponding geologic characteristic. Any sudden change
indicates a sudden lithologic or physical change.

On the other hand, 2 curve which exhibits no changes - one which is
homogeneous or smooth - denotes persistence of the characteristics
of the rock, and hence the various conditions prevailing in the
depositional phase.

PRINCIPLE OF SEDIMENTOLOGICAL ANALYSIS OF
WELL LOGS IN SHALE-SAND SERIES

The facies of detritic shale-sand series are conditioned partly by the
dynamic conditions of the environment of deposit and by their variations,
zané partly by the action of gravity.

In either case, it is generally accepted that the study ef grain size
distribution and sorting provides one means of identifying the facies.
If, moreover, the detritic argillaceous phase is ccnsidered to
constitute 2 grain size fraction, a xnowledge of the clay percentage and
its variation provides an idea of the facies.

Thus in the special case of detritic shale-sand series, any well log the
response of which can be linked, directly or not, to the clay percentage,
o% any method enakbling a calculation oi this percentage, can be used as

"

a tool in secimentological analysis.

Two well logs in particular are employed 2s indicators of argillosity:
spontzneous polarization and natural radioactivity.

In 1958, Shell engineers appear to have been the first to develop the idea
of characterizingz sand masses from the appearance of the spontaneous

polarization curve.

By 2nalyzing the lcwer and upper bedding contacts and the shape of the
curve, this sugpested the classification illustrated in figure 1, and
associated certain patterns or 'electro-facies' with sedimentological

phenomena (figure 2).

Similarly, by comparing the grain size and natural radipcactivity
(gamma-ray) curves, it is possible in certain cases to observe excellent
zgreement hetween them (figure 3), thereby enabling the use of natural
radicactivity for the same purpose a5 spontaneous pclarization as a

faciclogic analysis tool.
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METHODOLCGY OF SEDIMENTOLOGICAL WELL LOG
AMALYSES IN SHALZ-SAND SERIES

In order to give sedimentological analyses carried out from well logs
their full effectiveness, and to make their results absolutely reliable,
it is wise to follow the procedure that we describe below, constituting
a sort of methodology of this type of interpretation.

s Establishment of the fundamental composite log

On the basis of the foregoing observations and actual experience, we
recommend, whenever possible, the use of all well logs for every
sedimentological well log analysis. This reguires plotting well logs
and dip measurements on & single document - with dips derived from
optical correlations if need be - as well as natural gamma-ray
spectrometry, if possible, with readjustment in depth on a single

reference log.

This document is called the fundamental composite log. Its scale
depends on the type of study and desired degree of accuracy. If it
covers the entire series crossed by the bore hole, it is advisable to
use a2 scale of 1:1000 or preferably 1:2000. This permits 2 better
zppreciation of the overall well logs and facies traversed, thereby
leading to better identification of partial and general sequential
variations (cI. figure 5 )-

However, & scale of 1:500 or preferably 1:200 is necessary in order to
determine the finer details of an elementary sequence, together with
the use of micro-devices if necessary (cf. figure 4 }s

In certain cases of thin elementary sequences, or to better appreciate
the homogeneous character of a formation, it is preferable to employ
micro-devices, particularly the microlog at 1:40 scale.

2, Faithful, precise and detailed lithologic reconstruction

This must be carried out by relying on descriptions of the cuttings 2s
well as a gqualitative and quantitative interpretation, with calculation of
porosity and determination of the major constituents in the matrix:
quartz, calcite, delomite, clay. At this stage, the lithologic
reconstruction can be improved by the interpretation of micro-devices,
The example in figure 4 shows that an interpretation based on 5P
and induction curves alone would not have revealed the existence of



By a combination of the various parameters, this permits identification
oi a certain number of characteristic electro-facies.

Nine major electro-facies were thus identified in the illustration given

in the following chapter.

4. Examination of breaks in curves

The term break is applied to any sudden change in value, the vertical
extension of which does not exceed the spacing or diameter of the
sphere of influence of the tool (this corresponds to abrupt contact in the

Shell classification).

The analysis of these breaks involves examining the various possible
hypotheses to determine the one which is most compatible with known

data on lithology and on the general context.

in effect, any break in a shale-sand environment generally reflects a
lithologic change. This can:
Logically fit into the sequential eveolution: examples:

- Sand bed surmounting a marine shale in a deltaic seguence.

Passage into the different units of the evaporitic sequence
delomite - anhydrite - salt.

- Lignite bed interbedded with a tidal {lat shale.

Not fit logically into the seguential evolution. In this case the
explanation must be found among the following hypotheses:

- Diagenetic influences: cementaticn, dissolution, transformation.
- Passage of a fault.

= Transgression period.

- Erosion phenomena.

- Turbidites.

- Volcanic flow.
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it Faciologic analysis: environmental reconstruction

Only after having calibrated the electro-facies and verified the reliability
of the electro-facies - facies relationship can one go on to the final stage
of the sedimentological well log analysis, namely, the faciologic well

log analysis and reconstruction of the depositional environment, the

latter being derived from the combination of electro-facies and

sequential evelution.

ILLUSTRATION OF THE METHOD:
EXAMINATION OF A DELTAIC BASIN

In order to illustrate the above method of sedimentological well log
analysis, we selected a series of examples derived from investigation
carried out by ELF in the Niger delta. These examples show how the
application of the method permits identification of a certain number of
characteristic electro-facies which, once located in the seguential
evolution, lead to reconstruction of the depositional environment and
the examination of its variations with time.

To set the geologic framework of this illustration, we shall borrow the
deltaic sedimentation model of J.R. Allen (6) (cf. figure 12), and,
crom K.J. Weber (5), the units characterizing the depositional
E?vironments identified.

e

The elementary deltzic sequence generally overlays a frequently thin
bed comprising a sandstone-carbonate sediment, sormetimes sideritic,
often lumachellic, slightly porous, compact, and generally clearly
distinguishable on porosity logs (neutron, density, acoustic) and
resistivity logs, at least if it is sufficiently thick; if not, it can only
be detected by micro-devices (mainly microlog, and possibly HDT
resistivity). It may sometimes be radicactive if it includes
glauconite and/or phosphatic debris. 1f the bed is sufficiently thick,
it may exhibit a positive sequence.

This bed corresponds to deposits of the marine transgression phase on
the deltaic shelf (cf. figures 9to a ).

The elementary deltaic sequence proper corresponding to the regressive
phase begins with clays (cf. figures 9 to b ). These are characterized
by: very stable (within statistical limits), high radioactivity, but not
necessarily the highest of the sequence; 2 neutron hydrogen index which
is also stable, and increases with clay purity; resistivity and sonic
velocity which decrease with incréasing purity. It is at this level that



in fine arzillaceows laminations, or te radicactive carbonate deposits.
In the first instance, the SP log matches the variations in the gamma-
ray log; in the second case, it continues to respond as a sand; in

the final case, these deposits are identified by porosity and resistivity

logs.

The porosity of these sands is often substantially lower than that of
barrier bar sands (cf. figures 9to e ), owing to poorer sorting.

Moreover, the passage from one sand to another is sudden, reflecting

the erosive character of tidal channel sands. This contact is
sometimes emphasized by a lumachellic sandstone level (cf. figures 8
to i ) clearly identified on the resistivity and porosity logs; in fact,

this is a means of distinguishing tidal channel sands {rom fluvial sands.
They also exhibit a more serrated curve and a frequently more clearly
marked positive seguence ('bell' shape, cf. figures 7 to I

Their resistivity is often significantly greater than that of littoral sands,
partly owing to their lower porosity, and mainly to the far less saline
formation water (10 to 15 g/) as compared with 25 to 35 g/l for litteral

sand formation waters, ci. figure 5).

As for the argillaceous deposits, these behave in SP in 2 manner
comparable to pure clays (cf. figures B to h ), while the neutron
hydrogen index is significantly lower, the density and resistivity higher,
indicating a heterogeneous sediment composition (sandy or silty lens or
veins, carbonate levels, plant debris). The radicactivity frequently
exhibits high response instability, with frequent strong radicactive
peaks probably corresponding to beds which are richer in humic
organic matter or to radiocactive silt beds. It is alsc not rare to
encounter lignite beds (cf. figures 8 to g ) which stand out clearly in
neutron logs (IHy = 50%), density logs (P oscillating between 1.2 and
1.7) and acoustic logs (At as high as 170 us/{t). These argillaceous
deposits correspond to swamp facies.

In the event that progradation continues, following the marginal-littoral
deposits described above, one can find continental deposits generally
consisting of thick sandy series exhibiting characteristic 'cylinder!’
shapes in the well logs (cf. figures 1l to | ), corresponding to
meander-belt sands or to stacking of bed deposits.

The argillaceous deposits corresponding to natural levees or the

flood plain (cf. figures 11 to k }, are generally very rare, 2s they
are eroded by continuous changes in the course of the river. When
neutron or acoustic density recordings are available, they exhibit
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Thev 2lso permit identification of radicactive reservoirs in the absence
of SP curwves,

Differentiation of pure, homogeneous shales from the others is also very
useful for clay compaction studies, leading to a better choice of well
logging parameters (Atsh, Pep, Rg)) whose variations are observed with
depth, and thus helping to avoid errors of interpretation caused by a
faulty appreciation of lithology.

They also facilitate the interpretation of dip measurements by permitting
a distinction between regional and sedimentary dips.

These analyses lead to a better orientation of the choice of side wall core
sampling zones for sedimentological, geochemical and palecntelogical
stucies, as well as a restriction of the types and number of these

szmples.

They also lead to the rapid preparation of electro-facies cards based on
the appearance of the curves or arising from quantitative pProcessing.

It is possible that after a minimum of research work on the question,
they will help to develop 2n idea of the covering quality of certain
shales. In effect, only marine shales seem to exhibit good cover
characteristics, owing to their homogeneity, purity and wide extensicn.
On the other hand, tidzl fiatshales cannot provide very effective cover
owing to their heterogeneous composition: wveins, sand, pebbles,
abundant plant debris, carbonate levels, slight lateral extension.

In the same sense, these analyses should help to provide an idea of the
oil-bearing potential of the series crossed, especially if accompanied
by spectral well logging. Heterogeneous shales, rich mainly in
organic matter of humic origin, will tend preferably to generate dry
hydrocarbons, whereas the purer and more radicactive marine shales
will generate heavier hydrocarbons (oil, condensate gas), owing to the
sapropelic nature of the organic matter entrapped therein.

ADVANTAGES OF SEDIMENTOLOGICAL WELL LOG ANALYSES

Well logs provide the only means of obtaining a continuous view of the
series crossed by a well. Hence they provide the only means of
observing faciolegic variations without any hiatus,

They also permit very fine, detailed analysis, particularly at a szale
of 1:200 ar 1:40, or by the exploitation of micro-devices.
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6.7. SHALLOW SILICICLASTIC SEA ENVIRONMENT

6.7.1. DEFINITION

Environments characterized by detrital deposits
in moderate water depth (10-200 m), or on nears-
hore continent {at the exclusion of deltas), under
tides, waves, wind, longshore currents, or storms
as dominant sediment-moving forces. They in-
clude deposits such as: estuarine, tidal ridges,
tidal flats, sand waves, sand ribbons, intertidal
sand bars, strand plains, barrier islands, beach
ridoes, cheniers, shorelines, storm deposits (“tem-
pestites” as defined by Ager, 1974), offshore bars.

6.7.2. GEOLOGICAL FACIES MODEL

Because of the difficulties to recognize all of
these environments in ancient records, only three
main environments will be described and illustra-
ted hereafter.

6.7.2.1. Tidal sand Ridges

6.7.2.1.1. Definition

Tidal sand ridges are elongated sand bodies
formed by tidal currents.

6.7.2.1.2. Composition

Detrital quartz is dominant and the sand is
mineralogically mature; argillaceous rock frag-
ments, skeletal shell debris can occur especially as
a basal lag conglomerate. Some glauconite and
authigenic feldspar are mentioned. Peat, clay galls
and wood fragments are common. Detrital and
authigenic cement can be present.

6.7.2.1.3. Texture

Well-sarted Fig. 6.7-1), medium-grained sand is
the dominant feature, with moderate to high
grain-matrix ratio. Grain size distribution across
the ridges is relatively uniform. Grain size may
decrease upward within a ridge, and on a regional
scale in the direction of net tidal current transport.
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Fig. 6.7:1. - Example of grain size distribution curves from
Narth Sea tidal sand ridges [from Houbolt, 1968)
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Fig. B.7-2, - Schematic diagram of sedimentary features of a
tidal ridge in the North Sea [from Houbeolt, 1558)

6.7.2.1.4. Structure

Tidal ridges are composed of large-scale fore-
set beds with flanks dipping &t angle of repose
(302}, parallel to the steep ridge flank (Fig. 6.7-2).
These cross sets are commaonly draped by clay



Fig 67-3 - A fining upward seguence and its interpretation
This sequence includes alternation of facies 1 and 2, compri-
sing tide-dominated shallow, subtidal sand body [massive
sandstone of interval A} with basal lag conglomerate, grading
mta @ low ndal sand flat or low tidal mtertidal sand bar
{cross-stratified sandsione of interval B) which has been
reworked by late-stage, sheet-runaff figal flow [sandstone of
interval C), draped by clay produced bv mud suspension
settlement during slack water [interval D) occurring on top of
bath intervals A and C. Interval E consists of mudsicne and
slistone with lenticular bedding, tidal bedding, and burrowing
structures, all deposited in a high tidal flat environment
jadapted from Klein, 1870}

laminae [mud suspension settlement during slack
watar: Fig. 6.7-3). Small forezet strata (sand
waves) on the gentle ridge slope overlie tha large
craoss sets. Asymmetrical nipples overlie the sand
wave cross sets. Tracks trails and burrows are
abundant. A strong vertical decrease in grain size
and bed thickness is generally observed

6.7.2.15 Boundaries

An abrupt, erosional lower cantact is the rule.
Gradational contact toward the top is frequently
observed,

6.7.2.1.6. Sequences

Vertical sequences within a tidal sand ridge may
include (Spearing, 1971): (1] a thin, basal lag
conglomerate, rich in shell fragments, separating
sand from underlying older marine clays; (2) large
scale cross sets composed of well sorted sand; (3)
thin, shart silty-clay laminae draped over the cross
sets; (4] upward grain size reduction; (5] sand
wave cross sets near the top overlain by (6)
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ENVIROMNMENT: f
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Fig. B.7-4. - Sequence in facies 1 (see Fig 67-3) showing
vertical change from cross-stratified sandstone (interval B)
inta micro-cross-laminated sandstone with dips oriented at 80c

to 1800 1o underlying cross-stratification dip arientation (inter-
val C| and clay drape {interval D). Depositional processes are
indicated on the side {from Klein, 1570)

asymmetrical ripple stratification. Klemn {1970) re-
cognizes sharp-based, fining upward seqguences,
which he interprets as shallow subtidal, tide-do-
minated facies which grade upward into low-tidal
sand flat or low-tidal sand bar facies (Fig 6.7-3 and

6.7-4),

6.7.2.1.7. Geometry of the bodies

Present day tidal sand ridges in the North Sea
(Fig. 6.7-5) are long and straight, up to 40 m high,
65 km long and 5 km wide. Ridges are asymmetric
in cross section with a8 steep lee slope and gentle
stoss slope (Fig. 6.7-2).

Other associated sand bodies may exist. They
are described hereafter.

Sand waves are much smaller and are oriented
normal to tidal current directions. They are bet-
ween 1 and 10 m high, asymmetrical, and spaced
a few hundred metres apart,

Sand ribbons are elongated bodies that run
parallel to the strongest tidal current flow. They
are up to 15 km long, 200 m wide and not greater
than 1 m thick,

Intertidal sand bars are linear, asymmetrical,
gbout 5 to Bkm long, 1 km wide, and 6 to 10m
high. The steep slopes average 8¢ and gentle
slopes 2e Texture is fine to medium sand on steep
bar faces. Bed forms are dominantly current rip-
ples and dunes. Texture is medium to coarse sand
on gently sloping bar faces, Bed forms are simple
and complex dunes and sand waves
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Fig. B.7-5 - Tidal sand ridges location in the southern MNarth
Sea (from Houbolt. 1968

6.7.21.8. Directional current flow

The long axis of tidal sand ridges is roughly
parallel to the tidal current directions (Fig. 6.7-2).

6.7.2.1.9 Surrounding facies

Tidal sand ridges and other associated sand
bodies (sand waves. sand ribbons and intertidal
sands) may be surrounded by marine muds, tidal
flat silis and muds, barrier island, beach, or flu-
vial-estuanne deposits.

6.7.2.2. Clastic Shoreline, Barrier Island,
and Associated Systems

6.7.2.2.1. Definition

According to Reinson (1984) "wave-dominated
sandy shorelings in interdeltaic and non-deitaic
coastal regions are characterized by elongated,
shore-parallel sand deposits. These can occur as a
single  mainland-attached beach, & broader
beach-ridge strand plain consisting of multiple
paraliel beach ridges and intervening swale zones
or as barrier islands partially or wholly-separated
from the mainland by a lagoon, estuary or marsh
(Fig. 6.7-6)"

Considering a barrier island system three major
geomorphic elements can be recognized (Fig.
6.7-7) . (1) the sandy barrier island chain itself: {2}
the enciosed body of water behind it {lagoon or
estuary); (3] the channels which cut through the
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Fig B7.6 - Generalized diagram illusirating the morphological
relationship between beaches, strand plains and barrier is-
lands (tror Reinson, 1584).
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Fig. 6.7-7. - Block diagram illustrating the various subenviron.
ments n a barrigr-islang system [from Remnson. 19?9]

barrier and connect the lagoon to the open sea
(tidal inlets] They correspond to three majar
subenvironments : (1] the sub-tidal to sub-aerial
barrier-beach complex: (2) the back-barrier region
or subtidal-intertidal lagoon; and (3) the subtidal-
intertidal delta and inlet-channel complex {Rein-
son, 1978). These subenvironments can in turn be
subdivided into severzl zones. Their main charac-
teristics (composition, texture. sedimentary featu-
res} are summarized in Fig. 6.7-8 and illustrated by
the wvertical profiles of Fig. 6.7-9 to 6.7-11.
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Fig 87-B - Schematic cross-section through a barrier-island system with indications of the main characteristics
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Fig. 7.8 - Generalized vertical profile i a barnier-island
system from observations made in the Upper Tertiary Cohan-
sey Sand of New Jersey [modified fram Carter, 1976]

6.7.2.2.2. Seguences

The general trend of barrier bar sands is coar-
sening upward. But following the subenvironments
several more detailed lithologic, textural and se-
dimentary feature sequences have been described
in several papers from which are extracted Fig.
6.7-12 to 6.7-16. Those figures are sufficiently
explanatory to have not to develop sequence
description by a long text,
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6.7.2.2.3. Geometry of the bodies

The geometries of the bodies are schematically
represented in the block diagram of Fig. 6.7-7.
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6723 Linear Submarine sand Bars

6.7.2.3.1. Defimition

They correspond to isolated elongated sand
ridge, in a shallow marine environment (subtidal),
accurring at some distance from, and extending
generally parallel with, the shoreline, built chiefly
by tidal, oceanic, storm- or wave-generated cur-
rents (Fig. 6.7-17).

Fig. 6.7-17 - Hypothetical palaeogecgraphic reconstrugtion
showing Shannon sand patches migrating south-southwest

6.7.2.32 Compasition

Sand deposits of this environment are compo-
sed of quartz, shell debris, glauconite, chamosite
(iron silicate} associated with limonite (or haema
tite) oolites or siderite, and phosphates

6.7.2.3.3. Texture

The deposits have a textural maturity due to
long periods of transport with winnowing of fines
Consequently the sands are well sorted.

6.7.2.3.4. Structure

Sedimentary structures are rarely environmen-
tally diagnostic. Lenticular, wavy and flaser bed-
ding, cross laminations, cross- and horizontal
bedding are described. Bioturbation is minor,

6.7.2.3.5. Boundaries
The lower contact of the sequence is abrupt.

6.7.23.6. Seguence

The general sequence is coarsening upward
{Fig. 6.7-18). It is composed of bioturbated muds-
tone and silty sandstone at the bass, overlain by
ripple cross-laminated fine-grained sandstone,
capped by large-scale festoon cross-bedded,
medium-grained sandstone. Bioclastic rich units

pareliel to the shorehne {fram Spesnng, 1978)

form thin sheetlike units with erosicnal bases.

Units of . - Imterpretation of Imterpretation of
Barg. 1875 | Thickness Description the Facls the Sequence
1 1.5-2.5 m | Bolurbated muds with Shiell muds wilh Slcom Sugden cessanion ol active
reworked sand & granubes. ageposded sand layers. sang iranspor, Shelf muds
Horgontal bedding plankel the inear sand bars
g 0.30-1.0 m | Pebbsy sandstone with chien | Wave rewarkid Sands
& mudsiane pebbies Chert Related & wivi proCessat
pehbles concentraled miog | concentraled &h bar crest
et
3 1.5-5.5m | Cross bedded & lial bedded | SE [7) megrabon of dunes an
. sandsione response bo izl casrenls
Cross bed sels ca 5-20cm [ possibly enhanced by
thick slorms Gradual siorease mwava &
Numenous modlakes & Anundant peneconbem- currenl Aty in IBSpONSE
occasional mesd-drapes porEneous eroson of moed 1o & prograding inea: wdat
Rare cross-laminaled Sands deposied on upper () sana body. Elongaie
sands bar flanks. geomeiry of several sand
bodies parallel 16 shoreling
4 1.8-50 m | Cross laminated fine gramed | Deposihon by curnend nposes | g 1, o crand transpodt path
sangs10ng with Mamerous In fiEsponse 1o haal (7] suggests hey may
Fud-drapes currents reprasent knear tidal {7
Occasional mudtiakes & Currents of fiuctuating sand ndges which lasmes
Croes-bed sels strengin Topagraphic ighs
Menor bicdurtation Ayrdant fine graned Coarsensg upward
unphnasd S/t sequUEnce refiects bath
Dheposingn on lower bar progradanon & preferential
flanks & Iroghs tEwnrkng of Bar crest &
5 0.9-4.0 m | Muds with nppled sangstone | Suspension depasdion of Tanks
lenzes & sandsiong muds altesnding wilh
miberbeds 1-5 om thick penndic sand nfluxes
Minar bicturbation, {7 distal sloem layers)
Depositon downcurrant ol
the sand hars
Massive manrsg muwds but Shell muds
wilh e bodurmatson

Fig 6718
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- Description and interpretation of the Upper Cretacecus Sussex Sandstone, Wyoming {trom Berg. 1975




67237 Geometry of the body

The sandstone bodies are elongate, between
3-30 m thick, 4-60 km wide and up to 160 km long,
have planar bases and convex-upward tops.

6.7.238 Direction of current transport

The current is generally unidirectional parallel to
the bar crest

6.7.2.3.9. Surrounding facies

The linear sand bars are either surrounded by,
or interfinger with, marine muds.

6.7.2.4. Reservoir Characteristics

Sand bodies have, generally, good reservoir
characteristics but their volume is limited,

6.7.3. WELL-LOG RESPONSES
AND CHARACTERISTICS

It is not always easy to distinguish between the
shallow siliciclastic and the deltaic environments,
Consequently, only some of the previously descri-
bed deposits will be illustrated by examples of
composite-logs and dipmeter results.

The first example is taken in the Muddy Forma-
tion, Granerous Group, Powder River Basin, Wyo-
ming. This formation is sometimes and somew-
here (Bell Creek Field, Montana) described as a
typical ancient barrier island (Davies et al. 1971).
The composite-log (including gamma ray, neutron
and density logs} of one well (no location refe-
rence) is given in Fig. 6.7-18b, From the shape of
traditional open-hele logs & coarsening upward
sequence followed by a fining upward seems quite
evident. Now, by looking at in detail the LOCDIP
arrow-plot (obtained from SHDT, Fig. 6.7-20b),
several abrupt lower contacts followed by fining
upward sequences appear clearly. An interpretg=
tion of the dipmeter has been done following the
barrier island hypothesis. But some of the observa-
tions which can ba done on the dipmeter {abrupt
lower contacts, fining upward sequences, thin
shale drapes) do not fit completely with the
general continuous coarsening upward trend des-
cribed in barrier island. Consequently, another
interpretation, based on a tidal sand ridge hypo-
thesis (Klein, 1970}, can be proposed (compare
with Fig. 6.7-3).

A second example is from the Shannon Sands-
tone in the Hartzog Draw Field, Powder River
Basin, Wyoming. The composite-log (including SP,
gamma ray, neutron, density, sonic, DIL-SFL and
GEQDIP arrow-plot) is reproduced in Fig. 6.7-21
alongside the core description and the interpreta-
tion in terms of facies and subenvironments. A
general coarsening upward sequence is observed
as expected in a linear submarine sand bar. Low ¢y
peaks (9387, 9395 ft) correspond to levels richer in
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Fig. 6719, - Two composite-logs of the Muddy Formation,
Powder River Basin
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Fig G6.7-20a - GEODIFP arrow-plot of the Muddy Foarmation in
the well represented by the compesiae-log 67-18a, and its
interpretation in terms of facies and environment,

siderite and glauconite (confirmed by core analy-
sis). The analysis of the GEODIP arrow-plot {low
sand character option) at an expanded scale (Fig.
6.7-22 1o 6.7-24) permits a more detailed observa-
tion. The lower interval (9443-84125ft) is very
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Fig. 6.7-21 - Composuelag of the

laminated on the HDT resistivity curves {a lot of
very thin events] at a medium resistivity level,
generating a lot of dips with scattered azimuth
(observe the azimuth frequency plats), with low SP
deflection, moderate radioactivity. In some places
an erratic aspect of the curves can be observed. It
could reflect some bioturbations. All these obser-
vations suggest a very thinly laminated, sometimes
bioturbated interval, with small lenses (uncorrela-
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Shannon Sandsione in the Hartzog Draw Frald

ted events seen only on one or two curves), with
a relatively high clay percentage Consequently
one can deduce numerous intercalations of thin
silt or sand beds [corresponding to more resistive
continuous events) in the shale. This is confirmed
by core photographs (Fig. 6.7-22). The following
interval (9413.9400 ft) is more resistive, with a
higher SP deflection (lower shale content], and
slightly less radioactivity. On the dipmeter resisti-
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Fig. 6.7-28. - Interpretation of the studied sequences from LITHO, LOCDIF and SYNDIP results (from Schlumberger, Well Evaluaticn
Conference MNigeria, 1985)

wity curves, resistive beds are thicker and more
continuous, with very thin conductive levels (shale
laminae), which, when they sre correlated, gene-
rate dips with variable magnitude [between 0° and
14¢) and scattered azimuth, suggesting wavy
bedding and sometimes flaser bedding when
events are not seen on all curves (Fig. 6.7-23).
Some blue and red patterns occur which can
correspond to foresets or cut and fill features. The
overlying interval (8400-8372 ft) is characterized by
thicker resistive beds, with less frequent conduc-
tive levels, high SF deflection and lower radioacti-
vity {Fig. 6.7-24). The top interval is more resistive
(cemented) and is overlapped by gradually less
resistive thin levels. The dips suggest a draping of
the previous deposit [bar)

Another example is extracted from the Gadavari
Basin (India) and represented by the composite-
leg of Fig. 6.7-25 (GR-LDT-CNL-BHC-DLL-
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MSFL-SP and GEQDIP at 1/200 scale), and the
entarged GEODIP arrow-plot on the lower interval
(Fig. 6.7-26). Log evolutions suggest three coarse-
ming upward seguences from shale to sand as
interpreted from the p. vs ¢ crossplot (Fig.
6.7-27). The thickness of each sequence is roughly
17 to 18 metres. Some thin limestone beds are
present and confirmed by Pe values, They may
correspond to sandstones very rich in shell frag-
meants The top of the two upper sand bodies is
gas bearing. The direction of transport, as interpre-
ted from the blue patterns, is N to NNW,_ giving the
long axis orientation of the submarine bar.

The last example is from MNigeria. LOCDIF,
SYNDIP and LITHO programs have been proces-
sed on one well on which a core description was
available. The typical features of barrier bar can
easily be observed (Fig. 6.7-28).



M case history : "TURBIDITES RECOGNIZED THROUGH OIPMETER"

Xavier PAYRE (1)

by
Oberto SERRA [2)

The comparison betwesn cores and dipmeter microconductivity
curves reveals turbidites in two boreholsd formations. The
association of g particuler turbidite seguence with the
corresponding character of curves has allowsd to recognize

the same seguences without any use of the cores. Verifications
made afterwards prove the validity of ths method.

The study of the curves at a detailed depth scale (1/5) for a
particular sequence shows the guality of recording made by
H.D.T. : parts of the seguence are eesily detemmined thanks

to evolution of the density of optical and computed correlations
(determined by GEODIF) with the depth.

(1) Mining Engineer (Ecole des Mines de Peris)

(2) SNEA(P) row Schlumberger Technical Services (Paris)



TURBIDITES RECOGNIZED THROUGH DIPMETER

xavier pavRe(Y) anp oserTo serrat?)
T T T T T [

1) DEFINITION OF THE TURBIDITES

1.1.) Introduction

Turbidites are those types of sedimentary rocks depocsited by
a turbidity current (fig. 1) the definition of which is :

: "denslty current..., csussed by different amount of matter

; in suspension ; specifically & bottom-flowing current laden

b with suspended sediment, moving swiftly (under the influence
2 of gravity) down a subagueous slope and spreading horizontal-

ly on the floor of the body of the water, having been set
and/or maintained in motion by locally churned - or stirred-up
sedimant that gives the water a density greater than that of
the surrounding or overlying clear water...” [in Glossary of

Geologyl.

Several figures (flg. 2 to 5) borrowed from secdimentologists who have
worked cn the submarine fan deposits or turbidites are enclosed Tc e»
plain and illustrate briefly those sedimentary rocks and the way by

which they have been deposited.

The figure § shows the complete "Bouma sequence" -or cycle- of & turbi-

dite unit as described by Bouma [1962), & dutch sedimentologist.

In the ideal complete maodel of the Bouma scquence. five zones and
several characteristic festures cen be described.

‘1) Mning Engineer {fcole des Mines de Faris).

(2] SNEAT) at the time of those atudies ; now vith Services Techniques Schlwmberger(Riris,



2) EXAMPLES

1° First well

It is located in the Aguitaine Bassin.

The interval (2100-2170m) corresponds to an Eocere formation the
composite log response of which is shown by figure 6. The interpre-
tation of the upper part of the interval indicates a succession of
porous [(B=18 p.u.)sandstones with intercalstions of tight sandstones
(@ between 1 and 7 p.u.) sometimes a little shaly or limy (fig. 71.
The microlog proximity log analysis shows ssveral sequences, (fig. 8)

the sedimentological interpretation of which is rot clear.

By adding the Geodip output and the simultanecus analyse of curves and
dips (fig 3, 10, 11]) we find approximately the same sequences and we can
recognize that almost each of them, between 2142 and 2110m, starts by an
abrupt contact, overlaild by an erratic interval, which can correspond to
a conglomerate, itself overlaid by 2 messive unit, showing sometimes &

progressive evolution on resistivity curves suggesting a graded bedding.

At the bottom this massive unit shows some low resistivity peaks which

can correspond to soft flat shaly pebbles.

Above the massive unit we observe an interval which starts by laminated
beds with parallel boundaries (same dip and szimuth values), overlaid
by unparallel boundaries (variable dip wvalues), and ends by parallel
boundaries agein. This interval grades up into a low resistivity lsve!
(perhaps an eguivalent of pelagic clays).

The average thickness of epach segusnce is egual to 2 meters [minimum

1.5, maximum 3).



77 Second well

This deviated well is located in Italy on the Adriatic coast.

The interval understudy corresponds to a folded and faulted
formation of the "Scaglia Rossa” [paleccene) which has been

cored.

Flgure 14 shows the composite log. Its interpretation gives,
as lithology., 2 limestcne, sometime lightly dolomitic or sha-

1, the porosity of which varies between D and 10 %.

Several sequences seem to be recognizable but their sedimento-

logical interpretation is difficult.

The integration of the GEODIP output over this interval (Fig. 15)
aids to recognize several sequences sterting by am abrupt contact

end a massive unit whicn correspond to a high resistivity lime-tone.
This unit could be tre Equiualaht of the A unit of the Bouma segus-:ze&.

It grades up irto & laminated interval of lower resistivity with
parallel bounderies at the lower part, unmparallel boundaries in

the middle and parallel bourdaries at the upper part. Thoss three
Zones cculd corresponds to the B, C and O units, the characteristics

of which they have.

The seqguentisl evolution is very clear on resistivity curves.

This well logging sequence can be easily compared to that one cescribes

by DUVERNDY and REULET, from outcrops and core analysis (fig. 1E6).



= 8 cyclie repetition of sequences the thickness of which jis
not higher than few meters.

The recognition of this environment is very important for reser-
voir anslysis and delineation. The reservoir with the best charac-

- teristics (porosity permeability] correspond to the massive unit.

The current direction can be derived from the lamination dips
study and the structural dip must be taken in laminations

showing parallel boundaries.
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Turbldity current

Suspension mainly due

te fluid turbulence

Suspension meinly due
to'grain to grain Interactions’

Fig. 1 - Mechanism of tremsportation by gravity : the turbidity
current (from Middleton 189635).

Turbidity current model
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Fig. 2 - A bleek diagram showing a model of twrbidity current
procesges on submarine fums.

Cross section A.A'. and B.B'. indicate hypotheticalli)
distribution of sediment in the flow and (&) pattern

of cedimentary structures in deposits laid dowm By a
single flow. Plan view shows expected sediment dispersal
patterns of turbid layer and turbidity ecurremt flous
(from Nelson 1972).
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FIG.4 —Hypethencal siratigraphic sequerce that could be developed dunng fan pregradatien.
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ing-upward sequeace; T, elassic wurbidites: M 5., massive sandsiones: P.5. peaily sandstoney;
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USE OF DIPMETER IN CARBONATES
FOR DETAILED SEDIMENTOLOGY AND

- RESERVOIR ENGINEERING STUDIES

BY
P. THEYS, S, LUTHI, 0. SERRA

ABSTRACT

The Dipmetern survey has the neputation of being mone
characterndstic of siliciclastic than carbonate forma-
tions. Since roughly half of the known wornld o0if ne-
denves are contoined in carbonates, it i4 obuious that
efdonts must be dinected towands a betfen dnterpretation
04 Dipmelern {n those rocks.

In addition fo0 {ts ability to discean struetunsl {eatires,
the Dipmeter can be used for sedimentology and reservoir

engineening anafysds,

Dipmeten-denived neswlfts, wsed independently ox in con-
junction with other open hofe Logs, match with the cven-
all sedimentary hisfony of the neservoirs and offer a
dirnect paralflelism with Lithofacies deseniption. Dip-
meder recognizes dacies such as neef, fore-rzed, bach-
reef, 4in the Middfe East fiefds,

On the other side, the fateral extent and :crn,timulﬁ{ of
small sedimentany geatunes are evafuated thuouakh the
well-Lo-well conrelation of the Dipmeter micro-resis-
Lvity curves.

Finally, the sharp vertieal nesofution of the Dipmeten
efectrode, one order of magnifude betften than the othen
open hole sensons, allows the recognition of the §ine
bedding events, hydraulic barriers such as shaly zones,
Light stneaks and stylofites on one side and very pen-
mezble zones such as fractures on the othen side. Thus the
Pipmeten can provide a continuous iecond of semi-quandtd-
{otwe permeabilities which allow the implementation of
more accurale neservodn sadmulation and the anticipation
of channelling and fingening.
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GENERAL

VERTICAL RESOLUTION OF THE LOGGING TOOLS
SUPERIORITY OF THE DIPMETER SENSORS

A close scrutiny of cored sections point out the high degree of

hecerogeneicy of the rocks, and moreover so in carbonate forma-

tions (Fig. 1). The petrophysical characteristics of the reser-

voirs are therefore bound to vary oo minute distances. Accurate

evaluation of essential paramecers such as porosity and permea-

bilities is closely tied to the vertical resolution of the logg-
ing devices.

The sharpest deep resistivity tool has a resolution of 2 feet.
Wuclear toocls resolution wvary between 6" and 18", Open hole
logging data is sampled every 6" (or 15 cm).

In some areas atcempts have been successful to reach a sharper
resolution. Short spacing somic (10 ca or 4", long spacing
density and sampling rates five times increased provide a becter
definiticn of the formations(Fig. 2).

These high resolution tools are still one order of magnituda less
effective than the dipmeter electrodes (Fig. 3) which scen the
formation with highly focussed currents and detect textural con-
trasts with a vertical resclution of Sm (or .2"). To take advan-
tage of the sensor resolution, sampling rates of 5=m (or .2") are
used to format the data transmictced up hole from the tool.

o, g — T

':.'_-_-?-T.::;:.

L

e =
Fig. 2 Comparisen of 4" and 1.2" sampling

Fig. 3 Dipngxm senson
rafes on a denedty Log configuration
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GEODIP PRESENTATION

The Geodip results are displayed on a depth scale of 1/40 or
/20 . The print includes three groups of results (Fig. 3,

6 and 7). 1In the left track a resistivity curve, correlatable
with an induction or a laterolog, and two caliper curves are
shown. The second track displays an arrow plot similar to the
one used in correlation programs. The original resistivicy
curves are plotted in the right-hand track, the curve corres—
ponding to pad ome being repeated at the right of the curve
measured with pad 4. This presentation gives an idea of the
continuity of the formarion around the borehole. Straight lines
dravn between the curves join elements which have good likeness.
Subvertical lines join the top and bottom of an element wirhin
the same curve.

METHOD OF ANALYSIS

The Geodip record exhibits a large density of results. The foll-
owing method of analysis is recommended :

(1) Check of the caliper quality : as the tool does not have very
deep investigation care must be exercised to isolate washed-
sut and rugose sections which generate signals unrelated to
the formation.

(2) Observation of the resistivity curves - gqualitative evaluation
of the density of correlation. It is possible to compute the
density of correlation (number of correlations/foot) for beds
of interest (Fig. 35)

(3} Observation of the resistivity curves : Evaluarion of the
activity of the curves. Activity is not always related to
gcod correlation as shown in Fig. 6. In some cases, the curve
has a high frequency content which is characteriscic of speci-
fic lithologies (Fig. 7 : the lower part of the section is
mainly dolomicic),

{4) Observation of the shape of the resistivity curves. They can
be funnel-shaped, bell-shaped or flat/massive. These trends
represent textural changes such as grain size increase/decrease
with depth (fining upwards - coarsening upwards). See Fig. 7.

{2) Observation of non-correlatable anomalies appearing on only one
cr two of the resistivity curves. They can be associated to
pebbles, nodules, large bioclastics or very commonly in carbo-
nates, to fractures.

&y



(6) Analysis of the azimuth frequency diagram. Modes, directicns
with a high concentration of dip azimuths, may be recognized. The
diagram can be unimedal, bimedal or scattered. A single mode may
be superimposed if the regional dip removal has not beeg performed .

(7) Check of the quality of the arrows. The dip representation, or
tadpole may have chree ratings :

{a) The four curves exhibit a gaod likeness and the derived
dip is coherent (good planarity). The ctadpole has =
black (full)} head (Fig. & /feature B).

(b) Good likeness of three curves only is obtaimed. The dip
is derived from them and no planarity check can be made.
The tadpole is shown with an egpty head. The curve (or
pad) number not participatieg in the computacion is indi-
cated as a dash on the tadpole head (feature CJ.

(c) Likeness between the four curves is good but the resulting
plaparicy is only fair. One best-fit dip is shown. 3Bur,
ie additien, four 3-pad dips, derived from three by three
combinations are shown. To distinguish them from type (a)
dips, the represented tadpoles are smaller. Non-planmar
boundaries may indicate erosional surfaces, bedform effects,
burrowed surfaces etc. {(feacure D).

(8) Observation of patterns formed by sequence of dips on the arrow
plots : Dips with the same azimuth are censidered. Classical
nomenclature, e.g. the distinction betweea blue, red and green
patterns is used.

(9) Observation of the rhythm of the detected features : repetitiom,
cycles need then to be recognized.

Fig. 8 shows a check list of the different Geodip characreristics
which should be analysed in zones of interest.



APPLICATIONS

SEDIMENTOLOGY

A good correspondence bertween Geodip features and lithofacies
extracted from cores is generally found in siliciclascic seq-
uences. Comparison of cores with Geodip in carbenates show
that similar relations can be drawn.

The most efficient approach to Geodip interpretarion starts

with core-Geodip comparison : sach Geodip signature or set of
characceristics (specify density or correlation, activity, arrow
pattern etc.) is relared to a lithofacies obtained from the core.
Core~derived information is then projecred on uncored sections or
uncored wells if a dipmerer has been run, thus allowing a saving of
core costs and rig time. In some cases dipmerer information can
improve core data : 2 more reliable depth mactching and a more
definite identification of missing core sections are possible.
Fuchermore, the dipmeter supplements dip measured or unoriented
cores by giving the dip azimuch,

In the total absence of cores, the ‘dipmeter data can scill be
interpreted. Extreme care must be exercised as there is a limited
number of dipmeter signatures for a large number of differeant litho-
facies.

Fig. 9 gives a2 non exhaustive list of the correspondence between
signature and facies. This list has to be locally extended with
the help of core-log comparison.
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PERMEABILITY  EVALUATION

The high vertical resolution of the dipmeter sensor is coupled
with a shallow depth of investigation. Eventual hydreearbons,
unless quite heavy or moved with difficuley are flushed by mud
filtrate beyond the radius of investigation of the tool,

In these conditions the dipmeter resistivity curve behaves in

4 way similar to the Spontanecus Potential curve and variations
of the dipmeter resiscivity curves correspond to changes of
horizontal permeability. A non deflecting curve is associated
to a tight bed. A4 large deflection corresponds to a highly
permeable formation. The noticeable advantage is that features
as small as few inches are sensed by the dipmeter (Fig.l6).
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EXAMPLES

WELL &

Well A has been described in the facies recognition section.

Pressure tests have been taken over the potential reservoir.

Bydrostatic pressures line up on a coherent gradient and con-
firm the validity of the dara.

Formation pressure points seem to ploc accurately on three
distinct gradients : che firsc one identifies water with a
density of .94 g/ece, the second light hydrocarbons with a
densicy of .37 g/ecc (Fig. 18). On the ocher hand, the third
gradient yields an unreasonable value of 1.32 gfcc. The dip-
meter sheds some light on rhese measurements. The curve spot
three obvious tight streaks {zones A, B and C on Fig. 17) with
high resistivities, massive prefiles and lack of correlation.
A fourch potential barrier is seen around XXI0 (zope D).

The RFT interpretation of the ori

be modified to reflect che presence .of the hydraulic barriers.
The reservoir can be described as five independent hydraulic
units (top zone not shown on che pressure diagram),

ginal chird gradient can then

HYDRAULIT BARRIERS
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WELL B

The second example relates to a hundred foor oil Teservoir

wvith porosities ranging between 0 and 25 p.u. We focus our
interest to the 22 bottom feet of the reserveir. The poro-

sity curve derived from open hale logs is fairly econseant

and reads around 20 p.u. The dipmeter curves show a serrated
fining up sequence of 3 feer, followed by 2 permeability tunnel
of 3.5 feet topped by a tight anhydrite zome. Two more per-
meable zones are present but amid the original 22 feet zone anly
half has a better than poor permeability and 3 feet have excellent
permeabilicy. Production logging confirms that most production
takes place in zone A and injected water breakthrough is a poten—
tial problem in this field.

————+—+—— | [[[]
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o

L

Fig. 19 : Welf B Reservoir
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Multiple Applications of Dipmeter Curves for Analyzing
Evaporite Formations: Examples from Paleogene of Bresse

Trough,

France'

ALAIN CURIAL'

ABSTRACT

The microresistivity curves recorded by dipmeters give
much diverse information about evaporitic formations
because these curves have a fine vertical resolution
{(approximately 1 em) and show the very high contrast in
resistivity between evaporites (with high resistivity) and
clay and carbonate rocks, which are porous and conduc-
tive, Examples are taken from the Paleogene salt
sequence and its overlying formations of the Bresse
Trough in southeastern France.

The consistency of the 4 to 8 dipmeter curves allows
clear recognition of different salt Facies (primary salt,
secondary salt, and mixed patches of elay and carbonate
within displacive halite layers) and sulfate facies (massive
anhydrite, nodular anhvdrite, etc). The correlation of
thin continuous carbonate and clastic beds using resistiv-
ity curves discloses, with a high degree of precision, the
geometry of the various formations between wells.
Examples show the detection of small-magnitude halite
dissolution (a few meters vertically) and the lateral effect
of anhydrite hydration.

In this paper, a method is proposed for determining
structural dip of salt beds by computing dip sngle and
azimuth of thin conductive beds within the salt using the
DUALDIP computer program. A frequency distribution
plot'of these dip angles and azimuths gives a good indica-
tion of the dip of the salt beds.

INTRODUCTION

Dipmeter logging consists of the simultaneous record-
ing of several microresistivity curves (3, 4, or more,
depending on the tools) in panicular directions, perpen-
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EHDT. DUALDIP, and MSO are registered rademarks of Schlumberger

dicular to the borehole axis. Dip values (angles and azi-
muths) are obtained by deciphering the data with
appropriate computer programs {curve-by-curve correla-
tions of the resistivity contrasts, calculation of the depth
difference between these correlated contrasts, etc).

The merit of these records resides not only in the esti-
mation of the dip but also in their microresistivity curves.
These curves represent a major information source for
recognition of the rock fabrics and textures because they
have high resolution (of the order of 1 cm compared with
several 10s of centimeters for other well logs), and high
vertical sampling frequency (every 5 1o 2.5 mm, whereas
the standard distance between wo measurements for
other recording devices is about 15 cm and, more excep-
tionally, 3 cm).

These dipmeter curves are commonly used in petro-
leum sedimentology, for instance, in analyzing turbidite
sequences (Payre and Serra, 1979; Harry, 1981). How-
ever, these curves are ssldom used in certain ather litho-
logical environments, such as evaporite sequences,
despite the ambunt of information they provide. Dip-
meter curves can indicate the location of the different
mineral components because of the great electrical con-
trast existing between compact resistive constituents
(halite, anhydrite, gvpsum, etc) and conductive constitu-
ents. The conductivity mav be related 1o the chemical
character of certain disseminated minerals such as metal-
lic sulfides (e.g., pyrite, galena, etc). However, in most
cases, conductivity is primarily induced by water present
within the rock pores, which is the case in clavstones and
porous-matrix lithologies (carbonates, sands, and sand-
stones).

In this study, comparisons between dipmeter curves
and cores have been carried out within the Paleogene salt
sequence of the Bresse Trough (southeast France) and
continuing through the overlving rocks (Curial, 1986b).
A few examples are presented showing the merit of these
records for lithofacies recognition within both halite
environments (Serra and Curial, 1985) and carbonate-
sulfate (anhydrite) environments. Two further examples
are given regarding information derived from well-to-
well correlations obtained by joint use of microresistivity
curves and other well logs. The recognition of slight (a
few meters) syndépositional dissolution of halite is dis-
cussed. Then, the effect of hvdration processes of anhy-
drite are presented, followed by a discussion on
recognizing the structural dip in a diagenetic salt
environment.
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REGIONAL GEOLOGY AND STRATIGRAPHY

The Bresse Trough (east and southeast France), ori-
ented east N15°N20", is a partion of the intracontinen-
tal West European Rift, which extends from Holland to
the Mediterranean Sea and Spain. This rift began to form
in the Eocene. Subsidence was very active during the late
Eocene and Oligocene, particularly in areas filled with
evaporite deposits. The Bresse Trough passes into the
Rhine graben to the north (a transform fault separates
these basins) (Bergerat, 1977a, b) and into the Valence
Trough to the south. The Paleogene salt basin is located
in the southern part of the Bresse Trough (Figure 1). The
stratigraphy of the salt sequence has been established in
the center of the salt basin (Etrez area) where the greatest
thickness of halite deposits exists.

The salt deposits are divided into three main series: the
lower salt series, the intermediate series, and the upper
salt series. The lower salt series (630 m) is composed of
halite with variable amounts of carbonate, anhydrite,
and clay material. Generally, terrigenous deposits are
sparse.

The intermediate scries (220 m) begins with 50 m of
alternating claystone and halite in beds thar commonly
range from 1 to 10 m thick. This section is named “Argi-
lites de base.” The upper part of the intermediate series
consists of alternating halite and laminated carbonates.
The thicknesses of these beds are similar to those of the
“Argilites de base.” Throughour this series, minor anhy-
drite intercalations are present, Both the lower and inter-
mediate series are considered to be late Eocene, based
upon palynology (Moretto, 1986).

The upper salt series (420 m) is of early Oligocene age
(Stampian), and is mainly composed of halite with spo-
radic clay beds up to 4 m thick (e.g., seismic marker hori-
zons: *‘Stérile” HS, H4A in Figure 1). Above the upper
salt series lies the ““Marno-calcaire” (180 m), also of
Stampian age. This sequence consists of carbonate, EVp-
sum, and anhydrite. The most important gypsum and
anhydrite are referred Lo as **Barre Sulfatée’ The over-
Iving Neogene sequence is composed of carbonates and
siliciclastic marerial,

DIPMETER CURVES AND EVAPORITIC LITHOFACIES

Comparison of dipmeter records with core has been
done using the microresistivity curves recorded by the
Stratigraphic High Resclution Dipmeter Tool (SHDT)
(Schlumberger, 1983a). This tool has four cross-linked
arms, each equipped with one pad. Each of the four pads
carries two electrodes, located in the same horizontal
plane and spaced 3 cm apart. There are thus four couples
of measurement electrodes that record a total of eight
microresistivity curves in {our perpendicular directions.
The sample spacing is 2.5 mm, providing 400 measure-
ments per meter. The resolution is on the order of the
electrode diameter itself ([ cm).

Dipmeter C_un.res for Analyzing Evaporite Farmations

Halitic Environment

Main halite macrofacies.—Within the salt deposits of
the Bresse area, two fundamental salt types can be distin-
guished by reference to the fairly well-developed diagen-
etic alterations of the ariginal depositional structures.
The term “primary salt” (or syngenetic salt) corresponds
tolayersslightly to moderatel y transformed since deposi-
tion (or precipitation) on the bottom of the brine pool.
However, the term **secondary salt”" is linked 1o deposits
i which halite is mainly diagenetic in origin {intrasedi-
mentary precipitates) and in which the depositional
structures have been strongly disrupted or destroyed.

The primary salt (Figure 2A) consists mainly of milky
halite, rich in fluid inclusions. This halite is composed of
several different fabrics: pyramidal hoppers, chevrons,
and rare rafts of halite crystals (Moretto, 198¢6), The
pyramidal hoppers initiate at the air/brine interface,
group together into rafts, then, under certain conditions,
sink and accumulate upon the flaor (Dellwig, 1955;
Arthurion, 1973). The halite with chevran fabrics 15 gen-
erated in subaqueous conditions by upward growth on
the bottom of a brine pool (Shearman, 1970: Arthurton,
1973). The milky halite is occasionally colored because of
the presence of clay particles scattered within the Crys-
tals. In addition, the primary porosity of the milky halite
has commonly been filled by clear halite devoid of fluid
inclusions (Maretto in Curial and Moretto, 1985;
Moretto, 1986), This clear halite cementation is believed
to have been early, probably during the period of sedj-
mentatien. The halite beds that compose this facies are
somewhat variable in thickness and are rhythmically
intercalated with shale-carbonate lavers forming a char-
acteristic bedded sequence with layers on the order of 1
mm to several meters thick. Generally, the halite beds are
somewhat thicker than the shale-carbonate layers.

The secondary salt is the more dominant type within
the sedimentary sequence of the Bresse area. This salt is
composed of clear halite macrocrystals separated from
each other by clay-carbonate material commonly con-
taining anhydrite (‘‘halite phénoblastique,” term pro-
posed by Moretto, 1985) (Figure 2B). The secondary salt
has a rubbly appearance produced by the crystallization
of halite within an original soft clay-carbonate sediment.
Usually crystals have pushed the host sediment aside dur-
ing their growth (displacive halite). Sometimes, part of
the matrix has been incorporated within the halite macro-
crystals (incorporative halite) (Moretto, 1986). Very simi-
lar phenoblastic halite has been documented in Permian
formations of Texas (Handford, 1981: Presley and
McGillis, 1982). Modern equivalents of displacive and
incorporative halite have been observed within the Dead
Sea deposits (Gornitz and Schretber, 1981) and within
Bristol Dry Lake deposits in California {Handford,
1982).

Comparisons Between Cores and Dipmeter Curves

A rapid inspection of the microresistivity curves per-
mits ready determination of the halite facies by the recog-
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Figure 1—Cenozoic lithologic calumn over Etrez field, location of Paleogene salt basin in Bresse Trouwgh (France), and map of
Etrez field (urderground storage in salt cavities, Gaz de France) with well locations,



Figure 2—Cores of halite deposits from lower salt series. {A)
Primary salt facies showing well-bedded halite composed of
milky halite (rich in fluid inclusions) with interfingering thin
clay layers (this core corresponds to interval 2in Figure 31. 1 =
milky halite. (B) Secondary salt facies formed of mixed clear
halite and clay-carbonate material and having a typical rubbly
appearance (interval 5 in Figure 3). 2 = clasv-carbonate matrix
aligned along intererystal planes, 3 = clear halite,

Dipmeter Curves for Analyzing Evaporite Formations
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Figure 3—Comparison of cores and microresistivity curves
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between curves, and dip values) is given by DUALDIP pro-
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eonlinuous clav-sarbonete bods
{mare than ! em)

nition of intervals through which the resistivity is high
(flat curves with rare resistivity decreases) (Figure 3).
These layers are composed of pure halite and halite that
includes a small amount of parous material (shales and/
or carbonates). These layers alternate with intervals that
display a number of resistivity deflections with a variable
amplitude, The latter correspond to salt lavers enriched
in shale-carbonate material that is either well bedded or
present as aligned fragments along intercrystal bounda-
ries pushed aside during halite crystal growth within a
soft sediment.

Several halite facies can be distinguished based on the
microresistivity curves mainly because of the distribution
of the porous (conductive) material, If these components
occur as continuous beds whose thickness exceeds only a
few millimeters, they will be detected by all measurement
electrodes. The resistivity contrasts will thus be easily
correlatable among eight curves, If the porous sediments
occur as scattered patches, only a few curves will show a
resistivity decrease. Inthis case, the general curve pattern
will be controlled by the abundance and size of the
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patches of sediment located within the intercrysial
~lanes.

Characterization of Primary Salt

The preservation of original bedding, recognized from
the analysis of the dipmeter curves, is a reliable indicator
of the primary salt deposits. Interval 2 (Figure 3) is com-
posed of milky halite {(syngenetic), rich in fluid inclu-
sions, enclosing very thin discontinuous shale beds (less
than 1 cm thick) (see Figure 2A). In this type of halite, all
curves exhibit maximum resistivity. The discontinuous
shale beds induce decreases in resistivity only on certain
curves. These resistivity contrasts can be easily correlated
and reveal a vertical succession of parallel planes, which
characrerize salt deposits little altered during diagenesis.
If the porous beds are thick enough, they are simultane-
ously detected by each electrode. Thus, the dipmeter
curves show the bedded appearance of primary salt layers
and variations in the depositional rhythm with great clar-
ity (Figure 4). The presence of incidental displacive crys-

s of halite, veins of fibrous halite, and centimeter-size

Jhydrite nodules within shale-carbonate beds causes
increases in resistivity detectable only by one or two
electrodes.

Characierization of Secondary Salt

Because of their heterogeneity, the diagenetic salt
deposits are recognized by their mixed or variable resis-
tivity signals. Secondary salt differs from primary salt in
that resistivity contrasts cannot be correlated between all
curves. Different types of secondary salt, which vary in
the abundance and size of porous impurities along inter-
crystal planes, can be distinguished by examining the
curves.

When the amount of clay-carbonate material is high
(30 to 50% in volume), intercrystal accumulations are
thick {a few centimeters) and form a network that wraps
around the halite crystals. Therefore, the resistivity

creases, and deflections are numerous and very closely

weed vertically (e.g., interval 7, Figure 3). These dip-
weter curves have a rubbly appearance (as does the rock
itself).

When porous material is less abundant (around 20% in
volume), the resistivity curves show very few deviations
{e.g., the central part of interval 4, Figure 3) correspond-
ing to isolated intercrystal accumulations. Each of these
accumulations is detected by one or two electrodes on
one of the pads, and by more electrodes in the case of
large porous patches. The vertical pattern of these con-
trasts never shows any succession of parallel planes. This
characteristic permits us to distinguish this kind of sec-
ondary salt from a primary salt, including thin and dis-
continuous clay-carbonate beds.

Certain salt layers show both primary features (halite
locally rich in fluid inclusions, well-bedded deposits) and
secondary features (abundant clear halite with the pres-
ence of rare and very thin intercrystal accumulations of
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Figure 4—SHDT field log within mainly primary salt (hottom
of upper salt series), Deflections of resistivity exhibit vertically
successive parallel planes that characterize preservation of orig-
inal bedding.

porous sediments), In addition, these layers contain nod-
ular anhvdrite. This composite facies results from a
fluid-filied halite that is altered by an early precipitation
of clear halite filling the primary porosity. This causes 2
weak alteration of the original bedding. In this case, the
dipmeter curve pattern is similar to the pattern obtained
from typical primary salt.

Extensive nodular anhydrite can give a high resistivity
1o associated carbonates; such carbonates are thus not
detectable by electrodes. The use of other well logs (e.g.,
density logs) allows one to detect anhydrite and specify
salt facies deduced from the microresistivity curves,

Shale-Carbonate-Sulfate Eavironment

The formation that overlies the halite sequence
("'Stampien marno-calcaire”) is mainly composed of
variable argillaceous limestones. These deposits are very
porous and, therefore, act as conductors. In contrast,
those zones with anhydrite and gypsum have a verv high
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Figure 7—Interpretation of lithology using standard well logs (precise sampling every 1.2in.) and dipmeter curves {only one SHDT
curve is shown). This interval corresponds to upper part of " Argilites de base" (intermediate salt series). Thin carbonate beds
included within primary salt layers are precisely detected by dipmeter. See Figure 6 for lithology explanation.

relatively continuous and are useful lithological markers
that can be correlated from one well to the other. Using
correlations based on these beds, the upper part of the
salt séquence clearly is truncated by solution. This disso-
lution truncation affected a considerable part of the salt
to thesouth. Below claystone layer 21 (Figure 6), carbon-
ate deposits rich in anhydrite can be recognized. Their
thickness decreases from the south (well EZ 12) to the
north, and they are missing in wells EZ 07 and EZ 10
(northernarea). These deposits represent a local accumu-
lation of residual material resulting from the dissolution
of the halite matrix before deposition of the next terrige-
nous unit {Curial, 1986b).

Anbydrite Hydration Processes

Despite the relatively small size of the Etrez field
(about 10 km’®), well-log examination reveals important
lateral lithological changes within the carbonate-sulfate
formation overlying the salt sequences (Curial, 1986b).
Some of these changes correspond to a lateral transition
of anhydrite to gypsum, which is believed to be the result
of a late diagenetic hydration of anhydrite. This hydra-
tion affected a particular layer approximately 20 m thick
(the ““Barre sulfztée’’). Supporting evidence for such an
anhydrite hydration process (and not a gypsum dehydra-

tion) is available from the well-to-well comparisons of
dipmeter curves.

The north-northwest-south-southeast section of the
““Barre sulfatée’ (Figure 8) shows a dominant gypsum
lithology above a dominant anhydrite lithology, The
gypsum-anhydrite contact is sharp but obligue to general
bedding. Interbedded thick shale-carbonate lavers
{about 10 cm or more) are laterally continuous between
wells, irrespective of the host sulfate lithology. When the
lithology is anhydrite, the thinnest shale-carbonate beds
are also easily correlated between wells: however, when
the lithology becomes gypsiferous, most of these beds
disappear from the logs. This fact suggests a later anhy-
drite hydration that caused the destruction of the thin-
nest and most fragile beds.

DIP ESTIMATE IN DIAGENETIC
SALT ENVIRONMENT

Within the diagenetic halite formations, dipmeter logs
show a wide scattering of dip-angle and dip-azimuth val-
ues (Figure 3). This scattering suggests that the recogni-
tion of structural dip may be impossible because of the
heterogeneity of the lithofacies. However, a few horizons
have been preserved from the general diagenetic effects.
Thus, information on structurai dip exists sporadically in
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the records and ¢an be extracted from the welter of non-
significant values,

Raw Data Computed by Interpretive Programs

The resistivity measurements recorded by the SHDT
have been computed using two different programs:
DUALDIP {the SHDT Dipmeter tool uses four dual elec-
trodes to record eight correlation curves giving a high
density of dip results; three types of computations are
made for the DUALDIP plot: pad-to-pad interval corre-
lations, pad-to-pad feature correlations, and side-by-side
interval correlations [Schlumberger, 1983b]) and MSD

(mean squared dip, used for interval correlations), which
produced dip-angle and dip-azimuth values. The graphic
presentations of results obtained from these programs
differ in that DUALDIFP presents correlations between
curves whereas MSD does not. The azimuths computed
by each of these programs are reporied on frequency
charts (Figure 9A). For a given stratigraphic interval,
DUALDIP and MSD have computed a little aver 700
dips and 135 dips, respectively. The values produced by
the M5D program indicate a bimodal azimuth distribu-
tion: first mode is oriented south-southeast (30% of
dips), the second mode northeast-east-southeast (28%; of
dips). The remaining 42% are irregularly distributed in
all ather directions. The data from the DUALDIP pro-
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Figure 9—{A) Frequency charts (% of dips) of azimuth values:
(1} raw data given by MSD program, () raw data given by
DUALDIP program. (B) Frequency charts (number of dips) of
azimuth values after selection of dips corresponding to well-
bedded layers recognized in cores: (1) dips corresponding to all
well-bedded layers, (2} dip values after discriminative selection
from previous data set (values computed from doubtful corre-
lations and established due to layers having irregular surfaces
have been omitted). (C) Frequency chart (number of dips) of
azimuth values selected from visual analysis of dipmeter curves
without reference to core data.

gram are more scattered but general trends are similar to
those of the MSD results.

Sefected Hesulis

Only the well-bedded porous beds bear information
relative to the structural dip of the sediments in contrast
1o beds composed of displacive halite with marked inter-
crystal impurities. Where such well-bedded layers were
recognized in cores, dips and azimuths were extracted
from DUALDIP processed logs. The azimuths were plot-
ted on a frequency chart (Figure 9B1), and a mode is
noted between southeast and south-southeast with cor-
responding dips ranging from 1 %to 18°.

A discriminative selection has been made from this
data set consisting of a visual verification of the curve-

Dipmeter Curves for Analyzing Evaporite Formations

by-curve correlations given by DUALDIF. Dips com-
puted from doubtful correlations or from layers having
irregular surfaces have been omitted (e.g., Figure 3). The
arimuths of beds whose thickness exceeds a few centi-
meters show a marked preferential oricntation, again
between south and southeast (Figure 9B2); indeed, S8%
of the data point south-southeast. However, the azi-
muths corresponding to thinner beds do not point in a
particular direction because thin beds are more suscepti-
ble to diagenetic processes. Hence, their original bedding
is easily altered. The dip angles for the data set range
from 1"to 8 °, with the mode at 2° and the average about
47 These results are consistent with the structure contour
maps constructed over the Etrez field (Curial, 1986h).

Application to Dip Estimation Without Core Data

If no core data are available, structural dip may be esti-
mated. A simple technique consists of visually selecting
certain dip values according to the shape of the microre-
sistivity curves. A selection must be made omirting all
dips computed from horizons in which the lateral conti-
nuity is limited or absent. Thus, anly the resistivity con-
trasts that can be correlated among all curves are
retained. By examining microresistivity curves, we can
rule put many nonsignificant values. Two selection crite-
ria prevail in this examination: (1) verification that the
curve-by-curve correlations performed by the program
are the only ones possible (if another carrelation is possi-
ble, that dip value has to be eliminated), and (2) the con-
trasts of resistivity correlated between all curves have to
show similar shapes and thicknesses. The latter is a mor-
phological criterion and, therefore, is the most impor-
Lant.

Although this selection method 15 subjective, it gives
rather reliable results. From a little more than 700 raw
dips computed by the DUALDIP program, 123 dips were
selected using this technigue (Figure 9C). The principal
orientation determined from the core inspection, south-
southeast, is confirmed here by 46T of selected dip-
azimuth values. A comparison of graphs A2 and C in
Figure 9 indicates this selection method appears to pro-
vide reasonable estimates of the structural dip within a
diagenetic salt environment.

CONCLUSIONS

Different salt facies may be distinguished using dip-
meter curves because they provide a picture of the distri-
bution of porous deposits in the borchole. Primary salt
facies, and those slightly altered by intrasedimentary
halite crystallization, are recognized from a particular
geometry of the dipmeter curves: the resistivity contrasts
exhibit a vertical succession of parallel planes. This char-
acteristic reveals the depositional rhythm of the primary
salt deposits. In contrast, secondary salt deposits are
never well bedded, thus, the dipmeter curves take on a
maore or less rubbly and broken appearance relative to the
abundance and size of the porous patches, Within a
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carbonate-sulfate environment, the dipmeter curves pro-
vide information on the macrostructure of nonconduc-
Jve minerals such as anhydrite (e.g., discrimination
between a massive structure or scattered nodules).

The high vertical resolution of dipmeters permits
detziled correfations between different wells. The exami-
nation of the laterally continuous thin shale-carbonate
beds reveals the salt-layer geometry. In this way, halite
dissolution of even small magnitude (a few meters verti-
cally and a few square kilometers in area) can be
detected. In addition, precise correlation of rhythmic
beds may allow long-distance correlation that presently
may be achieved by tedious **varve'' correlation.

Where diagenetic processes altered original well-
organized bedding (by intrasedimentary halite crystalli-
zation, anhydrite-gypsum transformation, etc), the
dipmeter curves provide accurate information not
revealed by other well logs. The recognition of anhydrite
hydration phases (e.g., in the **Barre sulfatée’") exempli-
fies the application of the dipmeter curves for establish-
Ing or supporting interpretations of diagenetic processes.
3y comparison with other logs, diagenetic zones oblique

1 bedding can be identified.

The altering of original primary structures induced by
early diagenetic intrasedimentary growth of halite crys-
tals explains widely scattered dip values (angles and azi-
muths) calculated by computer programs. A method has
been proposed for estimating the structural dip despite
the heterogeneity of the secondary salt deposits. This
method consists of a discriminative selection of signifi-
cant dips, computed by the DUALDIP program, by
inspecting the dipmeter curves.

REFERENCES CITED

Arthurton~R. 5., 1973, Experimentallv produced halite compared to
Triassiclayered halite-rocks from Cheshire, England: Sedimentol-
ogy, v. 20, p, 145-160,

Bergerar, F., 19772, Le role des décrochements dans les liaisons tectoni-
ques entre le fossé de la Sadne e le fossé Rhénan: Compies Rendus
Sommaires de la Société Geologique de France, v. 4, p. 195-198,

1333

1977b, La fracturation de |"avant pays jurassicn e les fosses
de 1a Saome et du Rbin: Revue de Géographiz Ph vaique et de Géolo-
gic Dynamique, v, |9, p. 325.337

Curial, A., 19862, Les dissolutions dans la partie supérieure du Salifére
paléogene de Bresse (SE de la France): Chronologie, extension e
mécanismes: Revue de Géagraphic Physique @1 de Geologie
Dynamigque, v. 27, p. 225-215.

19860, La sedimentation salifére et suprasalifére du Faléogtne

bressan (France): comparaison entre les données diagraphiques et

Inthoiogiques. Erude diagraphique du champ d'Etrez ¢1 synthese dy

bagsin: Documents de I'ULAL 1209 {C.N.R.S.), v 11, 251 p.. and

Documents des Labaratoires de Géologie de Lyon (1987}, v. 100,

152 p.

L9387, Le détritisme durant la sédimencation salifére paldogine

en Eresse méridionale: Geologie Alpine Mémoire hors série, v. 13,

P 391-395,

and R. Moeretto, 1985, Le Paléogéne salifere de Bresse (déparne-
ment de ' Ain, S5E de la France), Etude diagraphique e sédimento-
logigue: Documents du GRECO 32 {C.MN.R.5.), v. 5, p. 93153,

Dellwig. L. F., 1935, Origin of the Salina sal of Michigan: Journal of
Sedimentary Pecrology, v. 25, p. 83-83, 95102, 107-110.

Gornitz, M, V., and C. B, Schreiber, 1981, Displacive halite hoppers
from the Dead Sea: some implications for ancient evaporite depos-
its: Journal of Sedimentary Petrology, v. 51, p. TE7-754,

Handford, C. R., 1981, Coastal sabkha and salt pan deposition of the
lower Clear Fork Formation (Permian}, Texas: Journal of Sedi-
mentary Petrology, v. 5t, p. 761-778.

19E2, Sedimentology and evaporite genesis in a Holocene conti-
nental sabkha-playa basin—Bristol Dy lake, California: Sedimen.
1ology, v, 29, p, 239-253.

Harry, 1., 1981, Utilisation des courbes ds pendagemétric en sédimen-
telogie pétroliere: Mémoires Géclogiques de I'Université de Dijon,
v. T, p. 275284,

Maretlo, B., 1985, Sédimentologie de la série salifere du Paléogine de
la Bresse {(France): Bulletin de la Sociéié Géologique de France, v. 1,
p. B49-£55.

1986, Etude sedimenrologique ef 22ochimigue des dépbis de la
séric salifere paléogene du bassin de Bourg-en-Bresse (France): PhD
thesis, University of Nancy I, Maney, France, 312p., and Mémaires
Sciences de la Terre (19873, v. 50, 252 p,

Pavre, X, and O, Serra, 1979, A case study: turbidites recognized
through dipmeter: Sociery of Professional Well Log Analysts 61k
European Logging S¥mposium Transactions, paper K, 27 p.

Presley, M. W., and K, A. MeGillis, 1982, Coastal evaporite and 1idal-
flat sediments of the upper Clear Fork and Glorieta formations,
Texas panhandie: Bureaw of Ecengmic Geolopy Report of Invesii-
gations 113, 30 p.

Schiumberger, 1983a, Swratigraphic high resolution dipmeter toal:
Schlumberger, 22 p,

1983b, Openhale services catalog: Schlumberger, p. 36.

Serra, O and A, Curial, 1985, Progrés récents dans la reconnaissance
des accumulations salines par diagraphies: Bulletn de la Société
CGéologique de France, v. 1, p. 797-806,

Shearman, D. I., 1970, Recent halite rock, Baja California, Mexica:
[nstitute of Mining and Metallurgy Transactions, v. 79, p. 155-162.




Wellbore Breakout Stress Analysis Within the
Central and Eastern Continental United States

Richard L. Dart:
Mary Lou Zoback:

U5, Geological Survey, Denver, Colorada
U.S. Geological Survey, Menlo Park, California

Abstract: Using readily available petroleum explormation
dipmeier and fraciure identification well logs, the orienta-
tions of stress-induced and stress-related wellbore enlarge-
ments were analyzed to determine horizontal crustal stress
directions. Data were from more than 200 selected wells in
I 5 structurally diverse areas within the continental interior
and along the Atlantic continental margin. A variety of ge-
netically diverse 1ypes of stress- and nonstress-related well-
bore enlargements were observed. Factors controlling ar con-
tributing to their formation include not only horzontal siress
differences and rock strength butl possibly drlling history,
mtersecting natural fractures, and rock-fabric properties.

Owur findings agree closely with results of previously pub-
lished studies, indicating that (1) stress-induced borehole
elongations (breakouts) can develop in a wide variety of rock
types in regions with differing tectonic histories; (2) breakout
shape is elliptical in cross section with the long axis oriented
paraliel 1w the mferred direction of minimum horizontal
compressive stress (S b (3) elliptical wellbore enlarge-
ments resembling breakouts can be mechanically induced
during drilling in boreholes that deviate vertically; (4) in
weakly consolidated formations or in rocks that are easily
eroded, stress-induced breakouts are likely to be further en-
larged by the action of circulating drilling Auids; (5) breakout
orientations in wells within a given structural environment
are generally consisient in orentation; and (&) stress direc-
tions inferred from breakout orientations ofien agree with
the results from other types of stress data.

INTRODUCTION

A number of recent studies comparing wellbore-break-
out cross-sectional long-axis orientations with known di-
rections of horizontal stress from areas in North America
and Europe have yielded results supporting the conclu-
sion that wellbore breakout enlargements are stress in-
duced and that their azimuths of borehole enlargement
parallel the §h_, orientation (Bell and Gough, 1979, 1982;
Gough and Bell, 1981, 1982; Mastin, 1984; Hickman et
al., 1985: Plumb and Hickman, [985: Teufel, 1985; Fo-
back et al., 1985). These studies, using field data as well
as laboratory results and theoretical analysis of breakout
formation, indicate that breakouts are elliptically shaped,
vertically elongated zones of wall spalling (Figure 1) formed
primarily by compressional shear failure caused by the
unequal concentration of horizontal compressive stresses
about the wellbore (Teufel, 1985; Zoback et al., 1985).
This finding is supporied by the overall excellent agree-

12 The Log Analyst

ment in breakout orientations in both individual well data
sels and composite data sets of wells within the same
structural setting, and by the consistency between stress
orientations inferred from breakout data and the results
from other types of stress data (Gough and Bell, 1981,
1982; Hickman et al., 1985; Plumb and Hickman, 1985),
i.e., earthquake focal mechanisms and hydrofrac mea-
SUrerments.

Knowledge of in situ stress conditions is essential in
evaluating hazards associated with both seismic and ase-
ismicdeformation and the potential for slip on preexisting
zones of weakness. Such knowledge is also important to
the petroleum industry in the mitigation of certain drilling
problems and in hydraulic fracturing (hydrofrac) treat-
ment design. The analysis of breakout data has become
an important tool in understanding present-day siress
conditions in regions where log data are available (areas
of petroleum exploration),

This report focuses on the results of several recent
breakout stress studies involving primarily breakout ori-
entation data from a variety of tectonic settings within
the central interior and along the eastern continental shell
of the United States (Dart, 1985, 1987; Dart and Zoback,
1987). The results of these stress studies are compared
with other types of stress data from the areas studied and

from the surrounding regions.

BREAKOUT STUDIES IN
THE UNITED STATES

We have completed the analysis of stress-induced,
stress-related, and nonstress-related wellbore enlarge-
ment data from more than 200 wells located in 15 struc-
tural settings, primarily sedimentary basins, within the
midcontinent and along the modern Atlantic continental
shelf margin of the United States (Dart, 1985, 1987; Dan
and Zoback, 1987) (Figure 2). The term “wellbore en-
largement,” as used in this report, is an interval of vertical
borehole elongation of some length where the cross-sec-
tional size of the wellbore in at least one direction exceeds
the calibrated bit size. Data analyvzed consist of over 62,000
vertical feet of borehole elongation in 1,240 wellbore en-
largement features (primanly breakouts). The areas stud-
ied include (1) the west-central part of the Denver basin
in Colorado and the southern half of the Ilinois basin in
Illinois, and adjoining pans of Indiana and Kentucky; (2)
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Figure 2: Centraland Eastern United States showing basin outlines {dashed outlining), breakout stress study areas{solid outlining),
and inferred stress directions {open arrows) from wellbore enlargement orientation data. Arrows point inward (areas ol inferred
compressional stress) or outward (areas of known or inferred exiensional siress). Also plotted are siress oreniations from other

types of stress indicators (see explanation).

breakout occurrence and long-axis orientation clearly ap-
pear to be related to the concentration of horizontal stress-
es about the wellbore and to rock strength.

Elliptically shaped, deviation-induced wellbore en-
largements (Figure 4B) appear to form as a result of the
eccentric wobble of drill string when the vertical axis of
the borehole deviates from vertical during drilling (Flumb
and Hickman, 1985). I the amount of deviation is more
than a few degrees, enlargement-orientation data are con-
sidered to be of questionable value as stress data. This
seems to be true when the enlargement long-axis orien-
tation is within =10° of the azimuth of hole deviation
(Figure 3). Log records of enlargements of this type closely
resemble log records of breakouts.

Fracture-related enlargements, inferred to be stress-re-
lated, are also elliptically shaped in cross section and are
generally oriented normal to the trend of breakouts within
the wellbore, Fractures associated with their formation
are likely drilling-induced hydraulic fractures or opened
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preexisting vertical fractures or joint sets (Dart, in press).
Both dolling-induced hydraulic fractures and opened
preexisting fractures are extensional. Fracturing or frac-
ture opening may occur when the hydrostatic pressure
within the wellbore exceeds the confining strength of the
rock drilled. The hydrostatic pressure is the weight of
the vertical column of drilling fluid plus the pumping
pressure. A likely mechanism for the formation of frac-
ture-related enlargements may invelve the mechanical
“chipping out” or enlarging of an interval of the borehole
weakened by extensional fractures (. G. Davis, personal
communication). That is, through the dynamic drilling
process and the erosional effect of circulating dnlling fluid,
the fractured wellbore may become enlarged. Possible
examples of fracture-related wellbore enlargements in-;'
volving preexisting and drilling-induced extensional ﬁar:-J
tures are shown in Figures 4C and 4D, respectively. Figure
5 is a schematic example comparing the cross-sectional
structure of breakout and fracture-related wellbore en-
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Table 1: Continued.
Toral Total Folal T
otal number  vertical - -
number o feeior  Dupth imervalfrom 6
of  break-  break- devi- Generalized Geologic
Study area wells  ouls aut From To SM_,, ation Giealogic age stratigraphy references
Hugoton [ 13 420 40 =330 35 15 Palcozoic Interbedded Hill and
embayment’ (Fermian 1o DOLO with Clark
Mississippi- LS and 5% (1980)
e an) with SH
Bravo dome 33 98 2,583 =800 =7.000 47 IR Faleozoie Redbeds, in- Dutton et al.
area’ (Permian 1o terbedded (1982)
Pennsylva- ANHY,
nian) and DOLO, LS,
Precambrian granite
basement wash, and
SH. Granite
Midland basin 5 24 986 =2,300 —8.400 g6 24 Paleazoic LS, DOLO, Galley (1978)
{Permian 1o 55, and SH
y Pennsylva-
mian}

58, sandsione; SH, shale; LS, limesione; ANHY, anhydrite; DOLD, dolamite 8T, silistone. §H

is inferred from breakout data, SH_, is not

inferred for dats se1s having angular deviation greater than 307, —, indicates no inference made.
" In study areas with bimodal-orthoponal well-dated sets, SH .. 15 inferred [rom the breakout partion of thess data sets, EH,,, and angular

deviation are in degrees,

largements. Also shown are the orthogonal long-axis ori-
entations of these two types of wellbore enlargements. It
has been observed (Dart, 1987) in data from a number
of study areas in the southern midcontinent study reglon
(Figure 2) that breakout and fracture-related wellbore en-
largements together form data sets of enlargement ori-
entations having orthogonally oriented bimodal trends.

A type of elliptical borehole enlargement, possibly as-
sociated with plastic deformation of the borchole, was
observed at depths of less than 5,000 fi in soft or poorly
consolidated basin sediments in wells along the Atlantic
continental margin (Dart and Zaback, 1987) (Figure 4E).
Wellbore enlargements of this type were typically ellip-
tical, were ofien oriented orthogonal to the trend of “true™
breakouts that occurred in consolidated formations at
greater depths, and may have been stress related. How-
ever, because of apparent randomness in orientations and
occurrence at shallow depths in poorly consolidated strata,
this type of enlargemént was not considered to be a re-
liable stress indicator. Although no theoretical or exper-
imental studies exist to explain the inferred deformation
of the wellbore, the difference in horizontal stresses and
the lack of sediment consolidation at shallow depths may
cause the wellbore to become plastically deformed in the
SH ., direction. Circulating drilling fluid may then rap-
idly erode the borehole, resulting in the formation of an
elliptically shaped, deformation-related wellbore enlarge-
ment.

Preferentially oriented washouts (POW’s) are wellbore
enlargements exhibiting an increase in borehole size in
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two directions while maintaining a pronounced elliptical
cross-sectional shape. Their long-axes orientations may
be subparaliel or orthogonal to the mean orientation of
“true" stress-induced breakouts within the well (Figure
4F). POW's, so onented, are considered oversized or en-
larged breakouts or fracture-related wellbore enlarge-
menis, respectively. Fracture-related POW's may be as-
sociated with either drilling-induced hydrofractures or
preexisting natural fractures or joint sets intersecting the
borehole. Because POW's are enlargements of the well-
bore in two directions, they are usable but are considered
less reliable stress indicators than breakouts.

Washouts (random enlargement of the wellbore) do not
exhibit a preferred cross-sectional orientation (Figure 4G;
also Figures 4A, 4F) and are therefore not stress indica-
tors. Washout enlargement shape and vertical length of
elongation may be affected by circulating drilling fluid,
changes in lithologic type, and variety of rock-fabric prop-
erties present (Babeoock, 1978). Washouts often occur at
shallow depths because the upper part of the borehole
will likely be an area of limited sediment compaction and
will have had a longer exposure time to drilling activity.
Washouts were observed to vary in vertical length within
the wellbore from a few feet to several hundred feer.

We have evaluated wellbore enlargement data quality
in two ways. Initially, a log copy is graded according to
the readability of recorded traces (trace clarity) and well-
bore roughness. Wellbore roughness or rugosity refers to
how badly washed out or otherwise damaged the horehole
appears on the log record. Wellbore roughness will affect
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Fragciure Enlargemani

Figure 5: Cross-sectional schematics of wellbores with elliptical breakout and fracture-related enlargements associated with
curvilinear shear failure (A) and exlensional drlling-induced hydraulic fracturing or open preexisting vertical fractures (B).

Humber of Breakouts

Figure 6: Rosediagrams of combined individual well-data se1s
for the Anadarko basin illustrating the distobution of wellbore
enlargement orientations, Wellbore enlargement frequency of
occurrence and azimuthal orieniation are expressed as vector
length and vector direction, respectively, Vector length (radial
distanee)} is the sum of vertical feet of barshole elongation (A)
or number of individual wellbore enlargements {B). Vector di-
rection is wellbore enlargement onentation {arimuthal direc-
tion).

20 The Log Analyst

number of discrete enlargement intervals (number of
breakouts) plus azimuthal orientation. Because there ap-
pear 1o be fewer physical factors governing the frequency
of wellbore-enlargement occurrence, enlargement num-
ber seems to be a more reliable statistical measurement
of the mean distnbution of the data than enlargement
length.

Statistical calculations include determinations of the
mean orientation, the standard or angular deviation of
the distribution, and the standard error of the mean (Bat-
schelet, 1965). These statistical data are typically dis-
played as rose diagrams. Rose-diagram plots (Figures 6,
7) are proportional to pedal length (radial length), not
pedal area; therefore, the reader is cautioned Lo avoid
making biased interpretations of apparent data orienta-
tions. That is, some degree of arcal distortion is inherent
in this type of rose diagram display (Wemer, 1976).

In compiling rose diagrams of wellbore enlargement
arimuths and frequencies of data occurrence from wells
located in the Bravo dome area of the Texas Panhandle,
we found the data distribution to be both bimodal and
the modes orthogonal (Figure 7). One trend of wellbore
enlargements had a mean direction of N 50° E and the
other N 40° W. Testing in the nearby Stone and Webster
Holtzclaw #1 well located in the central Texas Panhandle
yielded hydraulic fractures oriented between N 40° E and
N 60° E (Borjeson and Lamb, 1987). These hydrofrac
data suggest a N 50° E SH .., direction implying that the
N 40°W trend of wellbore enlargements are probably
“true” stress-induced breakouts. The N 50° E orthogo-
nally oriented trend of wellbore enlargements may be
either drilling-induced hydrofraciures or preexisting nat-
ural fractures opened during drilling. It was not possible
1o conclusively differentiate between orthogonally ori-
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computer analysis of digitized well logs. However, this
zchnique probably works best only when orthogonally
oriented wellbore enlargements occur in rock with very
low porosities. That is, contrasts among conductivity val-
ues should be strongest when the influence of rock po-
rosities on induced current flow is at a minimuom.

COMPARISON OF STRESS DATA

In all areas studied (Figure 2), the siress orientations
inferred from the analysis of wellbore enlargement data
are consistent with the pattern of regional stresses inferred
from other types of siress data (e.g., focal mechanisms,
hydrofrac stress measurements, geologic data of recent
slip on faults, and volcanic vent alignments). The inferred
state of stress in the various study areas in summarized
as follows:

|. Breakout stress orientations from the Denver basin
arc consistent with ENE extension {(Figure 2) inferred
from the Rocky Mountain Arsenal earthquakes and
extensional tectonics associated with southern Great
Plains basaltic voleanism (Evans. 1966; Healy et al_,
1968; Zoback and Zoback, 1980).

2. An E-W orientation of SH . (Figure 2) inferred from
the breakout data for the southern Illinois basin is
consistent with focal mechanisms, barehole-hydrofrac
data (Dart, 19835}, and other breakout stress data from
the Appalachian region (Plumb and Cox, 1987) and
with the general NE to E-W orniented regional SH,
found throughout the midcontinent stress province
{Zoback and Zoback, 1980).

3. Along the Atlantic outer continental shelf. breakout
data yielded SH,_ . orientations (Figure 2) that were
broadly consistent with the NW to ENE compression
observed throughout the Eastern United States and
Canada (Zoback and Zoback, 1980; Podrouzek and
Bell, 1985; Dart and Zoback, 1987; Ervine and Bell,
1987). However, within the three Atlantic-margin ba-
sin settings studied (Georges Bank basin, Baltimore
canyon trough, and the Southeast Georgia embay-
ment), the inferred directions of S#,,,. are normal or
nearly normal to the local wrend of the continental
slope, indicating local rotation of principal stress di-
rections parallel and-perpendicular 1o the shelf=slope
break (Dart and Zoback, 1987). This apparent rotation
may result from a superimposed margin-normal ex-
tensional stress along the continental shelf derived from
flexure due to sediment loading on the margin (Dart
and Zoback, 1987).

4. The ENE to NE SH,.. orientation inferred from
breakout data in the basins and uplified areas of the
southern mideontinent study region (Figure 2, Texas
Panhandle to the Mississippi embayment) (Dart, in
press) 15 consistent with the general state of stress
throughout the rest of the midcontinent {(Zoback and
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Zoback, 1980) and s supporied by carthquake foecal
mechanism data from the Mississippi embaymem
(Herrman, 1979) and hydrofrac data from Oklahoma
(von Schonfeldt et al., 1973) and the Texas Panhandle
(Borjeson and Lamb, 1987). In central Oklahoma, the
generally ENE SH.,,,, orientation inferred from break-
oul data is consistent with the observed lefi-lateral
oblique Holocene ship along the WNW-trending Meers
fault (Luza et al., 1987; Ramelli e1 al,, 1987: Madole,
1988). Extensional stress conditions {normal-faulting
stress regime) exisl within the Bravo dome area of the
central Texas Panhandle (Figure 2). as evidenced by
a vertical maximum principal stress magnitude cal-
culated from hvdrolrac stress-measurements made in
the Stone and Webster Holizelaw #1 well (Figure 7)
(Borjeson and Lamb, 1987). The orthogonal trend of
inferred fracture-related wellbore enlargements in the
Brave dome area bimodal data set may reflect this
extensional stress regime (Dart. in press). That is, hy-
draulically induced borehole fracturing is more likely
to occur in wells located in areas subjected to exten-
stonal stress conditions (Stock et al., 1985). Exten-
sional stress conditions may passibly exist north of
the Bravo dome area in the Hugoton embayment. The
wellbore enlargement data set from the Hugoton em-
bayment area was bimodal-orthogonal. A third bi-
modal-orthogonal wellbore enlargement data set frem
Marietta basin wells, located in south-central Okla-
homa, may also be indicative of an extensional stress
setting (Dan, in press). Stress conditions outside the
Marietta basin appear to be compressional indicating
that this inferred extensional stress regime within the
basin may be a local stress anomaly (Dan, in press).

CONCLUSIONS

Types of observed wellbore enlargements include (1)
reliable stress indicators (i.e., stress-induced breakouts,
preferentially oriented washouts oriented subparallel and
orthogonal to the trend of breakouts, stress-related drill-
ing-induced hydraulic fracture enlargements, and preex-
isting natural fracture enlargements), and (2) nonindica-
tors of stress (i.e., vertical deviation drilling-induced
enlargements, shallow soft-sediment enlargements pos-
sibly associated with plastic deformation of the wellbore,
and washouts).

Wellbore enlargements as reliable stress indicators are
abways elliptically shaped in cross section, whereas well-
bore enlargements that are not reliable stress indicators
may or may not be elliptical in cross section.

Differentiation among the various types of borehole
enlargements is possible through a careful evaluation of
dipmeter and fraciure-identification well logs and by cor-
relating enlargement onentation data with other borehole
data {(mud weights, fracture history, drlling conditions,
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Chapitre 12

INFORMATIONS SUR LA TECTONIQUE

(Déformation des roches)

12.1. INTRODUCTION

Apres leur formation, les hydrocarbures sont
expulsés de la roche-mére vers les réservoirs sous
laction essentiellerment de la pression. C'est a ce
mecanisme qu'on donne le nom de migration
prmaire. Dés qu'ils ont atteint un réservoir, les
hydrocarbures continuent & s'y déplacer, sous
F'action cette fois de la poussée d'Archimede, Ia
densité des hydrocarbures étant inférieure a celle
des eaux occupant l'espace poreux. C'est 3 ce
deuxieme mécanisme gu'on donne le nom de
migration secondaire. Cette dernjére peut étre
dccentuée, ou freinge, sous l'action de gradients
hfd?:)dvnamiqu&s deplagant les aquiféres. Lors de
ces deplacements les hydrocarbures peuvent ren-
contrer des barriéres de perméabilité qui consti-
tuent des pieges (« traps »), en amont desquels ils
vont s'accumuler et former des gisements.

On a I'habitude de classer les pieges en trois
catégories (Fig. 12-1) -

- les pieges structuraux;

- les pigges stratigraphiques:

- les pigges mixtes ou divers.

Parmi ces trois types, les pigges structuraus
ouent le rdle principal, Selon HALBOUTY (1976],
78 % des 306 champs majeurs des Etats Unis (plus
de 14 Mt d'huile ou d'équivalent gaz). sont liés a
I'existence de piéges structuraux. Sil'on considére
maintenant les 266 champs géants du monde (plus
de 70 Mt d"huile ou d'equivalent gaz) les piages
Structuraux  représentent 89% de |'ensemble
(PERRODON, 1880). Ces piéges sont liés 3 I'action
de forces qui ont déforme les roches, la fermeture
etant assurée par des roches couvertures a tres
faible permaabilita,

Les pieges stratigraphiques, qui représentent
0% du nombre et des réserves des champs

géants du monde {de plus de 70 Mt), correspon-
dent & des barrieres de perméabilité soit par
variation latérale de faciés, soit par biseaux strati-
graphiques ou sous discardance.

Enfin, les pieges mixtes ou divers sont ligs & des
phénomenes de disgenése ou de pression diffé-
rentielle (anomalies de pression)

Compte tenu de leur importance. puisgu’ils
conditionnent l'existence de gisements. on va
s'efforcer de déceler ces piéges 5 I'aide de pros-
pection géclogique de surface ou de geophysique
{gravimétrie, sismigue -0

Ces methodes permettent la reconnaissance a
priori des deformations du sous.sol ou la detection
de biseaux, Cette étape de l'etude d'un bassin
sedimentaire conduit le plus souvent & I'implanta-
tion de puits d'exploration. Mais a ce stade I'image
du sous-sol est en geénéral simple, la résolution
des technigues de surface utilisdes at la maillage
n'étant pas suffisants pour permetire de déceler
des phénomenes de faible amplitude ou plus
complexes,

L'enregistrement des pendagemétries dans les
puits d'exploration et de développement et leur
analyse, menée conjointement a ['établissernent
de corrélations, a I'étude des régimes de pression
dans les réservoirs et éventuellement, quand c’est
possible, & des compléments sisrniques & plus
haute résolution, permettent souvent de préciser
I'image de la structure,

Ainsi, dans le cas de 'exemple de la Fig. 12.2,
les corrélations entre les trois puits X Y et 7
conduisaient & ls forme structurale représentée
par la Fig. 12-2a. La prise en compte des données
de pendagemétrie modifie sensiblement "allure
structurale finale, en particulier |a position du point
haut de 'anticlinal (Fig. 12-2b).

De méme certaines structures de Mer du Nord,
telles gue celle de Piper (Fig. 12-3), interprétées a
l'origine comme des anticlinaux ou des biseaux
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b |

Fig. 12-2. - {a) Structure déduite des corrélations entre trois puits; (b] image structurale oblenue en introduisant les donnees de
pandage (d'aprés Evaluation de formaciones en Venezuela, 1980)

sous discordance, sont apparues beasucoup plus
complexes et constituées par une succession de
panneaux faillés.

Mais il faut se convaincre gue linterprétation
des données de pendagemétrie ne peut se faire
dans 'absolu ou isolément, c'est-a-dire sans
connaissance de la lithologie, du type d'environ-
nament et du style tectonigue du bassin dans
lequel se trouve le forage. Par ailleurs, la connais-
sance de guelgues notions essentielles sur les
mécanismes entrainant les déformations, sur le
comportement mécanigue des roches et sur les
relations entre les types de deformation et les
bassins, nous semble indispensable. Ces notions
permettent d'avoir une meilleure compréhensian
des problémes auxguels on va étre confronta,

C'est pourquei il nous parait utile de les rappeler
avant d’aborder |'interprétation proprement dite
des données de pendagemetrie.

12.2, RAPPEL DE NOTIONS GENERALES

12.2.1. Définitions

La géologie structuraie est la branche de la
geologie qui traite de |la forme, de |'arrangement et
de la structure interne des roches. et plus spécia-
lermant de la description, de la représentation et de
'analyse des structures & moyenne ou petite
echalle,

La tectonigue traite des mémes objets mais &
plus grande échelle. Elle s'attache de surcroit &
I"étude de leurs relations mutuelles, de leur origine
et de leur évolution historigue.

Une structure, au sens tectonique du terme, est
la forme, tel un pli ou une faille, produite par

A — ]

Fig 12-3. - a} Plan de position de la coupe 4 travers le champ
de Piper.
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en grandeur et direction suivant I'orientation de la
surface sur laguelle elle s'applique. La pression
s'exargant en A sur I'ensemble des plans passant
par A, s'appelle la contrainte . Physiquement on
peut 'appeler la cohésion, existant en A, entre les
elements de roche. Si on intégre & I'ensemble
lithologique on a un champ de contrainte On
démaontre qu'on peut calculer I'ensemble des
contraintas en un point d'un corps si 'en connait
celles qui s'appliquent en ce point sur trois plans
perpendiculaires entre eux (Fig. 12-6). On démon-
tre aussi qu'en chaque point A, il existe 3 plans
orthogonaux entre eux pour lesquels T =0, et
donc pour lesquels la contrainte laur ast perpendi-
culaire.

Fig 12-6. - Décompositien des contraintes agissant sur las
surfaces d'un cube (d'aprés RAMSAY, 1867

Les trois vecteurs normaux & ces plans s'appel-
lent les contraintes principales. Ce sont -

- la contrainte principale majeura, ¢,

- la contrainte principale intermeédiaire, o.:

- la contrainte principale mineure oy:

avec naturellement: o > a; > o

Il existe également deux plans formant entre
eux un angle inférieur 3 90=, dont le plan (o, o3) est
bissecteur et pour lesquels t est maximum Ce
sont les plans de cisaillement. C'est le long de ces
plans que se produiront les ruptures et les glisse-
ments (Figs. 12-6 et 12-7).

12.2.3. Comportement mécanique des roches

Tout champ de contrainte impose un champ de
deéformation. Mais la déformation résultante da-
pend de la nature et du comportement mécanique
du milieu déforme.

Il existe trois types de comportament mecani-
que ;

- Le comportement elastigue |

il se caractérise par un retour possible & I'état
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Fig. 12.7. . (a) Types de déformation suivant la direction des

cantraintes maximale et minimale, (b) relations entre les

directions des plans de fractures et l2s directions de contrain-

tes; (c] défarmation d'une roche suivant les directicns de
CONraINTEs.
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- Dominante élastique :

Le cristal de quartz a8 un comportement &lasti-
gue parfait, Les roches 8 comportement élastique
sont ;

. les roches cristallines;
. les roches sedimentaires compac-
tes sans porosité (anhydrite ...).

- Dominante plastique :

Ce sont essentigllement les roches poreuses
(grés, craie).

- Dominante visqueuse :

Certaines roches peuvent avoir un comporte-
ment visgueux & des températures et pressions
tfaibles & moyennes : argiles sous-compactées ou
« boues », (halo- ou argilo-cinese).

12.2.5, Influence du temps

Le temps joue un réle trés important dans le
comportement des roches. Ces derniéres peuvent
avoir un comportement élastigue en réeponse a des
contraintes de tres courtes durees, ou un Compor-
tement plastique si ces contraintes sont appli-
quées sur une longue peériode. Cette influence est
mise en évidence dans les experiences de fluage
ol une charge faible appliquée suffisamment
longtemps produit une deformation pouvant aller
jusqu’a la rupture, alors gu'su cours d'un essai
instantané cette méme contrainte n'aurait provo-
gquée aucune déformation mesurable. Aussi, &
I'échelle des temps géologigues, les roches peu-
vent-elles étre considéraes comme des corps plus
OU MoINs visqueux.

12.26. Influence de la pression
et de la température

Le comportement des roches varie beaucoup
avec la pression et la temperature, donc avec la
profondeur, En fonction de ces facteurs on peut
donc définir différents domaines de déformation ;

- un domaine superieur ol les roches ont un
comportement élasto-plastique;

- un domaine intermedizire ou moyen, ou elles
ont un comportement plastigue a visqueux;

- un domaine profond ol elles vont avoir un
comporternent visqueux, C'est celut gui se carac-
lerise par I'apparition de la schistosité puis de |a
foliation. Il correspond & ('zrchimétamorphisme et
au meétamorphisme. || n'interesse donc pas la
recherche pétroliere, [a porosité et la permeaabilité
des roches ayant alors disparu

12.27. Types de contraintes

Il existe trois types de cantraintes :

- la tension ou fraction c'est une contrainte
qui @tire le matériau et peut en augmenter le
volume;

- la compression: c'est une contrainte gqui
diminue le volume du matériau;

- la contrainte de cisaillement; elle produit un
changement de forme mais non de volume (Fig.
12-14).

s sl

Fig 12-14 . Deformation sans changement de volume sous
Feffer d'une contrainte de cisaillement (daprés LEET et al.,
1878}

12.2 6 Résistance des roches

Les roches résistent plus ou moins aux contrain-
tes, La resistance d'une roche correspond & la
cantrainte & partir de laguelle elle commence a
étre déformée de fagon permanente

Les roches présentent plusieurs types de résis-
tance, du fait qu'elles répondent différemment aux
différentes contraintes. On a ainsi pour chaque
roche une résistance 4 la compression, a la trac-
tion et au cisaillement.

Tableau 12-|
Résistance moyvenne des roches a la compression,
la traction et la torsion [d'aprés BILLINGS, 1942),

En kg par cm®
|

Roche Compression Tension | Cisaiflement
[£] - S 500 a 1500 10 & 30 50 & 150
Calcairg ... 400 a 1403 30 a &0 100 & 200
Granite ... 1000 a 2 B0Q 30 s 50 150 a 300
Diorite......coe | 1000 &4 2500
Gabbro .o | 1000 @ 1900 [ .o
Basalte ... | 2000 & 3600 | oo
Febsite ... | 2000 & 2500 S
Marbre ... 800 & 1500 30 & 90 100 a 300
Ardoise ... 00 250 1580 a 250

Quand la différence entre les résistances & la
compression et 4 la traction est trés grande on dit
que |la roche est cassante (« brittle »),

EF
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Si Al est un increment infiniment petit, alors on
peut écrire

Al |
£ =f T lﬂshl—' = log.[1 + &) (12 — 4)
1]
Ie
- l'angle de cisaiflement, , et la déformation de
cisa@illement, v, qui traduisent les variations d'an-
gle :

v = tany (12 —5)

Dans une deformation dans trois dimensions
(Fig. 12-17), en considére les variations de coor-
donnees d'un point avant (x, y, z) et aprés défor-
mation (x, yi, zi)

On a I'habitude de classer les daformations en
deux types, en fonction des critéres géométrigues
suivants :

- les déformations homogénes (Fig. 12-16b) e p— —

Elles se caractérisent par les propriétés suivan- o s / iy
tes : P g W e

. les lignes droites restent droites aprés T B A T £
déformation; P s d ' '
. les lignes paralliéles restent paralléles e i I
aprés deformation; i
. toutes les lignes dans la méme direc- 1 ; ,'l.
tion présentent des valeurs constanties de e, et . Fa Ty 3\
- les déformations non hamogénes (Fig. 12-16c) ' \ o
Dans ce cas on observe que : 3
. les lignes droites deviennent courbes . a
apres deformation;
. les lignes paralieles perdent leur paral-

lélisme;

_ . Pour n'imparte quelle direction donnée
dans le corps déformé, les valeurs e et y sont
variables.

Il existe deux grandes catégories de déforma-
tion.

12.2.11. Les déformations continues : les plis

Un pli est une détormation souple de matériaux
soumis & des confraintes tant en compression
qu'en distension.

. En gistension

une faille normale dans le socle peut se traduire
dans la couverture par une flexure des couches
sus-jacentes (Fig. 12.18s). De méme dans le cas
d'une compaction differentielle (Fig. 12-18b), ou de
mauvements verticaux - montées diapiriques {ar-
gile- ou halo-cinése}, intrusions magmatigues.

En compression :

on peut avoir tous les types possibles de plis
suivant le mécanisme mis en oeuvre (flexure par
compression ou action d'un couple, plissement par
cisaillement), le comportement mécanique des
roches et leur compétence. Cette dernigére est une
propriéte relative gqui traduit la capacité dune
roche de supporter une compression sans écou-
lement et donc sans variation d'epaisseur. Une : i
Lﬁsr:ﬁgﬁfﬁqfﬁi’:ﬂg:ﬁz izzf}r::gxns: Fig. 12-19. - Types fondamentaux de classes de piis . ) plis

I theoriques; b) plis isopaches; ¢) plis semblables (d'apres
Ainsi, sous I'effet d'une compression, les couches RAMSAY. 1367}
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Fig 12-22 - Les éléments descriptifs d'un pli (g apris RAMSAY, 1967

Fig 12-23, - Pil 8 axe vertical

forme du pli ne varie pas avec la profondeur (Fig.
12-19c). Ces plis sont formés & grande profondeur
et dans la zone a schistosite,

12.2.11.4. Nemenclature des plis

Outre les classements ci-dessus par courbure et
par type. les plis sont classés en fonction de leur

e depli

ﬁ"&u e

Antilosme
Aarifarm

Plan suisl
Arial plane

7
Synferme
Syuifarm

Fig. 1224, - Les différentes formes de plis.

forme géometrique telle gu'elle peut étre révelés
par une saction transversale, La Fig. 12-25 rassem-
ble les principaux d'entre eux avec leur nomencla-
ture et la représentation théorigue des pendages
dans un plan perpendiculaire 3 I'axe.
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varticale sensu stricto ou « dip ship fault »); hor.
zontale : on parle alors de décrochement (u strike
slip fault »); ou mixte (« diagonal slip fault »).

Dans un mouvement de rotation, certaines
lignes droites dans chague compartiment, qui
etaient paralléles avant la dislocation, ne le restent
plus aprés. Le pendage des couches dans chague
compartiment est différent de part et dautre du
plan de faille (Fig. 12-28)

D'une certaine fagon la plupart des failles aver
mouvement de translation présentent un certain
pourcentage le rotation. Les déplacements le long
du plan de faille ne sont en effet pas canstants par
suite des différences de résistance des matérisux
en chague point. Toutefois, si la rotation n' est pas
trop importante, an peut considérer le mouvement
comme &tant seulement de translation.

¢
£ e

L
(o)
(FERY
ROTATIONAL PIVOTAL

MOUVEMENT DE ROTATION MOUVEMENT PIVOTANT

Fig 12-28. - Failles avec déplecement par rotation,

122122 Eléments descriptifs d'une faille
(Fig. 12-29)

Une faille est complétement décrite quand on a
defini les elements suivants :
. - Son erientation ou sa direction (u strike »)

Plaa da lailie
ok Fawlt pians

it de Tailie

/ Sledannsdn

oot et ot

o e ch pliadieeent wacfical | “dip shp |

= rmet weiletnl | CEheow |
wd @l BericEnial treezeenal 0 baavs 7|
8¢ decrochemest | aliske aligt|
Fig 12-29 - Elements descoptifs dune faille

c'est-a-dire la direction, par rapport au nord, de la
ligne d'intersection du « plan » de faille avec I'hori-
zontale

Son rejet [« net slip #) qui définit 'ampleur du
deplacement. |l se decompaose lui-méme en

- glissement oblique, be, (wdip slip a),
qui est la longueur mesuree parallelement au
pendage du plan de faille, qui se décompose & son
tour en |

. rejet vertical, ae, [a throw ») gui corres-
pond au deéplacement mesuré suivant une verti-
cale,

rejet fransversal ed, (4 heave »], qui est
egal au déplacement mesuré sur une horizontale
perpendiculairement & la direction de la faille:

. décrochement, ou encore rejet horizon-
tal fongitudinal, ac, (« strike slip ») qui correspond
au deplacement horizontal mesuré parallélement a
ia direction de la faille,

- 5a rotation qui est 'angle formé par les deux
parties d'une méme couche aprés separation, et
mesure dans un plan perpendiculsire 3 I'axe de
rotation.

D'autres éléments sont parfois utilisés pour
décrire une faille. Ainsi le « pitch » est 'angle
qu'une ligne, dans un plan, fait avec une ligne
haorizontale du plan. Dans la Fig. 12-29 'angle bac,
mesuré dans le plan de faille, est le « pitch » du
rejet.

La charniere {« hinge line »} est la ligne, dans le
plan de faille, qui sépare les parties déplaceées vers
le haut de celles déplacées vers le bas.

C'autres termes sont également utilises pour
décrire une faille. Les deux parties séparées par le
plan de faille sont les compartiments. Le compar-
timent haut est le foff ([« hanging wall »), le com-
partiment bas est le mur (v footwall v}, Les surfa-
ces engendrées par le plan de faille sur chague
compartiment sont appelées les /févres Une de ces
dernieres est parfois degagée par ['érosion, et
polie ou strige suivant |a direction du déplacement,
On parle alors de mirorr de faille (v slickenside »).
Le regard (v upthrow side ») de la faille est le cote
vers lequel est tournge la lévre du compartiment
souleve.

12.2.12 3. Classification des failles

Differents critéres sont habituallement retenus.
C'ast ainsi que 'on peut classer les failles suivant
la position refative des couwches (Fig 12-30). On
parle ainsi, suivant le rejet, de :

- faille normale, (o gravity fault » ou « normal
tault »), encore appelee faille direcre, dans laquelle
le rejet horizantal transversal correspond & une
distension. Elle conduit & une suppression de
couches sur une verticale donngée,

- faille /nverse, (& thrust fault» ou « reverse
fault ), dans laquelle le rejet horizontal transversal
correspond @ un racoudrcissement par suite d'une
compression. On observe alors un chevauchement
du compartiment situé zu-dessus du plan de faille
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12.4. METHODES
DES ANALYSES STRUCTURALES
A PARTIR DES PENDAGEMETRIES®

Afin d'entreprendre efficacement |'interpréta-
tion d'une pendagemeéetrie, il faut rassembler un
certain nombre de documents et de données,
utiles, sinon indispensables pour une analyse
sérieuse et compléte

- Le « tracé-fleches » dont 'en-téate precise le
type de traitement (MARK IV, CLUSTER, GEQDIF,
LOCDIP) et les paramétres utilisés pour le traite-
ment (intervalle de corrélations, angle de recher-
che, recouvrement; nombre d'échantillons pour le
calcul de la derivée), A ce stade il convient de
s'assurer de la qualité du traitement, et donc du
bon choix des paramétres, par un examen du
log-terrain.

- Le « listing », ou tableau de resultats, donnant
les valeurs d'azimut et de pendage ainsi qu'une
idée sur la gualité du résultat.

- Le « log-terrain », comportant les courbes de
resistivité, les diamétreurs, la déviation, I'azimut
du patin 1, le balourd; il permet de vérifier la
vitesse de rotation de 'outil et de contréler le bon
contact des pating avec la paroci du trou; par

zailleurs il donne également une idée sur 'impor-
‘tance des contrastes lithologiques & travers ceux
obsarvés sur les résistivites

- Le « log-composite », rassemblant I'ensemble
des autres diagraphies enregistrées permettant de
se faire une idée de la lithologie,

- La coupe lithelogique détaillée de lintervalle
& analyser, tablie & partir de 'analyse des déblais
de forage ou a partir d'une interprétation des
diagraphies par un programme du type LITHO,

- La bande magnétiqgue avec les résultats en
vue d'un traitement automatique par ordinateur.

Remargque : Toutes ces imformations ne somt
malheureusement pas towjours disponibles (cas
des puits d'echange).

Une des caractéristiqgues de la pendagemeétrie
est de fournir generalement une grande quantité
de mesuras de pendages. De ce fait il est neces-
saire d'utiliser des methodes analytiques suscep-
tibles de formaliser 'organisation de ces pendages
et d'aboutir & des présentations plus synthétiques
des geometries gu'ils decrivent.

Il existe deux méthodes: l'une gue l'on peut
qualifier de rapide (u Quick-look »] qui utilise les
groupements de pendages, 'autre plus élaborée
gui fait appel aux projections stéréoaraphiques.
Cette derniere, quoique plus longue, permet une
analyse plus détaillée des données de pendageme-
tree, conduisant 4 une reconstitution plus complete
et precise des structures traversees,

* Ce chapitre a éré rédige aves le concours de 1. HENRY,
SNEA(FP], Pau

1241, Méthode des groupements de pendage

Quand on examine le trace-fleches {# arrow-
plet v, ou sont presentés les résultats du calcul
des pendages (Fig 12-32), on constate souvent
que les « fleches », ou pendages, s'ordonnent, de
bas en haut d'un intervalle, suivant trois ypes de
groupement (« pattern v}, auxquels GILREATH et
al (1964} ont donnée des codes de couleur :
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Fig. 12-32. - Groupements typiques de pendages

- groupement vert (¢ green pattern ») @ il cor-
respond & une succession de pendages présentant
sensiblement le méme angle et le méme azimut:

- groupement bleu (v blue pattern ») : il corres-
pond @ une augmentation de |'angle du pendage
vers le haut, sans grande modification de 'azimut:

- groupement rouge (wred pattern s} c'est
l'inverse du cas precédent |'sngle du pendage
diminue vers le haut, I'azimut restant 3 peu pres
constant.

Le premier groupement, quand il s'observe
dans des séries de basse énergie. correspond
généralement au pendage structural (monoclinal
ou flanc d'un pli semblable, Fig. 12-33, zone
4860-4940).

Les deux autres graupements, s'ils s'observent
aussi dans des séries de basse énergie, révelent
des déformations structurales des couches pou-
vant &atre reliees a des plis, 2 des failles avec
phéngmenes associés . basculement (« rollover »).
etiremant ou crochon (¢ drag »); ou & des discor-
dances [« unconformity »)

Les schemas de la Fig. 12-34 rassemblent les
reponses théoriques dans les differents cas.

L'analyse rapide d'une pendagemétrie débute
en général par la détermination du pendage struc-
fural sur le  trace-fleches |l s'agit de définir le
pendage de couches présumees avoir été dépo-
seéet horizontalement et parallelement. Lextrapo-
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Fig 12-34, - Traceés-fléches théongques (a) dans le cas de plis;
{b) : dans le cas de failles [documents Schlumbargar)

contours d'honzons donnes gui sont orthogonaux
aux azimuts determings.

La seconde etape de |'analyse d'une pendage-
metrie est la mise en évidence de deformations
des covches sous |'effet des contraintes tectoni-
ques. Parmi ces deformations, les faifles sont en
general celles que |'on cherche, en premier, 3
identifier et a localiser en profondeur. |l faut se
souvenir gu'une faille ne peut étre détectée que si
sa formation s'est accompagnée de phénomenes
associés {basculement, étirernent, rotation, bréchi-
ficatian ...).
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Fig 12-35. - Exemple d'un trace-fiéches et de son interpréta-
tion pour le determination du pendage structural par sélection
des groupements « verts s.

C'est fort heureusement souvent le cas et ceci
se traduit alors frégquemment sur le trace-fleches
par l'apparition de groupements rouges ou bleus.
Cn va donc rechercher ces figures, en se souve-
nant toutefois que tout groupement (rouge ou
bleu] n'est pas necessairement associé a4 une
failie. Il peut en effet correspondre a des figures
sédimentaires (« foreset », stratification entrecroi-
gée, ..J, ou & un pli, un drgpé pu encore a une
discordance. Le rattachement de ces groupements
& 'un ou l'autre des ces phénoménes se fera en
considérant d'une part la lithologie, le facies et
I'environnement de dépdt dans lequel il s'observe,
d'autre part le groupement lui-méme et sa position
dans la série stratigraphique. Ainsi, un groupe-
ment rouge superposé & une formation sableuse
ou carbonatée et s'arrétant a8 son toit, correspond
plus vraisemblablement a8 un drapé sur la forme
convexe definie par le banc de sable ou le récif
qu'a une faille,

Dans le cas de la forme convexe, on paut définir
d'une part la direction de "allongement de la
farme : perpendiculaire & |la direction des azimuts
des couches gui la surmontent; d'autre part sa
créte | elle est dans |2 direction opposée a celle du
pendage (cf. Fig. 4-38 et 4-39 chapitre 4).

Un groupement sans variation significative
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Fig 12-18 . Exemples de zones failléas 1alles QUE woes sur un
trace-fleches. (a| . extrait de fa WEC Algana, 1978, |b| - extran
de la WEC Iren, 1976, {c} - interpretation du dernier gxemple
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12422 Construction du stéréogramme

d ou canevas isogons de WULFF

Le stérepgramme de WULFF représente la
projection steréographique des paralléles et des
méridiens de la demi-sphére de réaference sur le
plan horizontal contenant "axe nord-sud, avec
comme pale de fa projection le pale inférieur ou
nadir,

Les schémas de la Fig. 12-40 expliquent com-
ment les méridiens sont représentes par des arcs
de grands cercles, dénommés sur |a projection des
grands cercles, et les paralléles par des arcs de
petits cercles, désignés comme des petits cercles.

La Fig. 12-41 représente le canevas isogone de
WULFF pour des méridiens inclinés de 2° en 2° et
des paralléles recoupant le méridien nord-sud, de
2e gn 2o,

Le cercle extérieur du canevas est dénomma le
cercle fondamental ou la primitive., Cette projec-
tion conserve les angles : les grands cercles at les
petits cercles sont orthogonaux entre eux. Les
sires délimitées par deux paralléles el deux
meridiens successifs varient suivant leur position.

Cette projection est couramment utilisée. Elle
sert en effet a déterminer le pendage vrai & partir
de pendages apparents (voir Annexe 3, Tome 1), 3
determiner I'angle entre deux plans, le plan bissec-
teur entre deux plans, l'intersection de couches et
d'une faille ...

Par contre, elle présente l'inconvénient de ne
pas conserver les surfaces puisqu'il s'agit d'une
inversion. On ne peut donc pas éwablir facilement
des diagrammes de densite de points & partir de
ce staréogramme, Pour etablir ces diagrammes en
doit utiliser le stéréogramme isoaire de SCHMIDT,

K

KM.km - KZ KO- 2 A7 12423 Construction du stéréogramme
ou canevas ispaire de SCHMIOT

Le canevas isoaire de SCHMIDT correspond 3
une projection LAMBERT, par rapport au centre de
la sphére, des paralléles et des méridiens qui sont
alors representés par des arcs d'efllipse. Les surfa-
ces limitées par deux paralléles et deux merdiens
sont egales quelle que soit leur position sur la
projection (Fig. 12-42)

Ce canevas se préte aux méme types de
constructions et manipulations effectuees sur le
steréogramme de WULFF, || presente I'avantage
d'étaler plus les poles des plans a pendage faible
et est de ce fait préférable quand il s'agit d’analy-
ser des structures faiblement plissées. |l conserve
les angles avec une bonne approximation mais
surtout il s2 préte aux études statistiques. Commae
Fexplique J. HENRY (ouvrage cité): quand on a
enormeément de mesures on peut etudier «la
repartition des attitudes d'éléments structuraux

il sous un angle statistique et traiter des populations
KM Km = KB Kb = KZ KO = 2R’ d'éléments structuraux. En d'autres termes il est
possible de considerer comme négligeables des
variations d'attitude liées soit @ des phénomenes
accessoires el complexes, soit & des erreurs de

Fig 12-33 - La projection steréograpfugue @5t un cas particu-
ligr d'inversion
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mesures, el de rechercher dans un ensemble de
mesures des moyennes statistiques sur lesquelles
porteront les analyses et les interprétations »,

12424, Représentation stéréographique
des dldments structuraux

Les éléments Structuraux qu'on va avoir &
représenter sont des droites, des plans ou des plis.

On va utiliser pour cela une planchette ou un
carton sur lequel est représente le stéreogramme
(WULFF ou SCHMIDT). Puis, on superpose au
canevas un papier calque, fixé sur le support par
une epingle piquée au centre du stéréogramme
(Fig. 12-43), On trace sur le calgue le cercle
fondamental; on marque le centre par une croix;
enfin, on repére les quatre points cardinaux.

- Representation stéréographigue &'une droite

Soit la droite N 160° — 40= NW & représenter.

Tournar le calgue dans le sens inverse des
aiguilles d'une montre pour mettre en coincidence

Fig 12-43 - Planchette pour le repan stérdographigue des
donnees de pendagemetrie

Canevas
Sterecnet

Fig. 12.44 - (a] Rapresentation d'une droite N 1607 . 400 N-VW,
(b} Steréogramme de cette droite; et [(c) sa representation
dans lespace

le N du stéréagramme (calque) sur la division 1600
du canevas support (Fig 12-44). Comprons 400 sur
le diametre principal nord-sud en partant du cercle
fondamental, du nord vers le sud. Le point ainsi
determing représente I"attitude de |a droite (on a
I'habitude de rajouter une petite queue au point,
dirigée vers le centre, pour distinguer une droite
des représentations polaires d'un plan}.

- Aeprésentation stéréographique o'un plan

Soit a représenter le plan d'azimut N 25¢ avec
un pendage de 60° (Fig 12.45). Ainsi que nous
I'avons vu, il v a deux facons de la representer

Representation polaire d'un plan

Tournons le calque dans le sens inverse des

aiguilles d'une montre pour mettre en coincidence
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Fig 12.45. - Eléments descriptifs d'un plan d'azimut N 75¢ avec
un pendage de 60=

n
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Fig 12-48. - Representation cyclographique du plan de fa Fig. 12-46

On dessine la trace cyclographigue en décal-
quant le grand cercle correspondant du canevas,

- Représentation steéreéographique d'une droite
portée par un plan

C'est un cas qui se présente souvent en geolo-
gie structurale, en particulier dans le cas de
reports de pendages apparents dans un plan da
coupe. Pour résoudre le probléme il faut d'une part
connaitre la direction et le pendage du plan
porteur, d'autre part 'azimut et le plongement
(o pitch ») de la droite,

Soit par exemple un plan de direction N 60¢
incling de 50 vers le N-W portant la droite dont le
& pitch » est de B0° vers I'ouest. On construit la
trace cyclographique du plan porteur suivant la
methode décrite par la Fig. 12-47. On compte sur
cette trace les 509 du « pitch » en partant du bord
de I'arc N-E en suivant le grand cercle {Fig. 12.49).
Par rotation du calgue on améne la trace de |a
droite sur le diamétre principal N-S et on lit son
azimut et son plongement.

- Représentation stéréographique des plis

Ainsi que nous I'avons vu précédemment. les
phis sont des surfaces courbes 3 symétrie gene-
rale, soit cylindriqgue, soit conique L'axe du pli
peut étre horizontal ou incling et sa surface axiale
verticale ou inclinée, plane ou gauche [t war-
ped n}.

On & wvu que la projection stéréographigque
imposait la translation des éléments geomeétriques

paralielernent & eux-mémes jusqu'a I'hemisphére
de référence. Comme il est plus simple de transla-
ter des plans que des surfaces courbes, on va
substituer & ces surfaces une infinité de plans qui
leur sont tangents. Ceci correspond d'ailleurs a la

Canevas
Stereonet

Fig 12-48 - Repreésentation stereographigue d'une drerte avec
un ¢ pitch » de 50° vars louest, portés pa* dn plan N 50 . &0
N-W {2 apras HENRY, 1878)
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Si on connait 'axe, on reporte son point repré-
sentatif; de ce point, ramene par rotation sur le
diamétre W-E, on dessine le grand cercle distant
de 800,

. Représentation stéréographique d'un
cylindre & axe vertical (Fig. 12-52)

Dans ce cas les poles des plans tangents se
mettent en zone sur le cercle fondamental. L'axe
du pli est au centre du stéréogramme.

s

. Steréogramme d'un cylindre a axe wvertical

Fig. 12-52
[d'aprés HEWAY, 15975

Représentation stéréographigue d'un
- pli eylindrigue & plan sxial incling

Un cylindre ayant une symétrie de révolution
autour d'un axe n'a pas de plan axial defini. Mais
si I'on tient compte du fait que, dans la nature, un
pli ne représente gu'une partie d'un cylindre, celle
definie par I'angle d'ouverture [angle diédre forme
par les plans tangents aux flancs), an peut définir
un plan axial qui peut zlors &tre incling, I"axe du ph
pouvant étre horizontal (Fig. 12-53) ou plongeant
{Fig. 12-54). Si on est sir que le stéréogramme
comporte les valeurs des pendages aux points
diinflexion A et B des deux flancs du pli {a et b sur
les stéréogrammes) I'angle d'ouverture du pli est
défini comme le supplement de I'écart entre les
deux couches extrémes. Le plan axial est matéria-
lisé par le grand cercle passant par I'axe du pli et
le point bissecteur ou équidistant des deux cou-
ches extrémes, en suppasant que le plan axial et
le plan bissectaur sont peu différents (cas de plis
isopaches ou semblables). Le pdle du plan axial se
construit facilement en ramenant le plan axial sur
un grand cercle et en comptant sur le diametre
E-W une distance angulaire de 80¢ & partir de ce
grand cercle. L'inclinaison du plan axial par rap-
port & la verticale se détermine en comptant la
distance angulaire entre le centre du stéreo-
gramme et le grand cercle qui materialise ceplan
axial. Son azimut se définit en faisant pivoter le

Fig 12.53 . Représentation d'wn pli cylindrique & plan axial
incling mais 4 axe horizontal

Sewigramme
L]

Fig 12-54. - Représentation d'un pli cylindrigue @ plan axial et
axe anchnes

calque pour amener le pdle sur la branche N du
diamétre N-5 et en comptant sur le cercle fonda-
mental, dans le sens inverse des aiguilles d'une
montre le nombre de divisions séparant le N du
canevas et celui du stéréogramme.

Les schémas de la Fig. 12-55 représentent la
coupe, le tracé-fléches et la représentation sté-
répgraphique de plis pour différentes inclinaisons
du plan axial et différents plongements de l'axe

. Représentation stereographique d'un
cone & axe horizontal (Fig. 12-56)

Dans I'exemple illustré on a supposé un céne de
révolution dont I’axe horizontal est orienté & N 1509
et dont 'angle apical est de B0° La projection
stéréographigue de ce cone par translation sur la
sphére de référence de tous les plans tangents
donne une figure symetrique - les plans sont en
effet tangents & deux petits cercles de la demi-
sphére et leurs poles se mettent en zone sur deux
petits cercles du stéréogramme. L'axe, horizontal,
est situé sur le cercle fondamental sur un diametre
perpendiculaire aux petits cercles.

La position des petits cercles est fonction de
I'angle apical qui peut &tre déterminé en comptant
la distance angulaire entre le centre et l'un des
petits cercles (ici 30°) et en multipliant par deux,
ou encore directement la distance angulaire entre
les deux petits cercles, L'un des petits cercles
correspond au pli synforme, l'autre au pli anti-
forme. La direction de la pointe du cone du pli est
celle de la concavité du petit cercle od s'alignent
les poles.
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Twanianes ats sans mis incling (d'gprés HENRY, 1976)

& plamging a5
. Représentation stéreographigue d'un cercle et le cercle fondamental. L'axe du cone est
cone & axe vertical (Fig. 12-58). au centre du canevas.
Dans ce cas les pdles des plans tangents se

mettent en zone sur un cercle dont le centre 12425 Heporis des données de pendagemétrie

coincide avec celui du canevas. Le demi-angle Y . ) d
apical est défini par la distance angulaire entre ce Ainsi qu'on I'a vu, chaque donnée (pendage et
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privilégie les pendages structuraux, tous les eve-
nements, sur les courbes dea resistivité, correspon-
dant & des bancs ou laminations dont les surfaces
sont planes et paralleies. donc, & prion, peu
deformées par l'action de courants, se mettant en
phase pour un méme deplacement, creant amms un
maximum dans le corrélogramme

Si I'on utilise un trace-fleches provenant d'un
traitement par GEODIP ou LOCDIP, on selection-
nera les intervalles au droit de couches correspon-
dant 4 des dépdats de bazse energie et présentant
une succession de pendages ayant sensiblement
le méme azimut et le méme angle.

La seconde etape consiste a realiser un stéréo-
gramme pour chague niervalle coherent defini a
I'etape precédente, en reportant, sol manuelle-
ment en suivant s techmoue deécnte précedem-
ment, soit par traitement informatique, les diffé-
rentes valeurs de pendoge

1243 Exploitation des stéréogrammes

Il s'agit, @ ee stade de |'analyse, de réduire
linfarmation geometrigue contenue dans chagque
stﬂréngramme par intervalle, en une donneg plus
synthatique

Plusiaurs cas peuven! se presenter

a) Le cas le plus simple 23t celut d'un intervalle
8 pendages et azimuts & peu pres constants. Dans
ce cas la projection stereagraphigue permet de
definir deux données synthétiques - le pendage
moyen de l'intervatie et la valeur angulaire de la
dispersion autour de cette moyenne. Pour ce faire
on recherche un cercle qui englobe la majorité des
pendages et dont le centre coincide avec la plus
grande concentration de points On peut aussi
utiliser les canevas-cormpteurs (voir paragraphe

Fig 12.5% - Agrandissement de | partie centrale du canevas de WULFF

126.5.) Le chiffre indiguant la valeur de la disper-
sion est intéressant a8 plusieurs titres. Associéa au
pourcentage de bonnes valeurs dans 'intervalle, i
permet d'estimer [a fiabilité du pendage moyen. |l
est, d'autre part, d'observation courante gue la
valeur de la dispersion soit caracténstigue de
certaines formations, puisgu’elle traduit le réglage
plus ou moins parfait de la stratification

b) Lintervalle étudié correspond sur le trace-
fleches a wune wvariation réguliére d'attitude, en
pendage. etfou en azmut, des plans successifs
Une telle organisation se traduit generalement sur
le stéréogramme par un nuage allongé dans leguel
la definition d'un pendage moyen devient impos
sible. La projection stéréographigue va cependant
fournir une information synthetiqgue importante
Elle est en effet la traduction d'une geometre
précise, qui peut se schematiser comme une
succession de segments de eylindres. ou de cones,
embaités I'un dans l'autre. Chague pendage cor-
respond ainsi aux tangentes a des cylindres ou
cones successifs

Si les pendages se meitenr en zone sufvant un
diamétre, on peut en conclure gque I'axe du ph est
horizontal

i les pendages se metlent en zone sur un
grand cercle, ils gppartennent alors au mame pli
cylndrigque a axe plongeant. La détermination de
'azimut et du plongement de 'axe se fail de la
fagon suivante :

Dessiner le grand cercle passant par les poles
des plans. Compter 80° & partir de ce grand cercle
sur le diametre E-W en direction du centre. Le
point ainsi defini est Naxe du ph cylindrigue, Son
plongement est defini en complant la distance
angulaire de la peripherie a ce point. Son azimut
|"est en faisant pivoter le calgue pour amener 'axe
sur la branche N du diametre N-5 et en hsant la
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Fig. 12-62. - Autre exemple de trace-flieches un peu anarchique correspondant 4 un groupement dispersé le long d'un grand cercle
|contribution J. HENAY)

semble de la structure. La encore la projection
stéreographigue va intervenir sous la forme d'un
stéréogramme récapitulatif. Sur celui-ci sont re-
portés en premier lieu tous les points moyens
issus des stéréogrammes par intervalle, Si le puits
@ traversé une structure monoclinale le centre du
nuage de points fournira le pendage régional
moyen. Dans le cas de la Fig. 12-65, les points
s'organisent en un nuage allongé qui permet de
définir |'axe général de la structure. En outre

certains intarvalles fournissent des évolutions des
points moyens qui permettent de construire des
axes majeurs caracterisant la geométrie de la
structure sur des intervalles de plusieurs centaines
de métres. Ces axes peuvenl eux-mémes varier
d'orientation avec la profondeur et l'analyse de
cette évolution peut &tre révélatrice de la géome-
trie globale, Enfin, tous les axes construits sur les
intervalles de I'analyse (axes mineurs) sont repor-
tés sur le stéréogramme récapitulatif. Une autre
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Fig. 12-66 - Rosace d'orientation des axes minewrs {contribu-
tion J. HENRY)

des principales formations ou étages recoupés par
le sondage. Il est aussi possible de numéroter les
points moyens successifs pour mieux mettre an
evidence les différentes évolutions de pendages
rencontrées par le puits.

La fiche d'analyse de pendagemétrie (Fig.12-67)
présente sous une forme synthetique la méme
infarmation, en conservant les positions relativas
en profondeur des éléments de la structure.
Certaines colonnes méritent quelgues commentai-
res. Dans la rubrique « aspect » sont figurées en
blanc les zones de pendage régulier, en hachuré
les intervalles dans lesquels des évolutions de
pendage organisées permettent de construire des
axes, el en noir des zones présentant une succes-
sion de pendages trop dispersés pour fournir un
pendage moyen ouw un axe. La colonne « pendage
moyen » indigue les valeurs issues des stéréo.
grammes par intervalle. La colonne « direction
axiale » répertorie tous les axes mineurs construits
lors de I'analyse des stéréogrammes par intervalle.
Sous le titre « % de bonnes mesures » figure le
rapport entre les mesures de qualité A, B et C du
listing sur la totalité des mesures figurant sur le
trace-fleches, Dans |a colonne « facteur de disper-
sion en degrés » sont reportées les valeurs angu-
laires du cercle contenant le nuage de points.
Enfin, une derniére colonne indigue les numéros
des intervalles qui ont éte utilisés pour la construc-
tion des stéréogrammes analytiques. Ces fiches
analytiques serviront 4 leur tour de document de
base pour I'snalyse géométrique des différents
sondages effectués sur une méme structure.
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Fig. 12-67. - Exemple de fiche o analyse de pendagematne
[contribution J HEMAY)

125, INTERPRETATION"

Les methodes d'analyse proposées ci-dessus
fournissent des données précises et chiffrées sur
la geométrie des couches traversees par le son-
dage.

L'interprétation, elle. a pour but une description
géologique de cette géomeatrie. Malheureusement,
une organisation geomeétrique n'est pas, a elle
seule, révelatrice et se préte, le plus souvent, a
plusieurs interprétations geologigues. L'apport
d'autres sources d'information (stratigraphie, sé-
dimentologie, corrélations diagraphiques, géophy-
sique, geologie régionale) est toujours indispensa-
ble pour lever cette ambiguité. Ceci est illustré par
I'exemple suivant,

* Ce chapitre a été rédige avec le concours de J HENRY,
SNEA(F). Fau.
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12.6. AUTRES APPLICATIONS
DU STEREOGRAMME

Le steréogramme est l'outil de base pour la
determination de certaines relations angulaires
dans I'espace. Ces applications sont rappelées
ci-aprés.

126.1. Trouver la ligne d'intersection de deux
plans

La ligne d'intersection de deux plans, du fait
qu'elle appartient aux deux plans, sera représen-
tée sur le stéréogramme par le point d’intersection
des deux représentations cyclographiques des
plans. Il suffit donc de tracer les deux grands
cercles, représentations cyclographiques des deux
plans (Fig. 12-70). Le point d'intersection P est |a
projection de cette ligne. On détermine son pen-
dage et son azimut en ramenant P sur la branche
N du diametre N-5, par rotation du calque, d'une
part en lisant de la periphérie au point P la
distance angulaire gui correspond au pendage,
d'autre part en comptant, dans le sens contraire
aux aiguilles d'une montra, le nombre de degrés
séparant le N du canevas de celui du stéréo-
gramme.

12.6.2. Déterminer 'angle entre deux plans

Lintersection de deux plans définit gquatre
angles diedres egaux deux a deux par le sommet,
et dont la somme fait 3600

L'un des angles sera mesuré dans le plan

perpendiculaire & la ligne d'intersection et conte-
‘nant les pbles des plans, donc sur le grand cercle
passant par ces pdles en comptant, le long de ce
grand cercie, la distance angulaire entre les poles
P, et P;.

L'angle diedre supplémentaire (pour contrile)
se détermine en mesurant la distance angulaire
entre les traces cyclographigues, toujours le long
de ce grand cercle (Fig. 12-70).

12.6.3. Déterminer le pendage vrai d'une couche
a partir du pendage apparent mesuré
dans deux plans verticaux

Le plan matérialisant la couche recoupe les
plans verticaux suivant deux lignes qui définissent
le pendage apparent. |l contient donc ces deux
lignes qui sont matérialisées sur le steréogramme
par deux points.

Le plan recherché est représenté par le grand
cercle passant par ces deux points (Fig. 12-71). La
meéthode consiste 3 tracer la représentation cyclo-
graphigque des plans dont on connait ['enentation
(ici plans verticaux orientés dans ['exemple de la
Fig. 12-71 & N 30° et N 2952). Dans le cas présent,

les plans sont représentés par des diamétres sur
lesquels on reporte les angles apparents [« pit-
ches »} en partant du S du caique puisqu'ils sont
arientés vers le N. Le plan recherché est le grand
cercle passant par ces deux points. La construc-
tion de ce grand cercle et de son pdle permet de
determiner son azimut et son pendage:
W 3502 — 30 dans ce cas.

vue perspective
Perspective View

N plan 1
plane 1

plan 2
plane 2

8

stéreogramme
Stereogram

signification du stéréogramme
Meaning of the Stereogram

Fig 12.71. - Determination du pendage vrg d'une couche &
panir du pendage apparent mesure dans deux plans verlicaus
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Ce report (qui n'ast pas une prajection] est
connu sous le nom de « polar plot » (Fig. 12-77)

12.7.3. Diagrammes en rosace ou de fraguence
d'azimut [« azimuth frequency plot n)

On utilise le canevas du « polar plots les
azimuts de pendage sont reportes sur un cercle, et

12.73 - Exernple d'un drape sur une barre sableuse apparaissant clairement apres SOUSITACtIoN
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regroupes en tranches de G2 gu 100 par exemple.
Les longueurs das rayons du secteur indiguant leur
azimut (Fig 12-78) sont proportionnelles aux fre-
quences Diagramme polaire et diagramme en
rosace sont souvent regroupés sur un méme
document connu sous lg narm de « polar frequancy
plot » [Fig. 12-79)

Histogrammes, diagrammes polaires et en ro-
sace sont réalisés automatiquemeant par Zone.
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- Exemple d'interprétation d'un canevas de

Fig. 12-80,
SCHMIDT [document Schiumberger)

tectoniques, soit & des figures sédimentaires.

Quand le diagramme présente une distribution
plus concentrée, telle que celle de la Fig. 12-77, les
secteurs & haute densité et valeurs de pendage
faibles définissent vraisemblablement le pendage
structural auquel se surajoutent soit des figures
sédimentaires, soit das plis.

1275 Stéréogrammes de densité

Durant l'examen des diagrammes preécédents
ou des stéréogrammes [Fig. 12-81), I'eeil peut
apprécier facilement les zones ou les points sont
plus ou moins rapprochés. Dans certains cas de
mesures trés dispersées (Fig. 12-82) il n'est plus
capable de trouver des groupements ou les ten-
dances. Le stéréogramme de densité a pour
objectif de transformer |'appréciation qualitative
en une représentation guantitative plus facilement
interprétable.

Le principe consiste & dénombrer les points a
I'intérieur d'une unité de surface fixe répartie
selon une grille homogéne sur le diagramme de
points. Pour cela on utilise des canevas-comp-
teurs : Pronin pour une projection conforme [ca-
nevas de WULFF), Dimitrijevic (Fig. 12-83) pour
une projection isoaire [canevas de SCHMIDT).

Construction du stéréogramme de densite

On utilise généralement le canevas de
SCHMIDT (isoaire). On va donc utiliser le cane-
vas-compteur de Dimitrijevic.

On compte le nombre de points dans chaque
petite ellipse du compteur. On inscrit ce nombre
{ou sa correspondance en pourcentage) sur le
calgue au centre de chaque ellipse,

On trace les contours d'isodensité {ou d'iso-
pourcentage). Sur la ou les zones de densite
maximale [ou pourcentage maximum) on définit

L

Fig. 12-B1. - Sterepgraphia de 150 piles de couches sur un
cenevas de SCHMIDT (d'apres J. HENRY. 1976}

I'azimut et la valeur de pendage moyen & I'aide du
canevas de base (Fig. 12-B4 et 12-82).

12.8. COUPES INTERPRETATIVES

Elles vont permettre de visualiser 'agancement
et la géométrie des structures, déduite de Pinter-
prétation de la pendagemétrie, sur I'ensemble ou
une partie du sondage,

La position du plan de coupe doit étre choisie
de facon judicieuse afin de ne pas trop altérer
I'image de la structure, Les pendages représentés
seront les pendages spparents dans le plan choisi
(le plus généralement verticall.

On peut partir des résultats d'un « stick plot »,
pour lequel on aura au prealable defini la direction
du plan de coupe. |l peut étre perpendiculaire au
plan vertical passant par |'axe du sondage. Mais si
cet axe est incling, cette coupe va altérer l'image
géomeétrique, exagérar par exemple le rayon de
courbure. Dans ce cas il vaut mieux avoir une
coupe pentée orthogonale 3 l'axe. La position du
plan de coupe peut varier le long d'un méme
sondage suivant l'orizntation des struclures tra-
versées

Le dessin des couches se fera en respectant la
régle des plis isopaches, ces derniers etant les
plus courants, surtaut pour les couches compac-
tes, cassantes. On pourra admettre des variations
d'epaisseur dans des couches plastiques [argiles,
sables, halite ... ) au niveau des charniéres ou des
points d'inflection.

Dans le dessin des structures, il faut, tout en
tenant compte des valeurs mesurées, s'inspirer de
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Fig 12-83. - Compteur
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ergpgramme de densitgé, (a) @ Comptage des points du stérecgramme de la Fig 12-81, [b)
15, lc] Courbes d'isodensités du stéréogramme de 1 Fig 12-81 (d'aprés HEMNAY. 1876;

I'allure tectonique de la region. La Fig. 12-37b Enfin, pour la representation de structures
donne un exemple d'une coupe basée sur linter- complexes, on peut yt_rllsar la technique des
prétation du tracé-fleches de la Fig. 12-37a blocs-diagramines en s'aidant au besoin de « Fast

La Fig. 12-B5 donne un exemple d'une interpré- plot ». Mais leur realisation est longue et necessite

tation faite dans le cas de

plis complexes. une certaine expérience du dessin en perspective
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