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CWLS LAS FILE FORMAT:

The LAS file consists of two parts:
® Header information
® Log data

The header consists of records that give well and logging information. There are
three kinds of record:
® The first non-spa.  symbol is a pound sign, # :
These are comment records which are useful to the user, but can be
ignored by LAS reading software.
® The first non-space symbol is a tilde, ~ :
These records start a new section in the header and the next letter signifies
what the section is, so the section types are:
® -~V contains version and wrap mode information
VERS. There are now three versions: 1, 2, or 3, which are
all in ASCII format and so readable by word processing or
spreadsheet software.
WRAP. YES means there are multiple lines per depth step;
NO means there is one line per depth step.
e ~W contains information about the well
e ~C contains information about the log curves
e ~-P contains information about the parameters from the well.
Other tilde records that may occur include ~D (downhole information,
such as tops, drill-stem test data, core information etc.), ~O (other
information),etc.
® The third kind of record is the information that is listed in the header sections.
Each of these records is generally divided into three parts, with a period (.)
between the first and second, and a colon (:) between the second and third.

The log data section starts with a record that_begi;s_wnh ~A gives the
mnemonics for the log curves in the order that they appear. The mnemonics are
tabulated in the header ~C. The ~A record is followed by the ASCII log data.

19



LOG ANALYSIS OF A CHESTER SANDSTONE SECTION FROM
LOGS RECORDED ON AN LAS FILE

The Hugoton MLP Koenig #1-28 well was drilled in 1997 in the South Eubank
field, Haskell County, Kansas, with oil production from the sandstones of the
Mississippian Chesterian Series. The sandstones are fine-grained, generally well-
sorted, and occupy a north-south oriented incised paleovalley that was
delineated by 3-D seismic data (Montgomery and Morrison, 1999). The
Chesterian section contains two sandstones that will be referred to here
informally as the "Upper sandstone" and the "Lower sandstone".

The gamma-ray log indicates the sandstones to be relatively free of shale, so that
the Archie equation can be applied to volumetric estimations of water- and oil-
saturation in most of the zones.. The Archie equation constants for these
sandstones are:

a=1 m=1.8 n=2
and the formation water resistivity at formation temperature, Rw = 0.05 ohm-m.

A selection of the logs run on this well are recorded on the LAS (Log Ascii
Standard) file koen.las for the interval between 5400 and 5600 feet below KB.
They are the caliper (CAL), gamma ray (GR), spontaneous potential (SP), bulk
density (RHOZ), density porosity (PHID), and deep induction resistivity (ILD).
We will use the density porosity and deep induction resistivity log
measurements in the Archie equation and the Archie equation parameters listed
above to calculate water saturations for the section (5400 -5600) containing the
two sandstone reservoirs, where the depth range of the "Upper Sandstone” is
5426 - 5471 feet and that of the "Lower Sandstone" is 5522 - 5557 feet.
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HISTORICAL ORIGINS

Conrad and Marcel Schlumberger were French geophysicists from Alsace,
who originally worked with surface electrical prospecting techniques in the
search for ore bodies and petroleum. In 1927, as a result of a conversation with
the managerofa i w 7 7 17T y, '
in-law, Henri Doll to attempt the first experimental resistivity survey in a well.
In the Pechelbronn oilfield in Alsace, the top of the Hydrobiae marls was used as
a stratigraphic marker, but was sometimes missed or misidentified in drilling.
Consequently, the problem the resistivity survey would attempt to solve was
whether the technique could be an effective means to recognize subsurface
formations for use in correlation and mapping.

Doll put together a four-electrode (lateral) resistivity device and drove out
to the well Diefenbach 2905, Tower 7, together with Scheibli and Jost on
September 5, 1927. There, they linked the sonde weighted with lead to three
conductive cables spliced together with insulating tape, loaded it onto a hand-
operated winch, and attached it to batteries and a potentiometer. The first run
was to 140 meters and took 15 hours largely because of interruptions caused by
breaks in the cable . A new and longer cable was brought in by taxi to allow them
to reach the full well depth of 600 meters. Resistivity readings were taken at one-
meter intervals in a slow process that gradually speeded up as they became more
practiced.

On returning to Paris, Doll plotted the resistivities as a function of depth
and, by joining the points, drew the first electric log. Because the well had been
cored, the geology was known, so that useful comparisons could be made with
the resistivity curve. The Hydrobiae marls were recognized as a zone of
uniformly low resistivity which was succeeded by a mixed sequence of
conglomerates, sandstones and hard marls. which were distinguished by more
resistive peaks and troughs. Logging runs in neighboring wells showed that
many of these resistivity features could be recogniz [ and correlated laterally.
The new method was called “electrical coring”; the term “electrical logging” did
not replace it until 1933. It is interesting to notice that this first log was run for a
specific geological purpose -- to see if borehole resistivity measurements could
be used to recognize lithologies to aid in stratigraphic correlation.



BASICS OF RESISTIVITY

In 1827, Ohm published a pamphlet in Berlin, in which he proposed that
the current in a metallic wire is proportional to the potential difference between
its ends. This idea was widely ridiculed as being too simple, and Ohm was forced
I (R T K o Y o ty, y
vindicated. "Ohm's law" is expressed by the equation: E=Ir where the
potential difference (E) is related to the current (I) by a constant called resistance
(measured in ohms), which is a characteristic of the medium.

I
In keeping with the simplicity of Ohm's law, the algebra which governs

combinations of resistances is extremely straightforward. The total resistance of a
sequence of resistances in series is given by:

I=n+hL+o VAN ANANA—  AAAA—

but differs from that of a set arranged in parallel, when it is:

1/r= 1/r1+ 1/r2+----1/r11

The resistance of any material will vary with oth its size and shape. In
order to have some common basis for comparison of electrical measurements in
rocks we need a parameter that characterizes each specific component, in a
similar sense to the way that density, rather than weight, functions as a diagnostic
property. This parameter is resistivity, given by:

RerA
- L
where A is the cross-sectional area of the resistor and L is its length. The rela-
tionship matches intuition: long, narrow resistors are shown to have higher re-

sistances...........
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The sensitivity of a resistivity tool run through a borehole is generally
restricted to a range below 2000 ohm-m, and it is clear from the figures above that
any measurable fluctuations are controlled by:

(1)  the conductivity -of formation waters within the pore space of
Ve o1 ’
(2)  the cation-exchange conductivity of clay minerals,

barring freak events such as concentrations of magnetite or pyrite.

Even today, the conductivity behavior of clay minerals is a complex and
poorly understood concept in log analysis and its treatment will be considered in
a later section of this manual. In the initial section, the theory and practice of
resistivity variations in clean (effectively shale-free) reservoir rocks will be con-
sidered. The equations developed have been applied successfully for over fifty
years all over the world in the search for oil and gas reservoirs and their quanti-
tative evaluation.

In 1942, G.E. Archie of Shell published several papers in which he explored
the theoretical resistivity relationships of hypothetical rocks and confirmed his
general conclusions from measurements made on core samples.

His basic ideas are retraced in the following development.

Consider a meter cube of a hypothetical sandstone (or limestone or
dolomite). At one extreme, the lowest limiting case is a sandstone with zero
porosity, which is a quartz cube with both resistance and resistivity effectively
infinite for any simple measuring device. At the other extreme is a totally
hypothetical sandstone with 100% porosity, which is a tank of brine whose
resistivity is denoted as Rw. As an intermediate case, we could construct an
artificial sandstone by sketching a 10 x 10 square grid on the face of a quartz meter
cube, drilling a number of channels through the cu  at selected grid cells and
filling these with brine whose resistivity is Ryy. The resistance of this
"sandstone" cube is rg and its resistivity is Ro. (The meter cube is a convenient
model, since both its cross-sectional area (A) and its length (L) are equal to one.)
In log analysis, Rg is the standard designation for the resistivity of a rock which is
. completely saturated with a brine, whose resistivity is designated Ry. The
resistance of the "sandstone" block is easily calculated, since the block can be
considered as a stack of quartz prisms and brine channels which are arranged as
resistances in parallel. The number of brine channels is equal to the "porosity" of

the "sandstone" times 100 or n = 100¢. The simple mathematics of the
resistivities of this simple model are shown on the next two pages.
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Graphic comparisons of Archie equations for sandstones:

the Humble equation (Winsauer and others, 1952), the Ridgefield
equation (Schlumberger publications), Carothers (1968), and Miocene
and Pliocene sandstone relationships (Porter and Carothers, 1970)
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FORMATION FACTOR - POROSITY RELATIONSHIPS FOR CARBONATES

Porosity in sandstones generally takes the form of intergranular pores: the
pore space between the gr * s of quartz 1d other detrital minerals. ¥ some cases
there may be intercrystalline porosity caused most commonly by calcite or quartz
cement introducedby o« © ° 7 7T o )
carbonate rocks (limestones ana aolomutes) can take a wide varlety ot torms as shown
in the illustration from Choquette and Pray (1970). The ‘ological classification of
carbonate pore types is based on genesis; geologists are interested in the history of pore
formation. The petrophysicist should pay attention to the geological description and
int _ retation of carbonate pore types in a reservoir. However, there will be times
when such detailed information is limited or non-existent and the petrophysicist
should focus on the morphology of the pores, because it is this aspect that affects the
wireline log measurement.

Petrophysicists subdivide pore types between:
(1) interparticle: intergranular and intercrystalline porosity;
(2) fracture
(3) vug: either moldic porosity from the dissolution of grains or vugs that are larger
than the grains.
Notice that all the genetic forms in the carbonate classification of Choquette and Pray
can be assigned to these broad petrophysical categories.

BASIC POROSITY TYPES
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DETEKMWM/& THE CEMENTATION Exr’o/vfzvr(MB
IN KANSAS

From: Dan DeBoer, 1990, "The Log Header" (KWLS Newletter), v. 5, no. 1
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THE LOGGING JOB

Prior to drilling a well, a logging program is chosen with a suite of tools to
be run that is suitable for the target formation petrophysical properties, the
engineering characteristics of the hole (mud type, hole diameter, etc.), and the
problems to be resolved by the tool measurements. Thelc © ‘'r~com~- - is
chosen for the job. When the hole approaches total depth, tne 10gging company
is contacted and a logging truck is sent to the location of the drilling rig. The
wireline logging crew typically has a field engineer, who directs the logging, and
two equipment operators. The crew prepares for logging as the drill-pipe is

Jpedout thehole. They lay the >l parts out on the catwalk, calibrate
them, and assemble them into a tool. When the drill-pipe has been removed
from the hole, the tool is attached to a cable and lowered down the hole. The
length of the tool is variable, but can be anything between 20 and 100 feet (or
more). In the plan for the drilling, some allowance will have been made for the
anticipated tool length by drilling an extra depth of "rat-hole", beyond the
desired total depth.

On reaching bottom , the depth is measured either from the ground or the
Kelly Bushing (KB) of the drilling platform, and compared with the drill crew's
estimate. The logging crew is now ready to record logs. First, the tool is raised
through 100 to 200 feet in an initial recording pass, that creates the "repeat
section". The tool is lowered back to the bottom and the main run initiated as the
tool is pulled through the entire hole. Comparison between the main run and
repeat section are made for a quality assurance of repeatability (precision). The
field engineer checks this, as does a company representative (the well-site
geologist or engineer), who also does other quality checks on the final log. The
company person will sign off as the witness if he or she is satisfied; if not
satisfied, another run will have to be made.

The logging tools are pulled up at a uniform speed so as to maintain a

- fairly constant tension in the steel cable. Sometimes, the tool may get caught in
the hole and then (hopefully) spring free, and these problem intervals will show
on the tension log and warn that log depths there will have some error. The
logging speed varies with the type of physical measurement, but is usually
between 1800 to 3600 feet per hour. The logging crew will also take a sample of
the drilling mud and measure the resistivity of the mud and the mud filtrate in a
conductivity cell in the logging truck. The old logging trucks recorded logs in
analog form as "blue-lines" that were photographically developed in the truck.
Modern logging equipment is computerized, with logs recorded digitally. Both
hard-copy blue-lines and digital files can be supplied to the company
representative at the well-site. In the case of major company wells in remote
locations, the log _ ng information can be bounced off a satellite and analyzed
immediately by a petrophysicist in a company office.
























DIGITAL LOG DATA

Log analysis calculations used to be done mostly with slide-rules and
charts (pre-1972), then with calculators, and now increasingly with computers.
The digital data for computations arerecor = "bvtt = o
made available either directly or from the logging cowipany computer processing
center. The data are stored either in binary format (LIS) on tapes, or in ASCII
format (LAS) usually on floppy discs. LAS (Log Ascii Standard) is the more
recent standard and was introduced by the Canadian Well Logging Society in the
late 1980's. LIS (Log Information Standard) tapes are oftr  diffi It to read, not
only because of their binary code, but the variability in formatting styles. LAS
files on floppy discs can be read by standard word-processing programs and LAS
is ideal for PCs. Both forms conventionally list data at a rate of two readings per
foot of hole for common log combinations which hav  vertical resolutions of 2 to
3 feet or greater. This frequency is fine enough to pick up the systematic features
of the log curves without wasteful oversampling, but not so coarse as to cause
"aliassing" problems.

Blue-line logs can also be digitized using relatively inexpensive hardware
and software, or through the service of a digitizing company. Digitized logs for
some areas are available for purchase over the Internet. In all cases, the most
popular data format is LAS. '

The header information and initial curve data are shown overleaf for a an
extension well in the Hugoton North field of Scott County , Kansas. The data
were read from an LAS file on the floppy disc pictured below, by a standard
word processing program on a PC.

r

—
7 )
McCoy Petroleum
1-15 Haupt ©"A"
SW-NW-SE 15-198-33W
Scott Co, Kansas
3569.0 - 4721.5
20465.LAS -
\S = J |
||
—~
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EVALU [TON OF WATER SATURATION WHEN EITHER OR BOTH THE
FORMATION WATER RESISTIVITY AND CONSTANTS OF THE ARCHIE
EQUA..ON ARE KNOWN OR UNKNOWN

The procedure outlined by tt b o
predicated on a knowledge of both the formation water resistivity and the constants
of the Archie equation. There are many occasions when either or both of these
quantities are unknown. There will also be situations where, for example, the
Humble form of the equation will not be deemed a satisfactory approximation for
evaluation of relatively tight sandstones, or the "limestone" form of the equation
adequate for certain carbonates. However, both water resistivity and an appropriate
form of the Archie equation may be deduced from logs provided that some zones
with 100% water saturation occur in the unit of interest. This is not usually a difficult
stipulation to meet since many productive units will have a hydrocarbon/water
contact separating the reservoir from a lower, water-saturated section. Failing this,
an adjacent water-saturated unit of similar lithology and (hopefully) with similar
water resistivity may be used as a surrogate for the critical zones. These critical
water zones do not have to be recognized initially, but will manifest their presence

(or absence) in the methods of analysis described in the following pages.

The log characteristics of a hypothetical “Oz Sandstone” (very loosely modeled
after a generalized Rotliegendes Sandstone from the North Sea) are shown on the
preceding page and procedures used for solving the unknowns together with water
saturation are outlined using this as an example under the following conditions:

A. Both water resistivity and / hie equation constants are known.

B. Water resistivity is unknown, but Archie equation constants are

known.

C. Water resistivity is known, but Archie equation constants are

unknown.
or
Neither water resistivity nor Archie equation constants are known.

Note that an independent method for estimating the formation water resistivity
using the SP log will be described in the SP section.



A. BOTH WATER RESISTIVITY AND ARCHIE EQUATION CONSTANTS ARE
KNOWN

Laboratory measurements of Archie equation constants in Oz Sandstone
samples det  neda=land =1._
Then,

F= o

The formation water resistivity, Ry was found to be 0.10 ohm-m at formation

temperature.
Now, F=Ro/Rw
I=Rt/Ro
and I=Sw-2
then, ‘ S, = R?R“’u
ZONE R¢ O7 Sw Sn

A 39 24 0.18 0.82
B 31 10 0.45 0.55
C 36 20 0.22 0.78
D 30 20 0.25 0.75
E 19 22 0.28 - 072
F 9 18 0.49 0.51
G 2 19 1.00 0.00
H 1.5 23 0.97 0.03
I 4.0 12 1.07 -0.07
J 7 10 0.95 0.05




A 39 o alishe e
B 31 10 0.491 0.45 0.55
C 36 20 - 1.987 0.22 0.78
D 30 20 1.656 0.25 0.75
E 19 22 1.245 0.28 0.72
F 9 18 0.411 0.49 0.51
G 2 19 0.101 1.00 0.00-
H 1.5 23 0.106 0.97 0.03
I 4 12 0.088  1.07  -007
] 7 10 | 0.111 0.95 0.05

It = fairly obvious that the water zones are G, H, I and J. A representative value can
be picked out by eye. Alternatively, a best estimate can be calculated following the
work of Porter et al (1969) who pointed out that the square roots of Rw estimates
should be normally distributed. The square root Rwa values of the four Oz
Sandstone water zones are: 0.318, 0.326, 0.297, and 0.33. Their mean value is 0.318,
from which it follows that the best estimate of Rw is 0.3182, which is 0.10 ohm-m.

If a core- or log-based estimate of Archie m was not available, then the Humble
equation could have been used as an estimator, since the Oz is a sar ' ‘one. In this
case, the Rwa equation would be:
R,, = R®*" /1 0.62
Calculations could be simplified by substituting the “Ridgefield equation”, when:
R,, =R®*/0.81
If the generic carbonate equation, 1 ./®2 is used, then the Rwa formula is simply:
‘ R, = R®*

6)]






—. WATER RESISTIVITY AND/OR ARCHIE EQUATION CONSTANTS
ARE KNOWN OR UNKNOWN
The ostcommo "~ T T T T
procedure which is another type of resistivity /porosity crossplot, generally known
as the "Pickett Plot" (named after Dick Pickett of the Colorado School of Mines).
Either the specific form of the Archie equation (F = 1/®m) or the general form (F =
a/Pm) may be assumed The equations underlying the crossplot are then very
- simple to derive.
Now, -
F=Ro/Ry =a/Pm
Therefore,
log R = log aRy - m log @
Since Ry, a and m are effectively constant within any one unit, this equation defines
a straight line relationship between the variables log Ro and log @ The slope of the
line is -m and its intercept is log aRw atlog ® =0 (corresponding to a porosity of
100%). If a is considered to be equal to unity, then this intercept corresponds to the
formation water resistivity The sloping line is the water line. If the vertical axis is the
logarithm of the porosity and the horizontal axis is the logarithm of resistivity, the
water line will slope from north-west to south-east. Hydrocarbon zones will be
scattered as points to the north-east of this line. ’
These general properties allow the use of a "pattern recognition” approach to be
ay , ied to the crossplot of resistivities and porosities on conventional log-log graph
paper. Water zones should tend to impinge on a linear "barrier” to the south-west
with the remainder of zones in the north-east. A sketch of this water line allows the
definition of m and Ry (or aRw) Lines which correspond to different hydrocarbon

saturations may be added very easily and will be parallel to the water line since:
I = S\,\].2

and I=R¢/Ro
Therefore,
log Ri=log I +log Ry

=logI +log aRy - m log @



 #4: The operation of #3 is repeated with the addition of a water saturation
line for 20% Sw. In this case, the resistivity index, I=25 i.e. Rt=25*Ro. The
lines are drawn easily:
(i) take anarb’” 7 orc Ty, v Tow
(ii) multiply Ro by Ito find Rt
(iii) locate the point @, Rt and draw a line through this point parallel to the
water line
(iv) the new line is the contour of water saturation that corresponds to the
value of I that is used. - | '

Notice that the Pickett plot method does not actually require a computation of
either a, m, or Rw. Once the water line is located, other water saturation lines
can be drawn (assuming n is known, but n is usually taken to be 2) and then
water saturation values for any zone can be read from interpolation between
the water saturation lines.
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DEDUCTION OF FLUID PRODUCTION FROM THE BULK VOLUME WATER
VW)

Knowledge of the porosity and water saturation of a zone is often not
st icientto erminew I the n w hy
hydrocarbon-cut water. Even if hydrocarbons are produced on a test, will they
prove to be economic? Although local rules-of-thumb concerning porosity and
water saturation cut-offs are oftén quite satisfactory, there are numerous
instances of zones with high water saturations that produce water-free
hydrocarbons and others with low water saturations that produce high water
cuts. For many years it has been known that the product of porosity and water
saturation (known as the bulk volume of water, BVW, can give important clues
to producibility when related to pore character and reservoir type.
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PICKETT PLOT CASE STUDIES

Because the Pickett plot shows variation of porosity and resistivity

¢ ultanec y, T lmt opr Tooorve

than when looking at the individual logs alone. A good example is shown
overleaf for a gas well that produced from a Pennsylvanian Morrow Sandstone
unit in the Gentzler field of Kansas. A casual glance at the resistivity log might
suggest a produétive zone at the top of the unit (6040-6048), with a transition
zone below. However the density log shows that at least some of the resistivity
increase at the top is caused by the marked drop in porosity. In fact, the upper
zone is a sandy limestone that overlies a calcareous sandstone (as shown by the
photoelectric, Pe curve).

 Vertici changes in the reservoir can be interpreted when the digitized
logs are marked on a Pickett plot as zones and linked by lines ordered by depth..
The sandy limestone at the top has porosity values generally less than 8% and -
water saturations  excess of 50%. The BVW values of 0.035 suggest that the
limestone is at irreducible water saturation, although the low porosity probably
causes poor permeability, so that the interval was not perforated as pay. Below
the limestone, porosities increase to values above 10% and water saturation
drops below 50% within the sandstone. A cluster of plotted zones that "hang" at
a BVW of about 0.05 suggests they are at irreducible saturation. Notice that
interval 6058-6065 has lower BVW values than the upper sandstone and indicates
an overall increase in pore size. The lower part of the sandstone shows points '
trailing towards higher porosities, but lower resistivities. The _ ittern either
reflects a trend to finer-pored sandstones towards the base of the unit, or a
transition profile.
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SPONTANEOUS POTENTIAL (SP) LOG

In the early days of resistivity logging, natural potentials were observed to
occur in boreholes which were measurable in millivolts and found to distinguish
permeable formations from intervenir~ shales. The natural "battery” was initiated b+
the drilling of the borehole itself, in that the use of muds with a salinity contrast witn
formation waters, juxtaposed solutions with different ion concentrations. The
cumulative emf that is generated is comprised of a shale (or membrane) potential, a
liquid junction potential and an electrokinetic potential. The electrokinetic potential
isv y minor when compared with the components of shale potential and liquid
junction potential, which result from the permeability of shale to sodium ions but not
chloride ions, and the greater mobility of chloride ions relative to sodium ions,
respectively. These two types of potential are classed as the electrochemical
component of the SP log and result in an electrical circuit at the boundaries of shales
with permeable beds. The flow of the current is from permeable bed to shale to
borehole mud and back to permeable bed.

The magnitude of the electrochemical potential is a function of the chemical
activities of the formation water (aw) and the mud filtrate (amf) :

" =-Klog( Gy )
A,y

where K is a factor which ; a function of temperature. The chemical activity of a
single-salt solution is inv¢ sely proportional to the salt concentration. ...e salt
concentration is inversely related with the solution resistivity. If mud filtrate and
formation waters may be approximated by pure sodium chloride solutions, the
equation becomes:

R
mf
R)

w

E =-Klog(

This simple equation contains the general features shown by an SP log:

(1) When the drilling mud is fresh water (i.e. Rmf>Rw), the SP log
shows a shift to the negative when moving from a shale to a
permeable formation;

(2) Conversely, when the drilling fluid is a salt mud (i.e Rmf<Rw ), the

SP displaces in a positive sense in moving from a shale to a perme
able formation;

(3) The magnitude of the shift is a function of the resistivity contrast
between the mud filtrate and the formation water;

(4) Which gives another method to estimate the formation water
resistivity, since the formation temperature can be estimated (giving

a value for K), and the mud filtrate resistivity is measured at the well

site.






Rw ESTIMATION FROM THE SP LOG

Natural Gas Burke#1 C-SW-SE = 27-12541W Wallace County, Kansas

SeLuuiiur nuerest. INIppewala GIOUp (LOWer Iermian)

Procedure:

Make a template copy of the worksheet SPRW

Enter values in the data box:
ST: The mean annual surface temperature of the well location
— L. ..t e approximate midpoint of the sandstone
TD: The total depth recorded on the log header
BHT: The bottom-hole temperature recorded on the log header
RMF: The mud-filtrate resistivity recorded on the log header
TMF: The temperature of the Rmf measurement on the log header
St.. the static self-potential
Draw a "sand line"” and a "shale line" on the SP log.
Estimate the distance in mv from the shale line to the sand line
Remember to add a sign to your value as either positive or
negative. Negative applies to the more common situation,
where the mud is fresher than the formation water.













THE POROSITY LOGS

The porosity of a zone can be estimated either from a single "porosity log" (sonic,
density, neutron, or magnetic resonance log) or a combination of porosity logs, in order
to correct for variable lithology effects i ’ ‘

i fu : y vni
grains or as chert); anhydrite and gypsum may aiso occur.

When using a single porosity log, the true porosity is calculated from
interpolation between the values for the matrix mineral and the pore fluid (usually
equated with mud filtrate, because of the shallow investigation of the porosity tools).

Sonic log:
If a sonic log is used for porosity estimation, the Wyllie time-average equation is
commonly used:
(1) = (At - Atma) / (Atf - Atma)
which is equivalent to:
At=¢-Ar, +(1-9)Ar,,
where At is the zone transit time, ¢ is the porosity, Atma is the matrix transit time, and
Atf is the pore fluid transit time. The computation of porosity requires the stipulation of

a matrix mineral transit time, which is about 55.5 microseconds per foot for quartz, 47.5

for calcite, and 43.5 for dolomite. So, transformation of the sonic log to a porosity log
generates an apparent porosity trace keyed to one or other matrix mineral, in a similar
fashion to the neutron and density logs.

In recent years, there has been increasing dissatisfaction with the performance of the Wyllie
time-average equation when accurate estimations of porosity are required. On crossplots of
large data sets of porosity - transit time, the slight, but systematic curvature of the
relationship becomes noticeable. On the basis of a mixture of trendology and theory,
Raymer, Hunt and Gardner (1980) proposed the equation :

V= (1-0)V,_, + DV,
where V is velocity (reciprocal of transit time).

Density log:
Porosity is calculated from the mass-balance relationship:

Py=0-p,+(1=0)p,,
where pp is the bulk density, ¢ is the porosity, pma is the matrix density, and pf is the
pore fluid density. If a sandstone, then the matrix density is 2.65 gm/cc (quartz), if a
limestone, the matrix density is 2.71 gm/« ’calcite); if a dolomite, then the matrix
density is about 2.87 gm/cc. The density 3 is scaled as bulk density in grams per
cubic centimeter. If a "density porosity log" is displayed, then it will be an apparent
porosity keyed to a specific mineral, usually calcite, in which case the curve will be
indexed as "limestone equivalent porosity". This porosity will be in error in all
lithologies whose matrix density differs from that of calcite.
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THE RHOmaa - Umaa CROSSPLOT

Theory

The interpretation of simple minerals and lithologies is generally straightforward from
a visual inspection of the photoelectric index curve with the neutron/ density overlay.
In cases of mixed lithologies or mysterious minerals, a crossplot of a zone log responses
can be helpful both for purposes of identification and for semi-quantitative estimations
of volumetric proportions.

The RHOmaa - Umaa crossplot was introduced to utilize measurements of the
photoelectric index, neutron porosity, and bulk density for matrix mineral evaluation.
The two dimensions of the crossplot require the three log variables to be condensed in
some manner. This is done with a similar approach to the M-N plot methodology,
through the suppression of porosity as a variable and calculation of the apparent
properties of the rock matrix. The log variables that are needed for the calculation are
shown diagrammatically below.

Photoelectric factor (barns/electron)
‘>

Neutron/Density porosity (Is equiv. units)
-«

> — 1
.-'.é =
=

éﬂ" Neutron

1 iﬂ\q}t/q b

Source of log measurements for estimation of RHOmaa (apparent grain density) and
Umaa (apparent volumetric matrix photoelectric absorption).
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When formation resistivity factors are measured on core samples and related to porosity,
computed values of the cementation exponent, m, are often high and variable. As
discussed earlier in this manual, one of the modifications to the Archie equation
proposed by Watfa and Nurmi (1987), subdivided porosity between connected,
interparticle pores and unconnected or poorly-connected vues such as oomoldic pores.
Tl whi sldic < 'te
conduction and: ’ '

- @

¢" =(d-9,)
where @, is the non-connected oomoldic  sre volume. Alternatively, the equation can
be rewritten in terms of the connecte " porosity:
o" =0,

If the sonic log porosity measurement, ®g, is used to estimate the connected, interparticle
porosity and we rearrange the equation to solve for the m value that this model would
predict should be measured on the core sample then:

21oo(d )
m=-—
log(®,)

This solution for m in oomolds (or vugs in general) is the same as that of the widely-
known "Nugent equation” (Nugent, 1984).

Based on their experience, Nugent (1984) and other log ¢ lysts, such as Asquith (1985)
have noted that values of m are often underestimated by the Nugent equation, so it is

. 21og(®)

~ log(w,)

In petrophysical terms, this implies that the sonic porosity measures the interparticle
porosity and, in addition, a proportion of the vuggy porosity. Some evidence for this is
suggested by the comparison between the Watfa-Nurmi ¢ 1ation estimates of
interparticle /oomoldic porosity from core formation factor measurements with the
sonic log porosity measurements (next page).

often written as:

In practice, the use of the Nugent equation allows a separate calculation of the
cementation exponent, m, for each zone by using the total porosity (generally the
average of the neutron and density limestone equivalent porosities) in conjunction with
the sonic limestone equivalent porosity. The resulting water saturatior will tend to
being biased towards low values, but will not be as wildly optimistic as estimations
based on the use of the Archie equation with the total porosity and a cementation
exponent value of 2. The log evaluation of oomoldic reservoirs remains a petrophysical
analysis challenge.
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EPISTLE TO THE JUNIOR LOG ANALY

Lo, all ye miserable sinners entering the land of the logging trucks, harken
unto my words, for I have dwelt in this land for many moons, and mine eyes
have witnessed all anner “f(c  rar '« - B y
up thy slideth rule; but act slowly and with exceeding care and harken tirst to the
counsel of a wiser and sadder man than thou.

Know thou that the Pusher of Tools is a man of any moods; when he
smileth, seeketh him out, p: ©~ "h’" r and lat "eth much at his jest. But
when he moveth with haste and he curseth under his breath, make thyself scarce.

Damned be the Engineer called Mud; he taketh the gift certificates with a
heavy hand and leaveth thee only the calendars.

Beware of the Engineer called Reservoir, for he will make you sweat; when he
approacheth, look thou on the ball and hath answers at least to ten digits.

Beware of the Engineer called Research because he paineth your neck. Telleth
him not of your calculations, for he believeth not; his only trust is the cc  puter.

Expecteth not assistance from the man called Manager for the rustle of paper
groweth loud in his office and he is know as the eight to five desk jockey.

Speaketh not to the man called Geologist, unless spoken to, for he will asketh
many foolish questions that thou cannot answer.

Maketh the Chief Clerk thy friend lest he short stoppeth the expense account.
He careth not for praise or flattery, but  1d him thy liquor and he will love you.

Unto all things there cometh a time to speak and a time to be silent. Be thou
like unto stone in the presence of thy superiors, and keep thy tongue still when
they shall call for volunteers.

The wise man of Logs searcheth out the easy well and only a fool sticketh out
his neck.

The wise man will soon move to company headquarters, but the fool shall
dwell in the oil field forever.

Anno Domini 1973
Signeth Walter H. Fertl





